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Preface 

This second volume continues the description of the psychotropic agents and discusses 
anxiolytics, gerontopsychopharmacological agents, and psychomotor stimulants. 

Of these groups of substances, most of this volume has been devoted to anxiolytics 
as the authors have endeavored to convey as complete a picture as possible. The 
editors are of the opinion that particular attention should be given to anxiolytics with 
regard to their range of administration as this is the most frequently prescribed group 
of psychotropic drugs. In contrast to neuroleptics and thymoleptics, anxiolytics are a 
class of psychotropic drugs whose therapeutic effect can be recognized in animal 
experiments to some extent. This, together with the analysis of the biochemical 
mechanisms of their actions, permits a better understanding of material processes in 
the brain accompanying the emotions: anxiety and tension. 

For the first time in the history of the Handbook the editors have devoted a whole 
chapter to gerontopsychopharmacological agents. In doing so they are also aware of 
the risk they are taking, at least from a pharmacological point of view, as 
gerontopsychopharmacological agents are an insufficiently defined and extremely 
heterogeneous group of substances. The only denominator the various subgroups of 
these agents have in common is that they are given in cases of dysfunctions, 
disorders, and diseases of the brain occurring mainly in the elderly. Here the question 
has been raised whether the therapeutic effects of all the substances in use are beyond 
doubt, or whether they are, at least in part, given because there is a pressing need for 
therapeutic intervention in these diseases of the elderly. Scientific psycho­
pharmacology has long neglected research in this field with the result that, at present, 
little is known about relevant basic pharmacological mechanisms. As a result, the 
individual contributions are heterogeneous and should serve as a challenge to 
motivate further studies in this field rather than seeing the information contained in 
these chapters as being a complete description of this particular discipline. . 

Psychomotor stimulants in our day playa limited role in therapy. The social 
aspects of such stimulants, however, are enormous. With this in mind, the reader's 
attention is drawn to the volume on drug dependence edited by MARTIN (45/11). 
Independent of this knowledge of the effects of psychomotor stimulants, it is an 
absolute must for the pharmacologist to be able to understand the cerebral 
consequences of adrenergic, dopaminergic, and serotonergic stimulation. 

Wherever possible and available, clinical pharmacology and therapeutic results 
are included to insure a better understanding and to describe the therapeutic 
relevance of pharmacological actions. 

It was not the editor's intention to compile a textbook but rather to publish 
the views and convictions of the individual scientist. The reader, therefore, should 



VI Preface 

not be surprised .when he finds redundant or even contradictory opinions on one 
and the same theme in different chapters. 

We believe that, in keeping with the tradition of the first volume, this second 
volume on psychotropic agents should not only be used as a reference book, but 
should also help to stimulate further research. 

Wuppertal/Berlin F. HOFFMEISTER· G. STILLE 
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CHAPTER 1 

The Chemistry of Anxiolytics 

L. H. STERNBACH 

A. Introduction 

The anxiolytics are a group of CNS-active agents which in the last 25 years have 
played an ever-increasing role in the physician's armamentarium. They are mild se­
datives with pronounced activity in anxiety, tension, and neuroses, including psy­
chosomatic disorders. They generally do not act in psychoses, but are sometimes used 
in combination with neuroleptics to relieve anxiety in depressed psychotics. Several 
chemically completely unrelated classes of compounds are known to possess 
antianxiety properties and are discussed below. Although this chapter deals mainly 
with anxiolytics used in the United States, the sections on benzodiazepines (B.lV and 
B. V) include drugs used solely in other countries. 

B. Classes of Antianxiety Agents 

I. Barbiturates 

Long before the terms anxiolytics or tranquilizers had been coined, barbiturates were 
used to achieve a calming effect in neurotic patients. Even now small doses of barbi­
turates are prescribed in some cases as antianxiety agents, e.g., phenobarbital, 
butabarbital, and amobarbital (l, 2, 3) 1, which are some of the most widely used re­
presentatives of a class of compounds which has yielded a host of useful drugs. They 

1 The drugs discussed in this chapter will be identified by their structural formulas, by their 
generic names, and in many cases by their trade names. The often cumbersome chemical names 
will be mentioned only exceptionally. 
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are disubstituted (at carbon 5) derivatives of barbituric acid and have been used since 
the beginning of the century, when the biologic activity of the diethyl derivative, bar­
bital (Veronal), was discovered (FISCHER and v. MERING, 1903). Many hundreds of 
more or less potent, longer- or shorter-acting barbiturates have been prepared in the 
course of the last 75 years. They have found broad use as reliable hypnotics and in 
smaller doses as sedatives, anxiolytics, and antiepileptics. 

II. Propanediols 

A sweeping change in the treatment of neurotic patients took place when the first 
"tranquilizer", meprobamate, was discovered. It was synthesized by LUDWIG and 
PIECH (1951) in the course of synthetic studies concerned with modifications of the 
molecule of mephenesin (4), a glycerol derivative with short-acting muscle relaxant 
and anticonvulsant properties. 

OCH3 

I OH 

~ OCHiHCH20H 

(4) 

In the course of this work, it was found that simple 2-disubstituted propanediol 
(5) derivatives possessed superior, but very short-lasting anticonvulsant properties 
(LUDWIG and PIECH, 1951; BERGER, 1949). 

(5) 

A logical approach to longer-acting compounds was the blocking of the hy­
droxylic groups (LUDWIG and PIECH, 1951) to retard their metabolic degradation and 
elimination. One of these compounds, 2-methyl-2-propyl-l,3-propanediol dicarba­
mate (6) (BERGER, 1954) indeed possessed a superior spectrum of activity, received the 

CH3 
I 

NH2COOCH2-C-CH20CONH2 
I 
CH2CH2CH3 

(6) 

generic name meprobamate, and was introduced in 1955 under the trade name Mil­
town and in 1957 as Equanil. (For an excellent review see BERGER and LUDWIG, 1964). 

This product was followed in 1965 by a close relative, tybamate (7), which 
possesses a similar pharmacologic and clinical spectrum of activity. 

CH3 
I 

H2NCOOCH2-C~H20CONHCH2 CH2CH2CH3 
I 
CH2CH2CH3 

(7) 
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Its synthesis was reported by BERGER and LUDWIG (1960) and its pharmacologic 
properties by BERGER et al. (1964). However, it never gained the broad acceptance of 
the first member of this series and was withdrawn from the market in 1977. 

(8) 

Another member of this group is carisoprodol (8, Soma), which is used as a muscle 
relaxant relaxant but also has some sedative properties. 

III. Compounds Belonging to Various Chemically Unrelated Classes 

Some compounds belonging to other classes of drugs which were known to possess 
effects on the CNS were also used as anxiolytics. The centrally acting anticholinergic. 
agent benactyzine (9) (for an exhaustive review see JACOBSON, 1964) found application 
in combination with meprobamate as Deprol. 

More widely used is hydroxyzine hydrochloride (10), a piperazine derivative 
closely related to the antihistamines which are known to have more or less pro­
nounced sedative properties. It is the active ingredient of Atarax and Vistaril. 

The synthesis of the product was first published by MORREN et al. in 1954, and in 
1956, a description of the production method appeared in Chemical Week. A review 
article by MORREN et al. (1964) contains a detailed discussion of hydroxyzine and 
related compounds. 

(11) 

Completely unrelated chemically to the other products is the aryl-thiazanone de­
rivative, chlormezanone (Trancopal, 11), which is a less frequently used anxiolytic. Its 
synthesis was published by SURREY et al. in 1958. 



6 L. H. STERNBACH 

IV. 1,4-Benzodiazepines* 

The most dramatic change in the physician's prescription pattern took place after the 
discovery of the anxiolytics of the 1,4-benzodiazepine type. The first member of this 
series was obtained by STERNBACH and REEDER (1961 a) in the course of a program 
aimed at the discovery of novel groups of CNS-active drugs. The chemical study of 
heterocyclic compounds led to the finding that the biologically inactive quinazoline 
N-oxide (12), on treatment with methylamine, underwent a ring enlargement to form 

/NHCH3 
CH3NH2 ~N=C'\. 

---... ~ CH2 

(,)C1 "" 2)<0 

(12) (13) 

7-chloro- 2-methylamino-5-phenyl-3H-l,4-benzodiazepine 4-oxide (13), a com­
pound containing a seven-membered heterocyclic ring system. The pharmacologic 
evaluation (RANDALL, 1961) showed that the product had interesting "tranquilizing" 
properties combined with a very low toxicity. This resulted in its clinical study and 
in the introduction in 1960 of its water-soluble hydrochloride under the trade name 
Librium. The product first had the generic name methaminodiazepoxide, which was 
later changed to chlordiazepoxide. Within a very short time it found general accep­
tance and by 1962 it was the most prescribed antianxiety agent. 

Experiments concerned with transformations of this product led to the finding 
that chlordiazepoxide hydrochloride had a relatively short half-life in aqueous solu­
tion. After prolonged standing, it underwent hydrolysis with the loss of a molecule 
of methylamine and the formation of the pharmacologically equipotent lactam N-oxi­
de 14 (STERNBACH and REEDER, 1961 b). An additional simplification of the molecular 
structure was the removal of the N-oxide oxygen in position 4 by reducing agents, 
which led to the highly active benzodiazepinone 15 (STERNBACH and REEDER, 1961 b). 

Another transformation of the lactam N-oxide 14 is the so-called Polonovski re­
arrangement which occurs by treatment with acetic anhydride or acetyl chloride to 
yield the acetoxy derivative 16. This in turn is readily hydrolyzed to yield compound 
17 (oxazepam), which possesses valuable antianxiety properties (BELL and CHILDRESS, 
1962). 

These transformations and additional studies showed that only the following rela­
tively simple structural features were essential for the biologic activity of this new 
group of compounds: 
I) The 1,4-benzodiazepine ring system 
2) The substituent in the 7-position 
3) The phenyl substituent in the 5-position. 

These findings led to the synthesis and pharmacologic evaluation of thousands of 
experimental compounds possessing the above structural characteristics. Most of 

* For the latest review article see STERNBACH, 1978 
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(16) (17) 

them showed pronounced muscle relaxant and sedative properties in animals. The 
monographs by STERNBACH et aI. (1964, 1968) contain chemical and biologic data and 
the pertinent references. The first product to be introduced after Librium was the con­
siderably more potent diazepam, which became available in 1963 under the trade 
name Valium. This compound 7-chloro-l,3-dihydro-l-methyl-5-phenyl-2H-l,4-ben­
zodiazepinone (18) (STERNBACH and REEDER, 1961 b) gained general acceptance, sur­
passed Librium in popularity and, since 1969, is the antianxiety agent of choice. 

(18) 

This product was followed in 1965 by oxazepam (17) which is marketed under 
various tradenames, e.g., in the United States as Serax, in Germany as Adumbran and 
Praxiten, and in Switzerland as Seresta. 

An ever increasing number of 1,4-benzodiazepine derivatives followed; presently 
in the Unites States there are six 1,4-benzodiazepine anxiolytics at the physician's dis­
position. These are the three products shown below which are available in addition 
to chlordiazepoxide, diazepam, and oxazepam. The generic names, trade names, and 
dates of introduction are also listed. 

Clorazepate (19) (SCHMITT et aI., 1967, 1969) works essentially in the form of des­
methyldiazepam (15) since it loses on ingestion the carboxylic substituent in the 3-po­
sition. Lorazepam (20) (BELL et aI., 1968) is a close relative of oxazepam; prazepam 
(21) (WUEST, 1965; McMILLAN and PATTISON, 1965) is obtainable from desmethyl-
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diazepam (IS) by introduction of the cyclopropylmethyl substituent in position 1. A 
similarly simple derivative of 15 is pinazepam (31) (BENCONI et aI., 1973), which con­
tains a propargyl chain in the I-position. 

a 

NH-f> 

I rcOOK 
--N 

(19) Clorozepate 
(Tranxene, 1972) 

-KOH 
Cl 

NH-{O 

I j-OH 
--N 

(20) Lorazepam 
(Ativan, 1977) 

Cl 

In addition to these anxiolytics, there are two more 1,4-benzodiazepine derivatives 
available in the United States. One is the hypnotic flurazepam (Dalmane, 22) (STERN­
BACH et aI., 1965), the other, clonazepam (Clonopin, 23) (STERNBACH et aI., 1963), 
which is marketed as an anticonvulsant. 

(22) (23) 

In other parts of the world there are other 1,4-benzodiazepine anxiolytics at the 
physician's disposition. Many of then are marketed worldwide, others only in a 
limited number of countries or in one country only. 

The following shows, in chronological order, the formulas, generic names, and one 
of the trade names (many are marketed under various proprietary names) of benzo­
diazepines marketed in countries other than the United States. 

(24) Medazepam 
(Nobrium,1968) 

Cl 

(25) Temazepam 
(Levanxol, 1970) 

Cl 

(26) Oxazolam 
(Serenal, 1971) 
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Cl 

Br 

CI 

(27) Cloxazolam 
(Sepazon,1974) 

(28) Bromazeparn 
(Lexotanil, 1974) 

CI 

(15) Desmethyldiazepam 
(Madar, 1973) 

CI 

(29) Tetrazeparn 
(Myolastan, 1974) 

CI 

(30) Estazolarn 
(Eurodin, 1975) 

(31) Pinazeparn 
(Domar,1975) 

(32) Nimetazeparn 
(Erimin, 1977) 

(33) Carnazeparn 
(Albego, 1977) 

9 

All the commercially available products possess a pharmacophoric substituent in 
the 7-position which, as mentioned above, is of prime importance for the biologic ac­
tivity. It is in most cases a chlorine atom, in some of the more potent compounds (23, 
32,34,35) a nitro group (STERNBACH et aI., 1963). The phenyl group in the 5-position 
is also present in all of these compounds; only bromazepam (28) (FRYER et aI., 1964) 
has an a-pyridyl substituent in 5 (in addition to the bromine in 7), and tetrazepam (29) 
(SCHMIIT et aI., 1967, 1969) a cyclohexenyl group. Many of the most potent com­
pounds, such as 20, 22, 23, 27, 35, and 36, bear an additional pharmacophore, a 
halogen in the 2'-position. Most of them have a carbonyl group in the 2-position and 
are thus related to diazepam. Three products, 20, 25 (BELL and CmLDRESS, 1962), and 
33 (FERRARI and CASAGRANDE, 1974), are related to oxazepam (17) as they have an 
oxygen in the 3-position. Only one product (24) (ARCHER and STERNBACH, 1964; KAE­
GI, 1968) is currently on the market in which the benzodiazepine nucleus has a methy­
lene group in the 2-position. It is metabolically converted into a benzodiazepinone 
having a carbonyl group in the 2-position (RmDER and RENTSCH, 1968; SCHWARTZ 

and CARBONE, 1970). 
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Lately, 1,4-benzodiazepine derivatives have been introduced that have an addi­
tional ring attached to the heterocyclic part of the molecule as can be seen in the so­
called oxazolobenzodiazepines oxazolam (26) and cloxazolam (27) (MIYADERA et aI., 
1971) and also in the biologically very potent "triazolobenzodiazepines" 30 (MEGURO 
and KUWADA, 1970) and 36 (HESTER et aI., 1971). In two of these compounds (27 and 
36) there is again a chlorine in the 2'-position which increases the pharmacologic ac­
tivity. 

Three more potent 1,4-benzodiazepine derivatives, shown below, are used as 
hypnotics. 

(34) Nitrazepam 
(Mogadon, 1965) 

V. 1,5-Benzodiazepines 

(35) Fiunitrazepam 
(Rohypnol, 1975) 

CI 

(36) Triazolam 
(Halcion, 1977) 

In view of their structural relationship to 1,4-benzodiazepines, 1,5-benzodiazepines 
have also lately evoked the interest of chemists and pharmacologists. Extended syn­
thetic and pharmacologic studies have led to the discovery of pharmacologically ac­
tive compounds (ROUSSEL UCLAF, 1968; HAUPTMANN et aI., 1969; ROSSI et aI., 1969; 
WEBER et aI., 1972). Some of these also underwent clinical evaluation, which resulted 
in the introduction of clobazam (37) (Urbanyl), available in some European countries. 

(37) Oobazam 
(Urbanyl,1975) 

Acknowledgments. I would like to express my thanks to Dr. P. Sorter, head of the Scientific 
Literature Department and to his staff for literature searches, to the library staff for valuable 
help, to Dr. A. Rachlin for reviewing the manuscript, and to Mrs. Claudette Czachowski for 
excellent clerical work. 



The Chemistry of Anxiolytics 11 

References 
Anonymous: Tranquilizer's five-week scale-up. Chemical Week 70-71 (1956) 
Archer, G.A., Sternbach, L.R.: Quinazolines and 1,4-benzodiazepines. XVI. Synthesis and 

transformations of 5-phenyl-1,4-benzodiazepine-2-thiones. J. Drg. Chern. 29, 231-233 
(1964) 

Bell, S.C., Childress, S.J.: A rearrangement of 5-aryl-1 ,3-dihydro-2H -1 ,4-benzodiazepine-2-one 
4-oxides. J. Drg. Chern. 27, 1691-1695 (1962) 

Bell, S.C., McCaully, R.J., Gochman, C., Childress, S.J., Gluckman, M.I.: 3-Substituted 1,4-
benzodiazepin-2-ones. J. Med. Chern. 11,457-461 (1968) 

Benconi, F., Tagliabue, R., Molteni, L.: I-Propargyl 1,4-benzodiazepin-2-ones. Belgian Pat. 
803315, assigned to Dr. L. Zambeletti S.P.A. (1973) 

Berger, F.M.: Anticonvulsant action of 2-substituted-1,3-propanediols. Proc. Soc. Exp. Biol. 
Med. 71,270-271 (1949) 

Berger, F.M.: The pharmacological properties of 2-methyl-2-n-propy1-1,3-propanediol dicar­
bamate (Miltown), a new interneuronal blocking agent. J. Pharmacol. Exp. Ther. 112,412-
423 (1954) 

Berger, F.M., Ludwig, B.1.: N-Monosubstituted-2,2-dialkyl-l,3-propanediols dicarbamates. 
u.S. Pat. 2937119 (1960) 

Berger, F.M., Ludwig, B.1.: Meprobamate and related compounds. Psychopharmacological 
Agents, vol. 1, pp. 103-l35. (Ed. M. Gordon) New York: Academic Press 1964 

Berger, F.M., Kletzkin, M., Margolin, S.: Pharmacologic properties of a new tranquilizing 
agent 2-methyl-2-propyl-trimethylenebutylcarbamate carbamate (Tybamate). Med. Exp. 
10, 327-344 (1964) 

Ferrari, G., Casagrande, c.: 1,4-Benzodiazepine derivatives. U.S. Pat. 3799920 (1974) 
Fischer, E., Mering, v.: iller eine neue Klasse von Schlafmitteln, Ther. Ggw. 44, 97 (1903); 

Chern. Zentralbl. 74, I, 1155 (1903) 
Fryer, R.I., Schmidt, R.A., Sternbach, L.H.: Quinazolines and benzodiazepines. XVII. Synthe­

sis of 1,3-dihydro-5-pyridyl-2H-1,4-benzodiazepine derivatives. J. Pharm. Sci. 53, 264-268 
(1964) 

Hauptmann, K.H., Weber, K.H., Zeile, K., Danneberg, P., Giesemann, K.: 1,5-Benzodiazepine 
derivatives. South African Pat. 6800803 (1968); Chern. Abstr. 70, 106579 (1969) 

Hester, J.B., Jr., Duchamp, D.J., Chidester, C.G.: A synthetic approach to new 1,4-benzo­
diazepine derivatives. Tetrahedron Letters 20, 1609-1612 (1971) 

Jacobson, E.: Benactyzine. Psychopharmacological Agents, Vol. 1, pp. 287-300. (Ed. M. 
Gordon) New York-London: Academic Press 1964 

Kaegi, H.H.: Synthesis of 7 -chloro-2,3-dihydro-l-methyl-5-pheny1-1 H -1 ,4-benzodiazepine-
514C hydrochloride. J. Labelled Compo 4, 363-367 (1968) 

Ludwig, B.J., Piech, E.C.: Some anticonsulvant agents derived from 1,3-propanediols. J. Am. 
Chern. Soc. 73, 5779-5781 (1951) 

McMillan, F.H., Pattison, I.: Process for the production of 1-cycloa1kyl derivatives of 1,4-ben­
zodiazepine. U.S. Pat. 3192199 (1965) 

Meguro, K., Kuwada, Y.: Syntheses and structures of7-chloro-2-hydrazino-5-phenyl-3H-1,4-
benzodiazepine and some isomeric 1,4,5-benzotriazocines. Tetrahedron Letters 4039-4042 
(1970) 

Miyadera, T., Terada, A., Fukunaga, M., Kawano, Y., Kamioa, T., Tamura, C., Takagi, H., 
Tachikawa, R.: Anxiolytic sedatives. 1. Synthesis and pharmacology of benzo[6,7]-1,4-
diazepino[5,4-b]oxazole derivatives and analogs. J. Med. Chern. 14, 520-526 (1971) 

Morren, H., Denayer, R., Trolin, S., Grivsky, E., Linz, R., Strubbe, H., Dony, G., Marico, J.: 
Nouveaux derives 1,4-disubstitues de la piperazine. Etude de leurs proprietes antihistami­
niques. Ind. Chim. Belg. 19, 1176--1196 (1954) 

Morren, H.G., Bienfet, V., Reyntjens, A.M.: Piperazine derivatives (except phenothiazines), 
Psychopharmacological Agents, Vol. 1, pp. 251-285. (Ed. M. Gordon) New York: Aca­
demic Press 1964 

Randall, L.D.: Pharmacology of methaminodiazepoxide. Dis. Nerv. Syst. 21, 7-10 (1960); 
Pharmacology of chlordiazepoxide. Dis. Nerv. Syst. 22, 7-15 (1962) 



12 L. H. STERNBACH 

Rieder, J., Rentsch, G.: Metabolismus und Pharmakokinetik des neuen Psychopharmakons 7-
Chlor-2,3-dihydro-l-methyl-5-phenyl-1H-l,4-benzodiazepin (Ro 5-4556) beim Menschen. 
Arzneim. Forsch. 18, 1545-1556 (1968) 

Rossi, S., Pirola, 0., Maggi, R.: 1,2,4,5-Tetrahydro-2,4-dioxo-3H-l,5-benzodiazepines. Chim. 
industria 51,479-483 (1969) 

Roussel Uelaf. Benzo-l,5-diazepines C.N.S. depressants. Belg. Pat. 707667 (1968) 
Schmitt, J., Comoy, P., Suquet, M., Boitard, J., Le Meur, J., Basselier, J.-J., Brunaud, M., Salle, 

1.: Sur un noveau myorelaxant de la elasse des benzodiazepines: Le tetrazepam. Chim. Ther. 
2, 254-259 (1967) 

Schmitt, J., Comoy, P., Suquet, M., Callet, G., Le Meur, J., Clim, T., Brunaud, M., Mercier, 
J., Salle, J., Siou, G.: Sur Ie nouvelles benzodiazepines hydrosolubles douees d'une puissan­
te activite sur Ie syste'me nerveux central. Chim. Ther. 4, 239-245 (1969) 

Schwartz, M.A., Carbone, J.1.: Metabolism of 14C-medazepam hydrochloride in dog, rat and 
man. Biochem. Pharmacol. 19, 343-361 (1970) 

Sternbach, L.H.: The benzodiazepine story. Progress in Drug Research. Vol. 22, pp. 229-267. 
(Ed. E. Jucker) Basel-Stuttgart: Birkhauser 1978 

Sternbach, L.H., Reeder, E.: Quinazolines and 1,4-benzodiazepines. II. The rearrangement of 
6-chloro-2-chloromethyl-4-phenylquinazoline 3-oxide into 2-amino derivatives of 7-
chloro-5-phenyl-3H-l,4-benzodiazepine 4-oxide. J. Org. Chern. 26, 1111-1118 (1961 a) 

Sternbach, L.H., Reeder, E.: Quinazolines and 1,4-benzodiazepines. IV. Transformations of7-
chloro-2-methyl-amino-5-phenyl-3H-l,4-benzodiazepine 4-oxide. J. Org. Chern. 26, 4936-
4941 (1961 b) 

Sternoach, L.H., Fryer, R.I., Keller, 0., Metlesics, W., Sach, G., Steiger, N.: Quinazolines and 
1,4-benzodiazepines. X. Nitro-substituted 5-phenyl-l,4-benzodiazepine derivatives. J. 
Med. Chern. 6, 261-265 (1963) 

Sternbach, L.H., Randall, L.O., Gustafson, S.: 1,4-Benzodiazepines (chlordiazepoxide and re­
lated compounds). Psychopharmacol. Agents 1, 137-224 (1964) 

Sternbach, L.H., Archer, G.A., Earley, J.V., Fryer, R.I., Reeder, E., Wasyliw, N., Randall, 
L.O., Banziger, R.: Quinazolines and 1,4-benzodiazepines. XXV. Structure-activity rela­
tionships of aminoalkyl-substituted 1,4-benzodiazepin-2-ones. J. Med. Chern. 8, 815-821 
(1965) 

Sternbach, L.H., Randall, L.O., Banziger, R., Lehr, H.: Structure-activity relationships in the 
1,4-benzodiazepine series. Med. Res. Ser. 2, 237-264 (1968) 

Surrey, A.R., Webb, W.G., Gesler, R.M.: Central nervous system depressants. The preparation 
of some 2-aryl-4-metathiazanones. J. Am. Chern. Soc. 80, 3469-3471 (1958) 

Weber, K.H., Bauer, A., Hauptmann, H.H.: N-Aryl- and N-Heteroaryl-1H-l,5-benzodiazepin-
2,4-[3H,5H]-dione. Liebigs Ann. Chern. 756, 128-138 (1972) 

Wuest, H.M.: l-Cyeloalkylmethyl derivatives of 1,4-benzodiazepine. U.S. Pat. 3192220 (1965) 



CHAPTER 2 

General Pharmacology and Neuropharmacology 
of Benzodiazepine Derivatives 
W. HAEFELY, L. PIERI, P. POLC, and R. SCHAFFNER 

Introduction 

This chapter deals with all pharmacologic effects of benzodiazepine-like compounds 
on neuronal and nonneuronal cells and tissues reported in the literature. In other 
words, we shall discuss all somatic effects of benzodiazepines investigated in ex­
perimental pharmacology and exclude effects on psychological functions which, in the 
animal, are identical with behavioral effects, since observation of free and scheduled 
behavior is the only means to obtain indirect information on drug-induced changes 
in the psychological activity of the laboratory animal. Behavioral effects of benzo­
diazepines are the subject ofa special chapter in this volume (DEws, 1981). We shall 
mention effects of benzodiazepines in man only on exceptional occasions. 

Twenty years after the introduction of the first representative of the benzo­
diazepine class into therapy, the time has come to make a step beyond purely descrip­
tive pharmacology and to consider the effects of these drugs in the light of a possible 
mechanism of action on the synaptic, cellular and molecular level. Research efforts 
of the past 7 years resulted in three important discoveries, namely (a) that benzo­
diazepines enhance GABAergic [y-aminobutyric acid (GABA)] transmission 
throughout the mammalian central nervous system (HAEFELY et aI., 1975b; COSTA et 
aI., 1975b); (b) that they produce this effect by combining with receptor sites that are 
highly specific for this class of drugs (BRAESTRUP and SQUIRES, 1977; MOHLER and 
OKADA, 1977 a, b); and (c) that all the effects of benzodiazepines which are mediated 
by these receptors can be prevented or reversed by drugs that act as selective benzo­
diazepine antagonists, e.g., Ro 15-1788 (HUNKELER et aI., 1981). We have attempted 
to make logical connections between individual pharmacologic observations and a 
single specific synaptic mechanism of action and yet to avoid too hypothetical specu­
lations. We hope that this way of presenting the already enormous amount of avail­
able data will convince the sceptic reader of the value ofthe unifying notion of GAB A­
mediated effects ofbenzodiazepines and provoke relevant experiments to test this con­
cept. 

The term benzodiazepine, as it will be used throughout this chapter for the sake 
of brevity, should be understood in a broad sense and includes structural derivatives 
of benzodiazepines with similar pharmacologic activity. The benzol ring may be re­
placed by an aromatic heterocycle, the diazepine ring may contain the two nitrogen 
atoms in the 1,4-, the 1,5- or in the 2,4-position, or be replaced by an azepine ring. 

A number of review articles and books, concerned entirely or in part with somatic 
effects of benzodiazepines, have appeared (ZBINDEN and RANDALL, 1967; RANDALL 
and SCHALLEK, 1968; GARATTINI et aI., 1973; COSTA and GREENGARD, 1975; VAN DER 
KLEIJN et aI., 1977; SCHALLEK, 1978; HAEFELY, 1978a; SCHALLEK and SCHLOSSER, 
1979; SCHALLEK et aI., 1979; FIELDING and LAL, 1979). 
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A. Acute Toxicity 
I. Acute Toxicity in Man 

From reports of accidental or suicidal ingestion of excessive amounts of drugs their 
approximative lethal doses can be estimated. A list of values of single oral lethal doses 
in man (REGGIANI et aI., 1968) for a few centrally active nonbenzodiazepine drugs is 
given in Table 1. In this Table, the drugs are listed according to the number of tablets 
that have to be taken in order to reach the approximate lethal dose. For benzo­
diazepines, uneventful recovery has been reported after ingestion of 500 mg (100 
tablets) nitrazepam (RIDLEY, 1971),500 mg (50 tablets) diazepam (GILBERT and BEN­
SON, 1972), 2,400 mg (80 tablets) flurazepam (ADERJAN and MATTERN, 1979), and 
2,800 mg chlordiazepoxide (MALIZIA et aI., 1965). No fatal outcome has been docu­
mented so far as a result of the ingestion of an overdose of these drugs when taken 
alone. Thus, acute lethal doses of these substances in man remain speculative. An ex­
trapolated figure of 50-500 mg· kg - 1 was presumed as the lethal dose of diazepam 
(VELVART, 1973). For chlordiazepoxide, the acute lethal dose in man was suggested 
to range between 200 and 300 mg· kg- 1 (MALIZIA et aI., 1965), which would require 
swallowing between 560 and 4,200 tablets or capsules. 

II. Acute Toxicity in Animals 

Acute toxicity in animals is usually indicated by the LD so, which is the dose calculated 
to cause the death of half the animals administered a single dose of the substance. 
LD so values as reported for diazepam from different laboratories are listed in Table 2. 
This is a representative example of the variability of results obtained in LDso deter­
minations, a field where methodologic standardization has not yet been universally 
adopted. For the substances listed in Table 3 and Table 4, minimal and maximal 
LDso values were chosen from those reported in the literature, when possible. The 
acute intravenous doses as reported in the literature are not indicative of the acute 
toxic potency of benzodiazepines but, in fact, represent the toxicity of the vehicles 
used to solubilize the mostly very poorly water soluble active drugs. 

III. General Comments on Acute Toxicity 

Twenty years of extensive use of benzodiazepines have shown that acute lethal effects 
or irreversible somatic lesions or psychic disturbances do not occur in man with even 
tremendous overdoses, except under particular conditions such as, e.g., when com­
bined with certain other drugs or on exposure to low ambient temperature (ADERJAN 
and MATTERN, 1979). 

The high degree of safety is only in part due to the fact that benzodiazepines as 
a class belong to those drugs whose absolute lethal doses are high; a comparison of 
Tables 3 and 4 shows that a number ofbenzodiazepines have LDso values similar to, 
e.g., meprobamate and barbiturates. More important for the high safety of benzo­
diazepines in practical terms is their high pharmacologic potency and, hence, their 
large therapeutic index. Because of their high potencies, the quantities of active ingre­
dients in pharmaceutical formulations are very small, and the number of tablets or 
capsules that would contain sublethal or even lethal doses is simply too great to be 
swallowed (ADERJAN and MATTERN, 1979). 
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Table 4. LD 50 values (mg· kg -1) reported from different laboratories for tranquilizers other than 
benzodiazepines, as compared with phenobarbitone. Where two figures are given, they are the 
lowest and the highest reported 

Substance 

Meprobamate 
Methaqualone 
Methylpentynol 
Phenobarbitone 

Mouse 

Intraperitoneal 

736 [1] 800 [2] 
555 [5] 

340 [7] 

[1] RANDALL et al. (1960) 
[2] BERGER et al. (1964) 
[3] ROBICHAUD et al. (1970) 
[4] SHIBATA et al. (1967) 
[5] SAITO et al. (1969) 

Rat 

Oral Intraperitoneal 

1,000 [3] 1,720 [4] 545 [2] 
1,130 [5] 

525 [6] 
325 [8] 190 [7] 

[6] USDIN and AMAI (1963) 
[7] GRUBER et al. (1944) 
[8] REINHARD et al. (1952) 

Oral 

1,600 [2] 

300-900 [6] 
660 [9] 

[9] SCHAFFARZICK and BROWN (1952) 

A further point, which immediately emerges from a rapid inspection of Table 3, 
is the fact that not the slightest correlation exists between the pharmacologic potencies 
of benzodiazepines and their lethal doses. This clearly indicates that the lethal effects 
of benzodiazepines cannot be considered as the endpoint of an exaggeration of their 
main pharmacologic activity, but it strongly suggests that the lethal effects must be 
due to biologic actions that are completely unrelated to those underlying the main 
pharmacologic effects. This assumption is strongly supported by recent findings that 
specific benzodiazepine antagonists are unable to increase the LD50 of benzo­
diazepines; hence benzodiazepine receptors do not seem to mediate the lethal effects. 
Anticipating the evidence that will be offered in the subsequent paragraphs for a spe­
cific interaction of benzodiazepines with GABAergic synaptic transmission to pro­
duce their characteristic effects, we are on firm ground in assuming that sublethal and 
lethal effects are not due to their interaction with GABAergic mechanisms, but rather 
to relatively nonspecific membrane effects which can be observed with high concen­
trations of benzodiazepines (as with most other drugs). 

B. Cardiovascular Effects 

As will be shown below, benzodiazepines in therapeutic doses seem to have little, if 
any, direct effects on heart and blood vessels. However, these drugs have profound 
effects on brain structures involved in the control of emotional behavior and auto­
nomic functions. The increasing awareness of the influence of emotional factors on 
autonomic functions and the extensive use ofbenzodiazepines have stimulated the in­
terest in potential desired and undesired effects of this class of drugs on the car­
diovascular system. In particular, benzodiazepines used as preanesthetics and induc­
tion agents, such as diazepam, flunitrazepam, lorazepam, and midazolam, have been 
studied in clinical conditions. They were reported to lower arterial blood pressure in 
patients undergoing surgery (DALEN et aI., 1969; RAO et aI., 1972; COLEMAN et aI., 
1973; COMER et aI., 1973; JENKINSON et aI., 1974; COrl; et aI., 1974; KORTTILA, 1975; 
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RIFAT and BOLOMAY, 1976; C6rn et aI., 1976; CONNER et al., 1978) and to either in­
crease (RAO et aI., 1972; COLEMAN et aI., 1973; JENKINSON et aI., 1974) or to fail to af­
fect heart rate (DALEN et aI., 1969; C6rn et aI., 1974; KORTTILA, 1975; C6rn et aI., 1976; 
RIFAT and BOLOMEY, 1976). Cardiac output and stroke volume were found to be re­
duced (DALEN et aI., 1969; RAO et aI., 1972; JENKINSON et aI., 1974; C6rn et aI., 1974, 
1976; RIFAT and BoLOMEY, 1976). An increase (RAO et aI., 1972; JENKINSON et aI., 
1974) and a decrease (COLEMAN et aI., 1973; RIFAT and BOLOMEY, 1976; FALK et aI., 
1978), as well as the absence of an effect (DALEN et aI., 1969; COMER et aI., 1973; C6rn 
et aI., 1974, 1976) on peripheral vascular resistance were observed. Diazepam was re­
ported to decrease left ventricular end-diastolic pressure, rate of systolic pressure in­
crease (dp/dt), and myocardial O2 consumption in volunteers and patients (C6rn et 
aI., 1974, 1976). As an example of investigations in arterial hypertension, we mention 
the study of POZENEL et aI. (1977) which showed that bromazepam reduced systolic 
and diastolic blood pressure in hypertensive patients after a single dose of 10 mg i.v. 
or after oral administration of 6-9 mg per day for 3 weeks. Most recently, MASSO and 
PEREZ (1979) performed a double-blind trial with bromazepam in hypertensive 
patients; the drug, 6 mg daily for 30 days, reduced both systolic and diastolic 
blood pressure to a similar extent as ex-methyldopa. 

I. Blood Pressure, Heart Rate, and Other Hemodynamic Parameters 

1. Chlordiazepoxide 

RANDALL et al. (1960) and MOE et aI. (1962) observed transient hypotension and bra­
dycardia in anesthetized dogs and cats after intravenous doses of chlordiazepoxide (1-
16 mg· kg - 1). The effect on blood pressure was dose-dependent and long-lasting after 
higher doses (RANDALL et aI., 1960; STERNBACH et aI., 1964; RANDALL and SCHALLEK, 
1968). Intraperitoneal administration to anesthetized cats (10 mg· kg-I) and open­
chest dogs (5 mg· kg-I) resulted in a short-lasting decrease of blood pressure and 
heart rate and a reduction of myocardial contractile force (GLUCKMAN, 1965). A fall 
of blood pressure and biphasic effects on heart rate and myocardial contractile force 
were found after 5-15 mg· kg-I i.v. in open-chest dogs by MADAN et aI. (1963). A 
myocardial depressant effect after 10--20 mg· kg-I i.v. was also found in the open­
chest dog by HITCH and NOLAN (1971). CARROLL et aI. (1961) observed a transient 
lowering of blood pressure and heart rate after chlordiazepoxide (10--20 mg· kg-I) in 
cats, whereas no effect was found by SCHALLEK and ZABRANSKY (1966) in doses which 
depressed the hypothalamic-induced pressor response (20 mg· kg - I i. v.). GLUCKMAN 
(1965) found no effect with 10 mg· kg-I p.o. in conscious dogs. A decrease in blood 
pressure and an increase in heart rate with reduced rate ofleft ventricular pressure in­
crease (dp/dt) was reported by MERLO et aI. (1974) with I and 5 mg· kg-I i.v. 
McHUGH et aI. (1978) reported a hypotensive effect in the normotensive as well as in 
the carotid sinus denervated hypertensive dog after an intravenous administration of 
10 mg· kg -I. The same authors also reported a hypotensive effect of chlordiazepoxide 
in genetically hypertensive rats (0.63-10 mg· kg-I daily p.o. for 7 days) and in carotid 
sinus denervated dogs anesthetized with pentobarbitone or ex-chloralose. The effects 
in hypertensive animals were more marked than in normotensives. In addition, a 
stronger hypotensive effect was observed under pentobarbitone anesthesia than under 
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(X-chloralose. In squirrel monkeys with elevated mean arterial blood pressures due to 
scheduling environmental stimuli, chlordiazepoxide (10 and 30 mg' kg-I i.m.) re­
duced blood pressure during time-out as well as time-on periods (BENSON et aI., 1970). 

2. Diazepam 

A weak hypotensive and bradycardic effect after intravenous injections of diazepam 
in anesthetized dogs was reported by RANDALL et aI. (1961). These effects were tran­
sient in moderate doses (1-8 mg' kg - I i. v.), but long-lasting after a higher dose 
(RANDALL et aI., 1963). BRASSIER et aI. (1966) found a dose dependency of this effect 
after intravenous bolus injections (1-10 mg' kg-I) but no change of either blood pres­
sure or heart rate after slow intravenous infusion. A very similar observation was 
made by TAYLOR et aI. (1970). In the same preparation a transient decrease in blood 
pressure and heart rate oc~urred after 5-lOmg·kg- 1 i.p. (GLUCKMAN, 1965, 1971). 
In anesthetized cats transient hypotension and bradycardia were found by RANDALL 
et aI. (1963) and GLUCKMAN (1965) with 4 mg' kg-I i.v. and 10 mg' kg-I i.p., respec­
tively. CHAI and WANG (1966) observed in addition a decrease of the myocardial con­
tractile force after 0.1 mg' kg-I i.v. Intraarterial injections (0.3 mg) of diazepam pro­
duced an immediate but transient increase of the femoral artery blood flow in the de­
nervated limb which was unaffected by atropine (CHAI and WANG, 1966). After cumu­
lative intravenous doses (0.125-16 mg' kg-I), a biphasic effect on blood pressure, i.e., 
lowering with low doses and gradual recovery to predrug values with higher doses, 
was observed by HUDSON and WOLPERT (1970). Rapid intravenous injection of fairly 
high doses (2-15 mg' kg-I) resulted in hypotension, bradycardia, and arrhythmias, 
with rapid recovery (SHARER and KUTT, 1971). This effect was also obtained with the 
diazepam solvent. Much weaker effects on blood pressure and heart rate were report­
ed by the same authors after slow intravenous infusion (0.5 mg' kg-I. min -1) for up 
to 50 min. ANTONACCIO and HALLEY (1975) reported a decrease in blood pressure and 
heart rate in doses which inhibit hypothalamic-evoked pressor responses (0.1, 
0.3 mg' kg-I i.v.). SCROLLINI et aI. (1975) found a similar blood pressure lowering ef­
fect with comparable doses. No effect on blood pressure and heart rate with 0.3-
IOmg·kg- 1 i.v. was observed in intact curarized cats (SCHALLEK and ZABRANSKY, 
1966; SIGG and SIGG, 1969), whereas an increase in heart rate was reported in the 
spinal cat (KEIM and SIGG, 1973). 

In the anesthetized rabbit diazepam produced a brief hypotension with tachycar­
dia which was due to the constituents of the ampoule solution (PARKES, 1968). No ef­
fect on blood pressure and heart rate was found by SCROLLINI et aI. (1975) with 
20mg'kg- 1 i.p. In the conscious rabbit a stabilizing effect on blood pressure and 
some bradycardia were observed with 2.5 mg' kg -I i. v. (PARKES, 1968). Systemic (0.1-
I mg' kg-I) or intracerebro-ventricular (100 ~g/20 ~l) injection into anesthetized rats 
lowered blood pressure, an effect which was antagonized by the GABA-antagonist, 
picrotoxin (BOLME and Fmrn, 1977). No effect on blood pressure was observed in 
spontaneously hypertensive rats (SHR) after 5 mg' kg-I i.v. (VAN ZWIETEN, 1977). 

The development of a persistent hypertension was delayed in offspring of SHR 
injected daily with diazepam I mg' kg - I s.c. from the I st day of life to the 12th week 
(SCHIEKEN, 1979). The mean arterial blood pressure reached by these rats after 8 weeks 
was significantly higher than the one of the corresponding Wi star Kyoto control rats, 
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but was lower than the one of SHR injected with diazepam vehicle. No effect was ob­
served on the mean arterial blood pressure of Wi star Kyoto rats injected daily with 
1 mg· kg - 1 s.c. diazepam (SCHIEKEN, 1979). The arterial hypertension, which 
gradually developed in rats exposed daily to stressful light and auditory stimuli, was 
prevented by daily administration of diazepam as a food admix; the drug also reduced 
the already established stress-induced hypertension (SEGAL, 1980). Diazepam 
7.5 mg· kg-I i.v. produced anesthesia in rats with loss of reaction to sound, pain, and 
corneal stimulation; cerebral blood flow, but not cerebral oxygen uptake, was de­
creased (CARLSSON et aI., 1976). However, when combined with nitrous oxide, diaze­
pam reduced cerebral oxygen uptake to a similar degree as observed under surgical 
anesthesia with barbiturates. 

Several hemodynamic studies were performed with benzodiazepines in conscious 
or open-chest dogs. In a series of studies in the anesthetized dog with a cardiopulmon­
ary bypass, ABEL et ai. (1969, 1970a, b, c) studied the effect of diazepam (0.1, 
0.2 mg· kg - I), injected into the extracorporal circulation, on left ventricular dynamics 
and coronary and peripheral vascular resistance. In dogs with paced hearts and con­
stant aortic pressure (ABEL et aI., 1969, 1970c) an increase in left ventricular pressure 
and dp/dtmax was found, force-velocity and length-tension relations were improved, 
and coronary and peripheral vascular resistance decreased. At the same time myocar­
dial O2 consumption increased. By keeping coronary blood flow constant, left ventric­
ular contractility was unchanged. Coronary vascular resistance and systemic vascular 
resistance decreased (ABEL et aI., 1969, 1970a, b). Injections of diazepam into the cor­
onary (0.25mg·kg- l ) and systemic (0.5mg·kg- l ) circulation, respectively, in ani­
mals with a separation of these circulations resulted in decreases of vascular resistances 
of the respective vascular beds (ABEL et aI., 1969, 1970a, b). C(- and fJ-adrenolytics, 
reserpine, atropine, or ganglionic blocking agents, but not vagotomy, partially in­
hibited or markedly reduced the effect of diazepam on coronary vascular resistance 
and systemic vascular resistance (ABEL et aI., 1970 a). Systemic injection of 5 and 
10 mg· kg-I diazepam was shown to decrease myocardial contractile force, blood 
pressure, and heart rate (GLUCKMAN, 1965, 1971) without affecting coronary or aortic 
flow (TAYLOR et aI., 1970). Infusion of comparable amounts resulted in a decrease of 
myocardial contractile force, blood pressure and heart rate, but coronary and aortic 
flow were increased and myocardial O2 consumption was reduced (TAYLOR et aI., 
1970). In dogs with a right-heart bypass, BIANCO et ai. (1971) reported decreased mean 
arterial blood pressures and maximal rate ofleft ventricular pressure development dp/ 
dtmax while left ventricular end-diastolic pressure was elevated. Coronary blood flow 
increased and the arterial-venous oxygen difference was reduced. This effect occurred 
after high cumulative intraarterial doses (6 x 2.5 mg). In dogs equipped additionally 
with a balloon catheter in the left ventricle, bolus injections of 10 mg diazepam pro­
duced a moderate lowering of aortic pressure and left ventricular dp/dtman whereas 
left ventricular end diastolic pressure remained unchanged. Again an increased coro­
nary blood flow and a narrowing of the arterial-venous oxygen difference were ob­
served (BIANCO et aI., 1971). Comparable volumes of vehicle produced the same he­
modynamic effects. FIELD et ai. (1971) reported that 0.25 and 0.5 mg· kg-I i.v. had 
no effect on left ventricular dynamics, whereas DANIELL (1975) found a decrease in 
myocardial contractile force and myocardial oxygen consumption and an increased 
coronary blood flow and cardiac output after diazepam (2 mg· kg-I i.v.) and chI or-
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diazepoxide (16 mg' kg-I Lv.). The effects on the coronary blood flow were abolished 
by either hexamethonium, phentolamine, or practoloI. JONES et aI. (1978) observed an 
increase in coronary blood flow after diazepam (0.5 and 2.5 mg' kg-I Lv.) in the ab­
sence of changes in the left ventricular dynamics. Finally, CLANACHAN and MARSHALL 
(1980b) reported a transient fall in blood pressure and a more sustained increase of 
coronary blood flow in anesthetized dogs after diazepam 1-4 mg' kg - I i. v. Doses of 
diazepam which clearly increased coronary flow consistently potentiated and pro­
longed the vasodilator effect of adenosine. 

STARLEY and MICIDE (1969) injected cumulative doses of diazepam (0.1, 0.4, 
0.5 mg' kg-I Lv.) into conscious dogs. Right ventricular systolic pressure was reduced 
and left heart hemodynamics remained unchanged. In contrast, BLOOR et aI. (1973) 
observed an increase of heart rate and coronary blood flow with reduced coronary 
vascular resistance and stroke volume after intravenous (0.5--1 mg' kg -I) or intraar­
terial (0.05-0.1 mg' kg-I) diazepam. Again the solvent was reported to produce es­
sentially the same effects. KOROL and BROWN (1968) observed an increase in blood 
pressure and heart rate after 0.3 mg' kg - I i. v. in conscious unrestrained dogs, whereas 
SCROLLINI et aI. (1975) described a slight hypotension and bradycardia (10 mg' kg - I 
i.v.). JONES et aI. (1979) observed no change in heart rate and mean arterial blood pres­
sure after 1.0 and 2.5mg·kg- 1 Lv., however, a decrease of left ventricular dpjdtmax 

and an increase of cardiac output with unaltered coronary flow, systemic and coro­
nary vascular resistance, stroke volume or stroke work was seen. A slight reduction 
of heart rate and of methylatropine-induced tachycardia was found by CHASSAING and 
DUCHENE-MARULLAZ (1973) in untrained restrained dogs (O.5-4mg·kg- 1 Lv.), 
whereas tachycardia was observed in dogs equipped with a telemetric system (1-
4 mg' kg - I i. v.). Tachycardia was also found by GEROLD et aI. (1976) after diazepam 
in trained dogs. In doses of 1,3, and 10 mg· kg- 1 U.O. the drug induced a dose-depen­
dent, moderate, and long-lasting tachycardia without changes in systolic blood pres­
sure. The increased heart rate initially coincided with behavioral stimulation, which 
is a typical benzodiazepine effect in dogs, and later with sedation. By pharmacologi­
cally eliminating the sympathetic and/or parasympathetic control on the heart with 
a p-adrenoceptor blocking agent and with the antimuscarinic, methylatropine, the 
authors were able to show that the chronotropic effect of diazepam was caused by a 
central reduction of the vagal tone to the cardiac pacemaker. No significant effect on 
the cardiac sympathetic tone was observed. In addition to a centrally elicited with­
drawal of the cardiac vagal tone, diazepam had a negative chronotropic action of mod­
erate intensity on the cardiac pacemaker, which became apparent only after the elimi­
nation of sympathetic and parasympathetic influences. 

3. Other Benzodiazepines 

A long-lasting hypotensive effect was reported by STERNBACH et aI. (1964) for intra­
venous doses of nitrazepam (4 mg' kg-I) in anesthetized dogs; moderate transient ef­
fects were seen after oxazepam (1 and 10 mg' kg-I i.p., GLUCKMAN, 1965), fluraze­
pam (1-8mg·kg- 1 i.v., RANDALL et aI., 1969), lorazepam (1 and 5mg'kg- 1 i.p., 
GLUCKMANN, 1971), triflubazam (0.5-8 mg' kg-I Lv., HEILMAN et aI., 1974), temaze­
pan (1-5 mg' kg-I i.v., MERLO et aI., 1974), chlorazepate (up to 30 mg' kg-I Lv., 
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BRUNAUD et aI., 1970), triazolam (10 mg· kg-I i.v., FURUKAWA et aI., 1976) and mi­
dazolam (0.25-10 mg· kg-I i.v., JONES et aI., 1978), whereas medazepam (15 mg· kg-I 
i.v., RANDALL et aI., 1968), pinazepam (10 mg· kg-I i.v., SCROLLINI et aI., 1975), 
pyrazapon (2-32 mg· kg-I i.v., POSCHEL et aI., 1974), clobazam (10--50 mg· kg-I i.p. 
and p.o., FIELDING and HOFFMANN, 1979) and camazepam (1-5 mg· kg-I i.v., MERLO 
et aI., 1974) were found to be inactive. Lorazepam (1 and 5 mg· kg-I i.p.) was report­
ed to reduce myocardial contractile force (GLUCKMAN, 1971). A decreased left ventric­
ular dp/dtmax , and coronary flow with unchanged systemic vascular resistance and 
stroke volume were reported for midazolam (1 and 10 mg· kg-I i.v., JONES et aI., 
1978). Midazolam (1-10 mg· kg-I i.v.) increased cardiac output and decreased left 
ventricular dp/ dtmax in conscious dogs without affecting coronary blood flow, systemic 
or coronary vascular resistance, stroke volume or stroke work (JONES et aI., 1979). 
Bromazepam (1 mg· kg-I i.v.) produced tachycardia in chloralose-urethane anes­
thetized dogs with intact cardiac innervation, and a slight bradycardia in dogs with 
acute cardiac denervation (GEROLD et aI., 1976). In anesthetized cats a dose-depen­
dent increase in blood pressure was reported for medazepam after intravenous doses 
of 4-16 mg· kg-I i.v. (RANDALL et aI., 1968); a short-lasting hypotension was ob­
served after flurazepam (1-8 mg· kg-I i.v., RANDALL et aI., 1969) and oxazepam 
(10 mg· kg- 1 i.p., GLUCKMAN, 1965). Also observed was a longer-lasting hypotension 
with bradycardia after clobazam 20 mg· kg -I i. p. by BARZAGHI et aI. (1973), but not 
by FIELDING and HOFFMANN (1979,25-100 mg· kg-I i.p.), some hypotension and bra­
dycardia with lorazepam (1 and 5 mg· kg-I i.p., GLUCKMAN, 1971) and no effect after 
pinazepam (cumulative doses up to 8 mg· kg-I i.v.; SCROLLINI et aI., 1975). Estazolam 
caused a marked and prolonged hypotension at 1 mg· kg-I i.v., which was not modi­
fied by vagotomy or peripheral autonomic blocking agents but was abolished by 
spinal transection (SAJI et aI., 1972); heart rate transiently increased and thereafter de­
creased for more than 2 h. Blood flow in the femoral and carotid artery was increased 
by up to 100% for a long time. Chlorazepate (10 mg· kg-I i.v.) was reported to induce 
some bradycardia (BRUNAUD et aI., 1970). In unrestrained conscious cats an intrave­
nous infusion of medazepam up to a final dose of 15 mg produced a short-lasting fall 
in blood pressure and heart rate (HEINEMANN et aI., 1969), but when injected into 
curarized cats a dose-dependent increase in blood pressure was reported (5-
20 mg· kg-I i.v., SCHALLEK et aI., 1968, 1970). Flurazepam (20 mg· kg-I i.v.) was also 
reported to increase blood pressure in curarized cats (SCHALLEK et aI., 1968), whereas 
a short-lasting hypotension was observed with estazolam (SAJI et aI., 1972). In anes­
thetized rabbits, flurazepam (20 mg· kg-I i.p., BABBINI et aI., 1975) and chlorazepate 
(10 mg· kg-I i.v.; BRUNAUD et aI., 1970) decreased the blood pressure, whereas dox­
efazepam (BABBINI et aI., 1975), triazolam (FURUKAWA et aI., 1976), and pinazepam 
(SCROLLINI et aI., 1975) were ineffective. Estazolam injected in a high dose 
(10 mg· kg-I i.v.) to conscious rabbits caused only a weak and transient hypotension 
and bradycardia; the same dose injected intraperitoneally produced a slight bradycar­
dia (SAJI et aI., 1972). In DOCA-saline hypertensive rats both medazepam (RANDALL 
et aI., 1968) and flurazepam (RANDALL et aI., 1969) were reported to have a hypoten­
sive effect in sedative doses. Clonazepam had no effect in spontaneous hypertensive 
rats (BLUM et aI., 1973). No change of blood pressure was observed with pyrazapon 
(2 x 50 mg· kg-I p.o.) in perinephritic encapsulated hypertensive rats (POSCHEL et aI., 
1974). 
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In conscious dogs oxazepam (1-10 mg· kg-I p.o.; GLUCKMAN, 1965) did not 
change blood pressure or heart rate, whereas a slight decrease in blood pressure and 
some tachycardia was found with 10 mg· kg-I pinazepam i.v. (SCROLLINI et aI., 1975). 
Bromazepam in doses of 1,3, and 10 mg· kg-I p.o. had no effect on blood pressure 
but produced tachycardia and inhibited methylatropine-induced tachycardia in a 
study by GEROLD et aI. (1976) and produced a significant rise in arterial blood pressure 
with increased heart rate in a dose of 0.3 mg· kg- 1 i.v. in experiments by KOROL and 
BROWN (1968). As shown for diazepam, the tachycardia induced by bromazepam 
(GEROLD et aI., 1976) was mainly due to a central reduction of the vagal tone to the 
heart. Clonazepam (0.3-10 mg· kg-I p.o.) produced a non-dose-related hypotension 
(BLUM et aI., 1973). WILSON et aI. (1974) reported that U-31,889 (0.5-2 mg· kg-I i.v.), 
a triazolobenzodiazepine, decreased blood pressure and increased heart rate in a dose­
dependent manner. Central venous pressure and pulmonary artery pressure were re­
duced. Slight bradycardia and hypotension were observed with 10 and 100 mg· kg-I 
pyrazapon p.o. (POSCHEL et aI., 1974). 

II. Arrhythmias 

VAN LOON (1968) reported a case of reversion of ventricular arrhythmias to sinus 
rhythm with high intravenous doses of diazepam. The reversion occurred within min­
utes. However, in a study on patients who were injected with diazepam before attempt­
ing electrical cardioversion (atrial fibrillation, atrial flutter, atrial tachycardia, ven­
tricular tachycardia) no beneficial effect was observed (SPRACKLEN et aI., 1970). 

An increase in the threshold for electrically induced ventricular tachycardia was 
reported in anesthetized dogs after 1-2 mg· kg-I diazepam i.v. (SPRACKLEN et aI., 
1970), but the amount of K-strophanthin needed to induce arrhythmias was unal­
tered. In line with the failure of diazepam (0.5-1 mg· kg - 1 i. v.) to restore K -stro­
phantidin-induced arrhythmias was the lack of effect on ventricular tachycardia in­
duced by ouabain as reported by NEVINS et aI. (1969). In contrast, BAUM et aI. (1971) 
reported a certain degree of reversal of ouabain-induced ventricular ectopic beats af­
ter 20 mg· kg-I i.v. diazepam and lorazepam. BAUM et aI. (1971) also found that in 
anesthetized dogs 20 IIig· kg-I i.v. lorazepam and diazepam slightly reduced the 
maximal atrial following frequency, had no effect on aconitine-induced arrhythmias, 
slightly increased the threshold for ventricular fibrillation, and weakly affected epi­
nephrine- and methylchloroform-induced arrhythmias. Acetylcholine-induced atrial 
arrhythmias in anesthetized dogs were not influenced up to high intravenous doses of 
chlordiazepoxide (MADAN et aI., 1963). Some reversion to sinus rhythm was observed 
with diazepam (1 mg·kg- I i.v.) and chlordiazepoxide (10--30mg·kg- 1 i.v.) in con­
scious dogs with ligated ventral intraventricular branch of the left coronary artery 
(MADAN et aI., 1963; GILLIS et aI., 1974; MUIR et aI., 1975), whereas 50 mg· kg-I i.v. 
pyrazapon had no effect at all (POSCHEL et aI., 1974). Chlordiazepoxide was also re­
ported to potentiate the antiarrhythmic effect and to prevent the neurotoxic effect of 
lidocaine in the same experimental situation (GILLIS et aI., 1974). In the anesthetized 
cat GILLIS et aI. (1974) reported that chlordiazepoxide (3-40 mg· kg-I i.v.) reduced 
the number of ventricular ectopic beats induced by deslanoside and increased the 
sinus beats. This effect was no longer observed in spinalized animals. They also report­
ed that the antiarrhythmic effect paralleled the reduction of an increased sympathetic 
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discharge. PEARL et al. (1978 a) observed that diazepam (repeated injection of 10 mg 
bolus) tested on deslanoside arrhythmias was poorly active and in fact occasionally 
worsened the alterations of the rhythm. Essentially the same effects were seen with the 
solvent. In another paper the same authors (1978 b) reported that, when chlordiazep­
oxide was injected dissolved in polyethyleneglycol 400 instead of saline, no antiar­
rhythmic effect was obtained. DE JONG and HEAVNER (1973) described some activity 
of diazepam (0.25 mg· kg - I i.m.) against ventricular arrhythmias induced by high 
doses oflidocaine in anesthetized cats. Arrhythmias induced in unanesthetized rabbits 
with BaCI2 , ouabain or a combination of chloroform and isoprenaline were reduced 
by diazepam (5 mg· kg-I i.v.) and chlordiazepoxide (10 mg· kg-I i.v.) (ANDO et a1., 
1979). 

In highly artificial conditions, chlordiazepoxide was found to facilitate the occur­
rence of arrhythmia (GASCON, 1977). Rats were treated on 5 consecutive days with the 
tremendous dose of 150 mg· kg - I. Acute stress induced by a 3-min period of electric 
shocks to the hindlegs resulted in a more marked tachycardia and in a higher incidence 
of ventricular extrasystoles than in untreated rats. Furthermore, ouabain 2.5 mg . kg - 1 
injected intravenously every 15 min during 1 h, produced a higher incidence of ven­
tricular arrhythmias in rats pretreated with the high dose of chlordiazepoxide than in 
untreated controls. The higher cardiotoxicity of stress and ouabain was ascribed to 
the marked increase of adrenaline in the adrenal glands produced by chlordiazepoxide 
(see Sect. X/IV.) and to the considerably greater absolute amount of adrenaline that 
was released by stress and ouabain from the adrenals. 

III. Isolated Myocardium 
In experiments in isolated cat papillary musde, PRINDLE et al. (1970) described some re­
duction of peak isometric tension (T) and dT/ dt with no change in the time to peak for 
chlordiazepoxide (> 2 x 10- 5 mol· 1 - 1) and no effect of diazepam ( '" 1 0 - 5 mol. 1 - 1), 
whereas SUGIMOTO et al. (1976) reported a depression of contractile tension of the 
rat papillary muscle with diazepam ina concentration of2 x 10- 6 mol· 1-1. The same 
authors observed an increased refractory period and decreased maximal following 
frequency. In the guinea-pig papillary muscle flurazepam (2.5 x 10- 5-2 x 10- 4 

mol· 1-1) reduced amplitude and maximum rate of rise (MRR) and increased the du­
ration of the action potential; the transmembrane potential was unchanged (LIEBES­
WAR, 1972). As with quinidine or quinidine-like compounds, a recovery - even in the 
presence of flurazepam - of the decreased MRR was observed after switching off the 
stimulation. LIEBESWAR (1972) concluded that flurazepam interfered with the acti­
vated sodium channe1. In canine heart Purkinje fibers and ventricular muscle, chlor­
diazepoxide (~ 10 -4 mol ·1- I) reduced the maximum rate of rise of the action poten­
tial and shortened its half-life with little change of the resting membrane potential 
(WANG and JAMES, 1979). A reduction of the refractory period and a shortening of 
the duration of the action potential was observed only in Purkinje fibers. The same 
authors reported that chlordiazepoxide depressed the enhanced repetitive discharge 
of subendocardial Purkinje fibers which survived acute myocardial infarction. A pro­
longation of repolarization and an increased refractory period was observed in rabbit 
auricular fibers with diazepam ( '" 2 x 10 - 5 mol· 1- I) by TUGANOWSKI and WOLANSKI 
(1970). The depolarization velocity was decreased, but the action potential and the 
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transmembrane potential were unchanged. In isolated rabbit auricles chlordiazepox­
ide (10- 6-3 x 10- 4 mol· 1-1) had a negative inotropic (MOE et aI., 1962) and negative 
chronotropic effect (MADAN et aI., 1963). No effect on adrenaline- or acetylcholine­
induced tachycardia or bradycardia, respectively, was observed (3 x 10 -4 mol· 1- \ 
MADAN et aI., 1963), but 10 - 5 mol· 1- I reduced the positive inotropic effect of adrena­
line (MOE et aI., 1962). ANDO et aI. (1979) reported that diazepam and chlordiazepox­
ide reduced the positive chronotropic effect of isoprenaline, adrenaline, and noradren­
aline. A negative inotropic effect of chlordiazepoxide ( '" 10 - 5 mol· I-I) was described 
in isolated auricles of cats (MOE et aI., 1962) and guinea pigs (FERRINI and MIRAGOLI, 
1973). Diazepam (> 2 x 10 - 5 mol· 1-1) was shown to depress contractile tension in 
electrically stimulated atria and papillary muscles, to increase refractory period and 
to decrease maximal following rate in rat atria (SUGIMOTO et aI., 1976, 1978). In con­
centrations below 2 x 10 - 5 mol· I-I , however, the contractile force of spontaneously 
beating right atria or electrically stimulated left atria and papillary muscles was in­
creased. Stimulation-induced arrhythmias of rat or rabbit atria were prevented by 
diazepam (SUGIMOTO et aI., 1976, 1978; ANDO et aI., 1979). In isolated guinea-pigauri­
cles diazepam, temazepam and medazepam produced a negative ino- and chronotrop­
ic effect and SB 5,833 only a negative chronotropic effect (10- 5 mol· 1- 1, FERRINI 
and MIRAGOLI, 1973). High concentrations of estazolam (3 x 10 -4 mol· 1- I) had a ne­
gative inotropic and chronotropic effect (SAJI et aI., 1972), whereas clobazam (10- 5 

mol· 1-1) had no effect at all (FIELDING and HOFFMANN, 1979). In electrically driven 
guinea-pig left atria diazepam (10- 6 and 10- 5 mol· 1-1) significantly potentiated the 
negative inotropic effect of adenosine, but not that of 2-chloroadenosine (CLANACHAN 
and MARSHALL, 1980a). In primary cultures of rat myocardial cells exposed to diaze­
pam (10- 5-10- 4 mol· I-I), tachycardia, arrhythmias, and cell death within 24 h were 
reported (ACOSTA and CHAPPEL, 1977). In chick embryo hearts, diazepam produced 
a concentration-dependent negative inotropic and chronotropic effect. Cardiac stand­
still in diastole occurred with 2 x 10- 4 mol· I-I (BERRY, 1975). Atropine did not influ­
ence the diazepam-induced depression but I-noradrenaline reversed the negative ino­
tropic effect. The vehicle of diazepam was ineffective. Essentially the same, namely ne­
gative inotropic and chronotropic effects and standstill in diastole were observed with 
3 x 10- 4 mol· I-I chlordiazepoxide in the perfused frog heart (MADAN et aI., 1963). 

IV. Cardiovascular Responses to Central Nervous System Stimulation 

Stimulation of various structures in the central nervous system is known to produce 
behavioral, cardiovascular, and a number of other autonomic responses. 

A widely used structure to demonstrate the effect of benzodiazepines on centrally 
evoked blood pressure responses is the posterior hypothalamus. A decrease of the hy­
pothalamic-evoked pressor response by chlordiazepoxide (10-20 mg' kg-I i.v.) in 
curarized cats was found by CARROLL et ai. (1961), SCHALLEK et ai. (1964), STERNBACH 
et aI. (1964), SCHALLEK and ZABRANSKY (1966), and RANDALL et ai. (1969). The same 
effect occurred in anesthetized and conscious dogs (5 mg' kg-I i.v., BOLME et aI., 
1967); in the latter, tachycardia as well as behavioral responses in the conscious animal 
were reduced. An inhibitory effect was also found with diazepam (0.1-10 mg' kg-I 
i.v.) in curarized or anesthetized cats (RANDALL et aI., 1963; SCHALLEK et aI., 1964; 
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CHAI and WANG, 1966; SCHALLEK and ZABRANSKY, 1966; SIGG and SIGG, 1969; SIGG 
et aI., 1971; ANTONACCIO and HALLEY, 1975; ANTONACCIO et aI., 1978), but not in 
spinal cats (KEIM and SIGG, 1973), where in fact the stimulation-induced tachycardia 
was enhanced. The decrease of pressor responses after diazepam was prevented by bi­
cuculline (ANTONACCIO et aI., 1978). Diazepam (1-5 mg' kg- 1 i.p.) diminished the 
evoked pressor response in anesthetized (MORPURGO, 1968) and unrestrained, unan­
esthetized rats (MORPURGO, 1968; KAWASAKI et aI., 1979). Nitrazepam (0.1-
10 mg' kg- 1 i.v.; SCHALLEK et aI., 1964; STERNBACH et aI., 1964; SCHALLEK et aI., 1966; 
FUKUDA et aI., 1974), medazepam (10 mg' kg- 1 i.v., RANDALL et aI., 1968), fluraze­
pam (10 mg' kg- 1 i.v., RANDALL et aI., 1969), chlorazepate (15 mg' kg- 1 i.v., MER­
CIER et aI., 1970) and estazolam (0.5-2 mg' kg-I i.v., FUKUDA et aI., 1974), were also 
reported to inhibit hypothalamic-evoked pressor responses. 

Stimulation of the septum and of the amygdala evoked, depending on the exact 
locus of stimulation, pressor or depressor responses which were antagonized by ben­
zodiazepines (CARROLL et aI., 1961; CHOU and WANG, 1975; STOCK et aI., 1976). The 
cardiac arrhythmias evoked by stimulation of limbic structures were completely 
blocked by chlordiazepoxide (10-20 mg' kg-I i.v.; CARROLL et aI., 1961). 

Pressor responses evoked in cats by stimulation of mesencephalic structures such 
as central gray, reticular formation, dorsal and ventral tegmental structures were in­
hibited by 10-20 mg' kg-I chlordiazepoxide i.v. (CARROLL et aI., 1961), nitrazepam 
(2 mg' kg-I i.v.; FUKUDA et aI., 1974), and diazepam (0.1 and 0.3 mg' kg-I i.v.; AN­
TONACCIO and HALLEY, 1975), but not by estazolam (FUKUDA et aI., 1974). 

Medullary evoked pressor or depressor responses were reported to be antagonized 
or unchanged by chlordiazepoxide (CARROLL et aI., 1961; SCHALLEK and ZABRANSKY, 
1966) and diazepam (CHAI and WANG, 1966; SCHALLEK and ZABRANSKY, 1966; AN­
TONACCIO and HALLEY, 1975; KAWASAKI et aI., 1979) at a dose described as inhibiting 
the hypothalamic pressor response. 

Cortically evoked pressor responses were also inhibited by chlordiazepoxide (CAR­
ROLL et aI., 1961). 

V. Cardiovascular Responses to Behavioral Experiments 

Sustained blood pressure rises and other hemodynamic changes can be provoked by 
operant conditioning in laboratory animals. Chlordiazepoxide (3-30 mg' kg -I i.m.) 
reduced the rates of responding as well as the mean arterial blood pressure in squirrel 
monkeys which had developed marked persistent elevations of mean arterial blood 
pressure during the behavioral experiments (BENSON et aI., 1970). The effect of te­
mazepam (10 mg' kg-I p.o.) on emotional changes in coronary and systemic hemo­
dynamics were studied in conscious dogs in which anxiety was induced by the classical 
conditioning procedure (BERGAMASCHI and LONGONI, 1973). The increases in heart 
rate, cardiac output, left ventricular work, and total peripheral vascular resistance 
were significantly reduced by temazepam. The conditioning-induced changes in cor­
onary vascular bed were not altered significantly. Rats under a differential condition­
ing schedule had an increased heart rate and respiratory rate. Both parameters were 
markedly depressed after 20 mg' kg -I chlordiazepoxide i.p. (YAMAGUCHI and IWA­
HARA, 1974). 
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VI. Cardiovascular Responses to Peripheral Stimulation 

Pressor responses evoked by stimulation of the central stump of the cut sciatic nerve 
in intact anesthetized or curarized cats were antagonized by 2 mg· kg - 1 diazepam i. v. 
(CHAI and WANG, 1966; PORSZASZ and GmIszER, 1970) and estazolam (2 mg. kg- 1 

i.v., FUKUDA et aI., 1974). In the encl!phale isoll! preparation, however, the pressor re­
sponse was unchanged after estazolam. Hypertension evoked by noxious stimuli was 
decreased after 15 mg· kg-I chlorazepate i.v. (MERCIER et aI., 1970), in curarized cats. 

The effects ofbenzodiazepines on blood pressure changes and bradycardia evoked 
by stimulation of the central end of the vagal nerve have been studied by various 
authors. Unchanged responses after chlordiazepoxide (1-32 mg· kg-I i.v., RANDALL 
et aI., 1960; STERNBACH et aI., 1964), diazepam (1-8mg·kg- 1 i.v.; RANDALL et aI., 
1961; RANDALL et aI., 1963; STERNBACH et aI., 1964), and triazolam (10 mg· kg-I i.v., 
FURUKAWA et aI., 1976) were reported in anesthetized dogs and a decreased pressor 
response was found after 4 mg· kg-I i.v. of nit raze pam (STERNBACH et aI., 1964). The 
phenylephrine-induced reflex vagal bradycardia was dose-dependently inhibited by 
chlordiazepoxide (3, 10, and 20 mg· kg-I i.v.) in anesthetized cats with an eliminated 
sympathetic component of the reflex by either pretreatment with propranolol or 
spinal cord transection (QUEST et aI., 1977). A depression of the reflex bradycardia 
and the biphasic pressor effect after stimulation of the afferent abdominal n. vagus 
were observed with 0.4 mg· kg - 1 diazepam i. v. in anesthetized rats (SCHUMPELICK, 
1973). Reflex bradycardia evoked by stimulating the sinus nerve was inhibited by 
diazepam (0.2-3 mg· kg-I i.v.) in the intact cat (HOCKMAN and LIVINGSTON, 1971), 
whereas no inhibition was observed after decerebration or in the thalamic animal. Af­
ter spinalization, diazepam (cumulative doses of 0.3-3 mg· kg-I i.v.) had no effect on 
the reflex bradycardia induced by either stimulation of the sinus nerve, the central end 
of nervus vagus, the aortic depressor nerve, or by raising the intrasinal pressure (KEIM 
and SIGG, 1973). 

The pressor response occurring after bilateral occlusion of the carotid arteries was 
usually unchanged or somewhat attenuated after chlordiazepoxide (0.2-16 mg· kg-I 
i.v., RANDALL et aI., 1960; MOE et aI., 1962; STERNBACH et aI., 1964; V ARAGIC et aI., 
1964; THEOBALD et aI., 1965), clobazam (20 mg· kg-I i.p., BARZAGffi et aI., 1973), 
diazepam (0.1-8 mg· kg-I i.v., RANDALL et aI., 1961, 1963; STERNBACH et aI., 1964; 
eHAI and WANG, 1966; KOROL and BROWN, 1968; ANTONACCIO and HALLEY, 1975), 
flurazepam (1-8 mg· kg-I i.v., RANDALL et aI., 1969), estazolam (1 mg· kg-I i.v., SAJI 
et aI., 1972), pinazepam (20 mg· kg-I i.p., SCROLLINI et aI., 1975), and triazolam 
(10 mg· kg-I i.v., FURUKAWA et aI., 1976) in the various species studied. An increased 
hypertensive response was reported for bromazepam (0.3 mg· kg-I i.v., KOROL and 
BROWN, 1968) and for medazepam (>4 mg· kg-I i.v., RANDALL et aI., 1968) and a 
decreased hypertensive response occurred after 4 mg . kg- 1 nitrazepam i.v. (STERN­
BACH et aI., 1964) in the dog. 

VII. Cardiac and Vasoconstrictor Responses to Various Agents 

The vasoconstrictor response induced by hypoxia in isolated blood-perfused rat lungs 
was unaffected by diazepam ('" 2 X 10- 6 mol· 1- ., BJERTNAES, 1977). Using the per­
fused rat mesenteric artery preparation, ALLY et aI. (1978) found that diazepam 
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(55 ~mol .1- 1) and chlordiazepoxide (890 ~mol .1- 1) inhibited constrictor responses 
to noradrenaline and angiotensin II but not those to potassium and vasopressin. Since 
thromboxane A2 supports vasoconstriction by noradrenaline and angiotensin II, but 
not by potassium and vasopressin, the authors postulated that the benzodiazepines 
acted as antagonists ofthromboxane A2. A reduced vasoconstrictor response to nor­
adrenaline, angiotensin II, BaC12 and to lumbar sympathetic stimulation was ob­
served in hindquarter perfusion experiments in spontaneous hypertensive rats (SHR) 
after a l2-week daily treatment with 1 mg· kg-I diazepam (s.c., starting at day 1 of 
life) compared to diazepam-vehicle injected SHR (ScmEKEN, 1979). The vascular 
reactivity of Wi star Kyoto rats treated according to the same schedule was unchanged 
(SCmEKEN, 1979). In the anesthetized dog, bromazepam (1 mg· kg-I i.v.) did not alter 
cardiac chronotropic responses to electrical stimulation of vagal or cardiac sympa­
thetic preganglionic and postganglionic nerves (GEROLD et aI., 1976). 

A series of papers deal with the effects of benzodiazepines on blood pressure or 
heart rate changes after the systemic injection of noradrenaline, adrenaline, phenyl­
ephrine, tyramine, isoproterenol, serotonin, histamine, angiotensin, acetylcholine, 
eserine, and DMPP. No effect at all or inconsistent effects were reported with a large 
number ofbenzodiazepines (RANDALL et aI., 1960, 1961, 1963, 1968, 1969; MOE et aI., 
1962; STERNBACH et aI., 1964; V ARAGIC et aI., 1964; SCHALLEK et aI., 1965; THEOBALD 
et aI., 1965; BRASSIER et aI., 1966; CHAI and WANG, 1966; SCHALLEK and ZABRANSKY, 
1966; KOROL and BROWN, 1968; MORPURGO, 1968; MERCIER et aI., 1970; SAIl et aI., 
1972; BARZAGm et aI., 1973; BERGAMASCm and LONGONI, 1973; HEILMAN et aI., 1974; 
ANTONACCIO and HALLEY, 1975; BABBINI et aI., 1975; SCROLLINI et aI., 1975; FURUKA­
WA et aI., 1976; QUEST et aI., 1977). 

VIII. Conclusions 

The very heterogeneous material presented in this section does not allow detailed con­
clusions to be made about the cardiovascular effects ofbenzodiazepines. A cautionary 
note on two methodological aspects is indicated. First, since most benzodiazepines are 
poorly water soluble, organic solvents were often used to administer these drugs; in 
many studies the effect of the vehicle alone was not investigated. Moreover, even if 
the solvent alone was found to be ineffective, it cannot be excluded that it altered the 
distribution of the active drug into tissues. Second, results obtained in anesthetized 
animals should be interpreted with great reservation. Since benzodiazepines potenti­
ate the effects of anesthetics, many of the observed cardiovascular effects may be the 
result of a deeper state of general anesthesia. 

Studies on isolated heart preparations and vessels show that benzodiazepines in 
concentrations below 1 0 ~mol·l-I do not produce significant effects, suggesting that 
a direct effect on heart and blood vessels is highly unlikely with therapeutic doses or 
corresponding pharmacologic doses (plasma levels were around 1 ~mol· I-I and 
brain levels about 3 times higher in rats 20 min after 5 mg . kg -1 diazepam i.v.; 
KLOTZ, 1979). However, such doses undoubtedly may produce hemodynamic changes 
in the intact animal, depending to a large extent on the conditions of the animal. The 
potent effect ofbenzodiazepines on many kinds of hemodynamic responses to periph­
eral and central stimuli strongly suggests that their effects on the cardiovascular sys­
tem, when present, are caused by a central site of action. A representative example 
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for such an action is the cardio-accelerating effect of diazepam and bromazepam in 
trained conscious dogs (GEROLD et aI., 1976) and the inhibition of reflex bradycardia 
elicited by sinus nerve stimulation (HOCKMAN and LIVINGSTON, 1971). Although the 
exact site of action of these drugs which is responsible for the central depression of 
cardiac vagal tone remains to be elucidated, it is very tempting to speculate that it may 
be connected with the GABAergic synapses which have been proposed by BARMAN 
and GEBBER (1979), DI MICCO et aI. (1979), DI MICCO and GILLIS (1979), and WIL­
LIFORD et aI. (1980a, b, c) to mediate a tonic inhibitory influence from forebrain and 
medullary structures onto cardiac vagal neurons in the nucleus tractus solitarii and/or 
nucleus ambiguus. A GABAergically mediated reduction of the activity of vascular 
sympathetic fibers (DI MICCO and GILLIS, 1979; SWEET et aI., 1979) and a potentiating 
effect of benzodiazepines on this GABAergic activity have been suggested by BOLME 
and FUXE (1977) and ANTONACCIO et aI. (1978). The great number of GABAergic 
neurons (MASSARI et aI., 1976), their arrangement in series and in parallel in the central 
nervous system, and their probable involvement in the inhibitory control of both 
parasympathetic and sympathetic outflow from the medulla may explain why car­
diovascular effects of benzodiazepines vary in function of the dose and the central 
state of the organism. 

Since benzodiazepines in high concentrations have been found to inhibit the up­
take of adenosine (see Sect. X/XL), and in view of the part played by adenosine in the 
local regulation of blood flow and, possibly, in the noradrenergic transmission, part 
of their cardiovascular effects might be produced by their interaction with adenosine 
inactivation. 

C. Effects on Respiration 

I. Respiratory Control 

Benzodiazepines are widely used as preanesthetics or induction agents. Their effects 
on the respiratory system were, as a consequence of its clinical use, extensively studied 
in humans. Therefore we also include, besides the animal data, some relevant clinical 
studies performed with benzodiazepines on respiration. 

A series of papers deal with the effects of diazepam on the respiratory system in 
various animal species. RANDALL et aI. (1961, 1963) and HEILMANN et aI. (1974) ob­
served no effect at all on the respiratory rate or amplitude in anaesthetized dogs up 
to 8 mg· kg-I i.v. In contrast, STEPANEK (1973 b, c) described with 1 and 3 mg· kg-I 
i.v. a decrease of respiratory rate and minute volume together with reduced Pa02 , pH, 
O2 saturation and increased PaC02 , which corresponds to a picture of uncompen­
sated, mixed respiratory and metabolic acidosis. At the same time an initial apnea and 
a deepening of the anesthesia were observed after the higher intravenous dose 
(3 mg· kg-I). No effect on the respiration was observed after 0.3 mg· kg-I i.v. in the 
conscious dog (KOROL and BROWN, 1968), but after single and repeated doses of 10 
or 30 mg· kg -I p.o. progressive uncompensated metabolic acidosis developed 
(STEPANEK, 1972, 1973a). In anesthetized cats, diazepam was reported by RANDALL 
et aI. (1963) to have no effect on the respiration in high intravenous doses, whereas 
an increased respiratory rate was observed by CHOU and WANG (1975) after intrave­
nous (0.28 mg· kg-I) or intra-arterial (0.016 mg· kg-I) injections in lightly anesthet­
ized cats. ROSENSTEIN (1970) reported, with a dose of 0.1 mg· kg-I i.v., a decrease in 
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respiratory rate, tidal volume and minute volume and an increase in end-expiratory 
CO2 . A decrease of the slope of the CO2 response curves (VT/log [C02]) and an eleva­
tion of the CO2 threshold were reported by the same authors. In decerebrate cats, res­
piratory rate increased (ROSENSTEIN, 1970; CHOU and WANG, 1975) after very small 
intra-arterial or intravenous doses up to high intravenous doses (0.016 mg· kg -I and 
0.1-2 mg· kg-I, respectively), the tidal volume was reduced (ROSENSTEIN, 1970; 
FLOREZ, 1971), but the minute volume increased (ROSENSTEIN, 1970). End-expiratory 
CO2 was unchanged over a broad range of doses. FLOREZ (1971) reported both a de­
creased slope of the CO2 response curves and an unchanged CO2 threshold after 0.1-
0.5 mg· kg-I. The inspiratory response to stimulation of the inspiratory center was 
depressed to the same extent as the respiratory responsiveness to CO2 (FLOREZ, 1971). 

The results obtained with diazepam in the conscious rabbit are rather conflicting. 
PARKES (1968) reported that the brief rise in minute volume obtained with 2 mg· kg-I 
i.v. was due to the constituents of the ampoule solution, but BRADSHAW and PLEUVRY 
(1971) observed some diminution of the respiratory volume and respiratory minute 
volume and respiratory rate with 8 mg· kg-I i.v. Whereas essentially the same effects 
on respiratory rate were found after a comparable volume of solvent, no solvent effect 
was observed on minute volume in amounts contained in respiratory depressant doses 
of diazepam (BRADSHAW and PLEUVRY, 1971). The fall in respiratory minute volume 
and respiratory rate was accompanied by a small but significant rise of PaC02 , pH, 
and standard bicarbonate (BRADSHAW et aI., 1973). The respiratory depression ob­
served with morphine was prolonged after 1 and 2 mg· kg -I diazepam i. v. (BRAD­
SHAW et aI., 1973). An unaltered responsiveness of the respiratory system to CO2 was 
found with 2.5 mg· kg-I i.v. by PARKES (1968). A weak depression of respiratory rate 
in anesthetized rabbits was reported after 20 mg· kg-I i.p. by SCROLLINI et ai. (1975). 
In conscious, restrained rhesus monkeys, an inconsistent metabolic and respiratory 
acidosis was observed (MUNSON and WAGMAN, 1972) after an intravenous dose, 
which was shown to terminate local anesthetic-induced electrical seizure activity 
(0.1 mg· kg-I). In anesthetized rats, SCHUMPELICK (1973) observed a slowing ofspon­
taneous respiratory rate after diazepam 0.4 mg· kg-I i.v., as well as a less pronounced 
inspiratory apnea in response to afferent abdominal vagus stimulation. BOLME and 
FuXE (1977) also described a reduction of respiratory rate after intraperitoneal (0.1-
I mg· kg-I) or intracerebroventricular (100 Ilg/20 Ill) injection of diazepam. In con­
trast, IsmDA et ai. (1974, 1979) reported a minimal elevation of respiratory rate. The 
same authors observed in the phrenic nerve a dose-dependent (0.33-10 mg· kg-I i.v.) 
increase of interspike interval together with a decrease of the number of spikes for 
each inspiration in spontaneously breathing or artificially ventilated rats. These ef­
fects were not altered by midcollicular decerebration or after denervation of the 
carotid sinus. The increase of spike number and the decrease of the interspike intervals 
induced by ventilating the rats with hypoxic or hypercapnic gas mixtures were not al­
tered by diazepam (IsmDA et aI., 1979). The intravenous injection of diazepam 
7.5 mg· kg-I to otherwise undrugged rats produced full surgical anesthesia; respira­
tion, arterial oxygen, and CO2 tensions were not significantly altered (CARLSSON et aI., 
1976). In conscious mice (1-80 mg· kg-I i.p.), no effect (BRADSHAW et aI., 1973) or 
a depression of respiratory rate, which could be ascribed to the solvent (BRADSHAW 
and PLEUVRY, 1971), was reported. Nevertheless, some potentiation of the respiratory 
depression by morphine was observed (BRADSHAW et aI., 1973). 
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FLOREZ (1971) studied the respiratory effects of nit raze pam (0.1, 0.5 mg· kg- I i.v.) 
and clonazepam (0.1 mg· kg -I i.v.) in decerebrate cats. After both drugs, an increased 
respiratory rate, a reduced tidal volume, and an increased PaC02 were observed. The 
respiratory responsitivity to CO2 inhalation and to stimulation of inspiratory neurons 
was consistently reduced. 

No effects on respiration were reported for doxefazepam (BABBINI et aI., 1975) and 
triazolam (FURUKAWA et aI., 1976), weak or transient depression for estazolam (0.5-
1 mg· kg- I i.v., SAJI et aI., 1972), clobazam (20 mg· kg- I Lp., BABBINI et aI., 1973), 
flurazepam (20 mg· kg- I i.p., 40 mg· kg- I p.o., BABBINI et aI., 1975), and pinazepam 
(20 mg· kg- I i.p., SCROLLINI et aI., 1975) in anesthetized rabbits or cats. In curarized 
cats estazolam increased the discharge rate of the phrenic nerve (SAJI et aI., 1972). In 
anesthetized dogs flurazepam was shown to inconsistently reduce the respiratory am­
plitude (RANDALL et aI., 1969), whereas a reduction in amplitude together with an in­
creased respiratory rate was reported for ch10razepate (1-10 mg· kg- I Lv., BRUNAUD 
et aI., 1970). After medazepam a weak increase in respiratory rate with unchanged res­
piratory amplitude was observed (RANDALL et aI., 1968). In the conscious dog neither 
bromazepam (0.3 mg· kg- I i.v., KOROL and BROWN, 1968) nor triflubazam (HEILMAN 
et aI., 1974) influenced the respiratory system. 

BILLINGSLEY et ai. (1979) observed a respiratory depression in anesthetized rats 
and cats after tremendously high doses of chlordiazepoxide (120 mg· kg- I Lv.), which 
was prevented in rats by intravenous picrotoxin and naloxone. This protective effect 
was absent in vagotomized animals. In cats, respiratory depression, but not hypoten­
sion and reflex bradycardia, was antagonized by naloxone. Stimulation of central ner­
vous system structures, such as the areas dorsolateral to the trigeminal tract or the 
trigeminal nucleus (CHOU and WANG, 1975) or the nucleus amygdaloideus corticalis 
(KITO et aI., 1977) in cats, elicits spasmodic respiratory reactions. CHOU and WANG 
(1975) found a depression of such responses after minute intraarterial or intravenous 
doses of clonazepam or diazepam in lightly anesthetized or midcollicu1ar decerebrated 
cats. The spasmodic expiratory response evoked in anesthetized cats by stimulation 
of the amygdala was also depressed by 0.1 or 0.5 mg· kg- I diazepam and chlordiaz­
epoxide (Lv., KITO et aI., 1977). They also showed that the emotional reactions occur­
ring in conscious cats were reduced by diazepam (5 mg· kg - 1 L p.). 

A weak to moderate, but still transient, respiratory depression with anesthetic 
doses of benzodiazepines was reported in most of the clinical studies. Signs of respi­
ratory depression such as reduced tidal volume and respiratory minute volume to­
gether with an increased PaC02 or alveolar CO2 and a slightly reduced Pa02 were 
reported for diazepam (MASPOLI, 1967; DALEN et aI., 1969; CATCHLOVE and KAFER, 
1971; COTE et aI., 1974). The respiratory rate tended to be increased (MASPOLI, 1967; 
CATCHLOVE and KAFER, 1971). A decrease in pH was found by MASPOLI (1967) and 
COTE et ai. (1974). Essentially the same respiratory changes were reported for fluni­
trazepam (COLEMAN et aI., 1973; BENKE et aI., 1975; DmCKMANN et aI., 1976). A pat­
tern of cyclic hypo- and hyperventilation was seen after flunitrazepam (BENKE et aI., 
1975). Changes in respiratory pattern, i.e., periodic breathing, occurred after loraze­
pam, but not after diazepam (ADEOSHUN et aI., 1978). 

An impressive series of papers deals with the effects of benzodiazepines on the re­
sponsivity of the respiratory system to hypercapnic or hypoxic ventilatory drive. A re­
duction of slope of the V T/log [C02] curves was usually observed with 5-10 mg p.o. 
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or 5-20 mg i.m. diazepam (GEISLER and HERBERG, 1967; HERBERG et aI., 1968; CEGLA, 
1973; UTTING and PLEUVRY, 1975; GASSER and BELLVILLE, 1976; PATRICK and SEMPIK, 
1978). Inconsistent or no effects on the CO2 response were also observed in com­
parable intravenous or intramuscular doses (SADOVE et aI., 1965; STEEN et aI., 1966; 
COHEN et aI., 1969; CATCHLOVE and KAFER, 1971; LAKSHMINARAYAN et aI., 1976). A 
potentiation of the depression of respiratory responses induced by either meperidine 
or morphine was reported by SADOVE et ai. (1965) and UTTING and PLEUVRY, (1975). 
CEGLA (1973) observed, in addition, a reduction of the slope oftheJ/log [C02] curves. 
The threshold for the ventilatory response was either unchanged (COHEN et aI., 1969) 
or increased (PATRICK and SEMPIK, 1978). The hypoxic ventilatory response was also 
reduced by diazepam (HUDSON, et aI., 1974; LAKSHMINARAYAN et aI., 1976). In con­
trast to diazepam neither lorazepam (COMER et al., 1973, 5 mg i.v. or i.m.; GASSER et 
aI., 1975,4 mg i.m.; CORMACK et aI., 1977,4 mg i.m.) nor chlordiazepoxide (SADOVE 
et aI., 1965, 100 mg i.m.; STEEN et aI., 1967, 1 mg' kg- I i.v.) produced consistent ef­
fects on the ventilatory response to CO2 , The effects of meperidine and pethidine on 
the responsivity to hypercapnic ventilatory drive were potentiated by chlordiazepox­
ide (SADOVE et aI., 1965; STEEN et aI., 1967). 

II. Cough 

A cough response evoked in cats by electrical stimulation of a region dorsomedial to 
the trigeminal tract or to the corresponding nucleus was shown to be antagonized by 
very small intravenous or intraarterial doses of c10nazepam (20 ~g' kg- I i.a., 
40 ~g' kg- I i.v.) and diazepam (0.016 mg' kg- I i.a., 0.3 mg' kg- I i.v., CHOU and 
WANG, 1975). Peripherally evoked cough in cats after stimulating the laryngeal nerve 
or the tracheal mucosa was only minimally affected after 0.1 and 0.5 mg' kg- I chlor­
diazepoxide or diazepam i.v. (KITO et aI., 1977). Cough evoked in cats by ammonia 
insufflation or in dogs by stimulation of the tracheal mucosa was not inhibited by 
medazepam (16 and 32 mg' kg- I i.v., RANDALL et aI., 1968). 

III. Bronchospasm 

Bronchospasms induced in guinea pigs by either acetylcholine, serotonin (5-HT), his­
tamine, or bradykinin were reported to be antagonized by 1-5 mg' kg- I chlordiazep­
oxide (GLUCKMAN, 1965; THEOBALD et aI., 1965; KovAcs and GOROG, 1968) but not 
by diazepam or oxazepam up to 50 mg' kg- I i.p. (GLUCKMAN, 1965). The antagonis­
tic effect of chlordiazepoxide against acetylcholine and 5-HT, but not histamine, was 
prevented by the f3-blocker dichloroisoproterenol (KovAcs and GOROG, 1968). Chlor­
diazepoxide (100 ~g) antagonized the anaphylactoid bronchospasm and the 
adenosine triphosphate (A TP)-induced bronchospasm in isolated perfused guinea-pig 
lungs. Bronchospasms provoked in cats by either 5-HT or histamine were inhibited 
by medazepam without altering basal bronchial resistance (RANDALL et aI., 1968). 
Chlordiazepoxide ( ~ 10 - 3 mol· 1- I) antagonized contractions of the dog trachea in­
duced by acetylcholine (MADAN et aI., 1963). In the guinea-pig bronchi, triazolam 
(3 x 10- 6 mol· I-I) had no effect on the tone or on the contractions or relaxations in­
duced by either acetylcholine, histamine, barium chloride, or 5-HT, whereas the ef­
fects of noradrenaline and adrenaline were slightly potentiated (FURUKAWA et aI., 
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1976). Estazolam caused a concentration-dependent (10- 6-10- 4 mol· I-I) reduction 
of contractions induced by both histamine and potassium (SAJI et aI., 1972). 

IV. Conclusions 

Very conflicting results were obtained in the numerous studies on benzodiazepine ef­
fects on spontaneous respiration in animals and man. The best agreement seems to 
exist with regard to a respiratory depressant effect of intravenous injections of various 
benzodiazepines in anesthetized animals; the active doses were in most cases rather 
high. It seems reasonable to assume that this effect, at least in part, is due to a potenti­
ation of anesthesia. In the absence of anesthesia, respiratory depressant doses of ben­
zodiazepines are well above therapeutic ones or those required to obtain a pre-anes­
thetic state. Respiratory depressions may occur with therapeutic doses of benzo­
diazepines if medullary respiratory neurons are already depressed by other drugs or 
pathologic processes. The site of respiratory depressant action of benzodiazepines is 
most probably the medulla. In view of the well-documented potentiation of GABAer­
gic synaptic transmission by benzodiazepines, it is of interest that systemic injections 
of GABA and other GABA mimetics have been shown to produce transient apnea 
in rats (HOLZER and HAGMUELLER, 1979) and that inspiratory and expiratory neurons 
of anesthetized rabbits and cats were depressed by iontophoresed GABA (FALLERT 
et aI., 1979; TOLEIKIS et aI., 1979). 

D. Effects on the Gastrointestinal System 

I. Stomach 
1. Gastric Ulcers 

A variety of experimental situations induce erosions of the gastric mucosa in ex­
perimental animals. The most commonly used method is restrained stress (sometimes 
combined with partial immersion in water). Unescapable electroshock, forced exer­
tion, or reserpine also produce gastric erosions. 

Benzodiazepines have been reported to prevent or, at least to reduce, the rate of 
occurrence or the severity of gastric mucosal erosions. Chlordiazepoxide was shown 
to reduce the number of ulcerations produced either by restrained stress in rats 
(50 mg· kg-I i.p., HAOT et aI., 1964), by restrained stress combined with immersion 
and forced exertion in mice (5-20 mg· kg-I p.o., DAIRMAN and JUHASZ, 1978) or by 
unescapable electroshock in rabbits (50 mg· kg-I i.p., DASGUPTA and MUKHERJEE, 
1967 a). Nitrazepam (15 and 20 mg· kg -I s.c.) was shown by MERCIER and LUMBROSO 
(1967) to reduce the number of ulcerations occurring after restrained stress in both 
rats and mice. As already observed for chlordiazepoxide, diazepam at doses of 0.3-
10 mg· kg - I p.o. effectively diminished the incidence of gastric mucosal erosions in 
mice under restrained stress or forced exercise (DAIRMAN and JUHASZ, 1978). The 
same authors also found that a combined injection of either diazepam or chlordiaz­
epoxide with anticholinergics resulted in an additive or supraadditive effect. An addi­
tive protective effect was also reported when 0.4mg·kg- 1 diazepam i.p. was com­
bined with vagotomy in rats subjected to restrained stress (SCHUMPELICK and PAS­
CHEN, 1974). In contrast to the already mentioned protective effects of the above ben-
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zodiazepines on stress-induced ulcers, no effect was reported for flurazepam 
(60 mg' kg- I i.p.) on reserpine-induced ulcerations (RANDALL et aI., 1969). Another 
approach to induce gastric ulcerations in rats is to ligate the pylorus. After such a pro­
cedure, chlordiazepoxide (125 mg' kg- I s.c.) was shown to decrease the severity oful­
cerations but not the number of ulcers (BORNMANN, 1961). 

2. Gastric Secretion 

Gastric acid secretion is in part controlled by central mechanisms. Since benzo­
diazepines were proposed for use in peptic ulcer therapy, we will include some clinical 
data on experimentally induced gastric acid secretion. 

The most commonly used method to determine the influence of drugs on gastric 
acid secretion in rats is to ligate the pylorus and to measure, after a certain time, the 
volume and acidity of gastric juice which accumulated during that time. With this 
method it was demonstrated that diazepam inhibited the rate of volume secretion over 
a wide dose range, but affected acid secretion only at 2 mg' kg -I i. v. or 2 mg intragas­
trically (BIRNBAUM, 1968). Somewhat contrasting results were reported by Y A­
MAGUCm et aI. (1973), who observed only weak effects on the gastric juice secretion 
after prazepam (115 mg' kg - 1 s.c.) and no effect after diazepam and chlordiazepoxide 
(>250 mg' kg- I s.c.). Intraduodenal administration ofbromazepam, chlordiazepox­
ide, diazepam, medazepam and midazolam reduced output of volume and acid (MUL­
LER, personal communication). The changes in either acid secretion or juice volume 
were obtained with doses producing strong central nervous system effects (BIRNBAUM, 
1968; YAMAGUCm et aI., 1973). In contrast to the clear-cut effects in the Shay rat, nei­
ther bromazepam, chlordiazepoxide, diazepam, medazepam, nor midazolam in­
hibited gastric acid secretion stimulated with either histamine or 4-methylhista­
mine in rats and dogs, respectively (MULLER, personal communication). 

Results on the effect ofbenzodiazepines on basal as well as stimulated gastric acid 
secretion are also available from human studies. Diazepam decreased basal gastric se­
cretion in volunteers and ulcer patients (10 mg p.o., BIRNBAUM et aI., 1971; 
0.14 mg' kg- I i.v., BENNETT et aI., 1975), but pentagastrin-stimulated gastric acid se­
cretion was unchanged. Oxazepam (10 mg p.o.) was reported to influence basal acid 
secretion only marginally (SCHERBERGER et aI., 1975; KUTZ et aI., 1976). Pentagastrin­
stimulated secretion was either unchanged (SCHERBERGER et aI., 1975) or somewhat 
enhanced (KUTZ et aI., 1976). No effect on insulin-stimulated gastric secretion was ob­
served (KUTZ et aI., 1976). A reduction of basal as well as betazole-stimulated gastric 
secretion was reported for bromazepam (0.1 mg' kg- I i.v., STACHER and STARKER, 
1974). This effect was much more pronounced in subjects who fell asleep and was re­
versed when the subjects were awakened. Natural sleep caused the same depression. 
Essentially the same effects were observed on the gastric acid response to hypoglyce­
mia (STACHER and STARKER, 1975). 

II. Liver and Pancreas 

An important pathway for the elimination of benzodiazepines is the bile. The possi­
bility that benzodiazepines could alter the excretion of other chemicals, especially of 
sulfobromophthaleine (BSP) or its glucuronide conjugate, will therefore be discussed. 
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In isolated perfused rat liver, KVETINA et al. (1969) showed that diazepam in high 
concentrations (2 x 10 -4 mol· 1-1) moderately increased the bile flow and considera­
bly decreased the excretion of BSP in the bile. The amount of excreted bilirubin was 
slightly increased. These effects were not due to the solvent and occurred without al­
teringgross biochemical parameters of the liver. Chlordiazepoxide (5 x 10-4 mol·l-l) 
also reduced BSP excretion and bile flow (ABERNATHY et al., 1975). The latter in­
vestigators also observed a decreased hepatic uptake of BSP. 

A reduction ofBSP excretion without significant alteration of bile flow after diaze­
pam (5 mg· kg-I i.v.) was observed in anesthetized rats (KVETINA et al., 1969). The 
effect on BSP excretion was dose-dependent (PLAA et al., 1975). Peak biliary BSP con­
centrations were markedly reduced, biliary Tm for BSP decreased, and a plasma BSP 
retention was observed. BSP glutathione excretion, however, was not influenced by 
diazepam. After a high oral dose of diazepam (150 mg· kg - I) a decrease in peak BSP 
elimination rate, associated with a decrease of the proportions of conjugated to non­
conjugated BSP in the bile was observed (HANASONO et al., 1976). Bile flow and he­
patic uptake or storage of BSP were unaffected, but BSP conjugating activity de­
creased. After 5 days treatment with diazepam (150 mg· kg-I p.o.), BSP elimination 
rate was unchanged but bile flow was enhanced. This choleretic response persisted for 
at least 24 h (HANASONO et al., 1976). VAILLE et al. (1979) showed that 16 mg· kg-I 
diazepam i.v. slightly increased bile flow and considerably enhanced bilirubin excre­
tion. These effects were not obtained after intraperitoneal administration of 
32 mg· kg -I, but were mimicked by the solvent used in the commercially available 
ampoule. Bile flow was reported to be unchanged after 125 mg· kg-I p.o. chlordiaz­
epoxide (BORNMANN, 1961). In conscious cholecystectomized dogs STEFKO and ZBIN­
DEN (1963) observed a decreased bile flow and an increased intrabiliary pressure with 
high intravenous doses ofdiazepam(16mg . kg-I) and chlordiazepoxide (32 mg· kg-I). 
Flurazepam (8 mg· kg- 1 i.v.) increased bile flow under the same experimental con­
ditions (RANDALL et al., 1969). 

Taking into account that all these effects were obtained with doses of benzo­
diazepines well above the therapeutic range, the clinic relevance is questionable. 

Benzodiazepines are sometimes used during insertion of the endoscope for retro­
grade cannulation of the pancreatic duct to measure pancreatic function by collecting 
pancreatic juice during stimulation with hormones. In a study in patients it was shown 
that diazepam (10 mg i.v.) did not significantly affect the trypsin or bilirubin output 
from pancreas or bile after stimulation with either secretin or cholecystokinin-pan­
creozymin (SAUNDERS et al., 1976), but that there was a delay in peak rates of secretion 
after injection of diazepam together with hyoscine. 

III. Gastrointestinal Motility 

The effects ofbenzodiazepines on the intestine were mainly studied under in vitro con­
ditions with isolated organ preparations. 

In reports on in vivo gastrointestinal motility it was shown that neither flurazepam 
nor medazepam or midazolam had effects in the charcoal-meal test (16 mg· kg - I s.c.) 
or in dogs (4-8 mg· kg-I i.v.) with gastric fistulae or "Thiry-Vella loop" (RANDALL 
et al., 1968, 1969; PIERI et al., 1981). Weak effects on the rabbit colon (0.5 mg· kg-I 
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Lv. or Ld.) and in the Heidenhain dog (50 J.lg' kg -I Lv.) are reported with diazepam 
(NIADA et aI., 1978). The combination of diazepam with octatropine was shown to 
produce a synergistic inhibitory effect on stimulated (rabbit colon) as well as spon­
taneous (Heidenhain dog) gastrointestinal motility. Estazolam was reported to de­
press charcoal propulsion in mice at the dose of 45 mg' kg -I p.o., whereas a weak but 
clear-cut increase in contractions of the stomach antrum was observed after 
5 mg' kg- I p.o. in dogs; intestinal motility was virtually unaffected in dogs (SAIl et 
aI., 1972). Clobazam had no effect on intestinal motility in mice (FIELDING and HOFF­
MAN, 1979). Electrical stimulation of some areas of the cat brain such as the anterior 
sigmoid gyrus, limbic lobe and hypothalamus, produces inhibition of intestinal motil­
ity together with the blood pressure increase described above. This inhibition was an­
tagonized by diazepam, nitrazepam, and lorazepam at doses that inhibited the pres­
sure response as well (0.1-5 mg' kg- I Lv., SCHALLEK et aI., 1964), whereas chlordiaz­
epoxide (10-20mg'kg- 1 Lv.) only marginally affected gastrointestinal inhibition 
(CARROLL et aI., 1961; SCHALLEK et aI., 1964). 

Spontaneous contractions of the isolated rabbit intestine and its tone were reduced 
dose-dependently and the acetylcholine response was decreased by chlordiazepoxide 
(10- 4-3 x 10-4 mol· I-I, MADAN et aI., 1963). In the rabbit jejunum diazepam (10- 5 

mol· I-I) potentiated the inhibitory effect of octatropine on the spontaneous pendular 
movements (NIADA et aI., 1978). Chlorazepate (10- 4 mol· I-I) was reported to de­
crease the tone of the rat duodenum in vitro (BRUNAUD et aI., 1970). In the rat intestine 
triazolam (3 x 10 - 5 mol· 1- I) affected neither the tone nor the response of the organ 
to acetylcholine, histamine, 5-HT, or barium chloride, but slightly enhanced the ef­
fects of noradrenaline and adrenaline (FURUKAWA et aI., 1976). 

A series of studies dealt with the effects of various benzodiazepines on isolated 
guinea-pig ileum. They showed that the inhibitory effects of benzodiazepines in high 
concentration (10- 5-10- 3 mol·I- I) on contractions induced by bradykinin, hista­
mine, acetylcholine, carbachol, barium chloride, and coaxial electric stimulation as 
well as on relaxations induced by 5-HT were of the noncompetitive type (GARCIA LE­
ME and ROCHA E SILVA, 1965; CAMPESE et aI., 1972; SAlI et aI., 1972; HUCK et aI., 1975; 
PIERI et aI., 1981, STUMPF, personal communication). Whereas the benzodiazepines 
were equally potent against acetylcholine, barium chloride, and carbachol, chlordiaz­
epoxide was the most potent against histamine-induced contractions (LEEUWIN et aI., 
1975). The observed direct effects ofbenzodiazepines on intestinal smooth muscles are 
unlikely to occur with therapeutic doses. 

IV. Conclusions 

A relevant direct effect of benzodiazepines on the gastrointestinal system is unlikely 
to occur in doses or concentrations corresponding to even the highest doses used in 
therapy. However, through a central action, these drugs are able to influence gastric 
mucosa and gastrointestinal motility. The effects observed with high concentrations 
ofbenzodiazepines on intestinal smooth muscle in vitro are due to an unspecific mem­
brane stabilizing action and are not mediated by benzodiazepine receptors, since they 
are not antagonized by a selective benzodiazepine antagonist (unpublished). 
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E. Effects on Other Autonomic Functions 

Contractions of the nictitating membrane of anesthetized cats in response to adrena­
line and noradrenaline were unaffected by chlordiazepoxide 0.6 mg' kg-I i.v. (THEo­
BALD et aI., 1965). The same authors also reported the virtual failure of this drug to 
antagonize adrenaline-induced contractions of guinea-pig seminal vesicles. Blood 
pressure increase and cardio-acceleration in response to stellate ganglion stimulation 
in spinal cats and in response to intravenous noradrenaline in anesthetized and acutely 
adrenalectomized cats were unaffected by diazepam up to a cumulative dose of 
6 mg' kg-I i.v. (CHAI and WANG, 1966); no change in nictitating membrane responses 
to postganglionic cervical sympathetic nerve stimulation was found. SCHALLEK and 
ZABRANSKY (1966) also reported that neither chlordiazepoxide (20 mg' kg-I i.v.) nor 
diazepam (l-IOmg·kg- 1 i.v.) affect the blood pressure increase due to stellate 
ganglion stimulation. In contrast, FURUKAWA et aI. (1976) observed in anesthetized 
dogs a potentiation of the cardiovascular response to pre- or postganglionic stimula­
tion of the cardiac sympathetic by triazolam (10 mg' kg-I i.v.). No or inconsistent ef­
fects were reported with a variety of benzodiazepines on the blood pressure or heart 
rate changes in response to various drugs (see Sect. B/VII). Again, triazolam was an 
exception in that it potentiated the effects of noradrenaline and adrenaline at high in­
travenous doses in anesthetized dogs (FURUKAWA e~aI., 1976). 

The hypotension or bradycardia in response to stimulation of the peripheral vagal 
nerve were reported to be unaffected by chlordiazepoxide (1-20 mg' kg-I i.v., MOE 
et aI., 1962; THEOBALD et aI., 1965; QUEST et aI., 1977) and diazepam (HOCKMAN and 
LIVINGSTON, 1971,0.2-3 mg' kg-I i.v.; SCROLLINI et aI., 1975,20 mg' kg-I i.p.) in an­
esthetized cats or rabbits, whereas in the anesthetized dog flurazepam (1-8 mg' kg-I 
i.v.) was found to attenuate stimulation-induced hypotension (RANDALL et aI., 1969) 
and medazepam (4 mg' kg-I i.v.) to prevent the asystole occurring after vagus stim­
ulation (RANDALL et aI., 1968). The release of acetylcholine in the chicken heart induc­
ed by vagal nerve stimulation was unaltered by diazepam 10 - S mol· 1- 1 (LIND MAR et 
aI., 1979). 

Salivation induced by pilocarpine was unaltered in anesthetized rabbit by chlordi­
azepoxide (6 mg' kg-I i.v., THEOBALD et aI., 1965) or in cats by clonazepam (1-
10 mg' kg-I i.v., OHNO, personal communication). In mice, bromazepam, chlordiaz­
epoxide, diazepam, medazepam and midazolam were also ineffective up to high oral 
doses (MULLER, personal communication). Chlordiazepoxide (10-20 mg· kg- 1 i.v., 
CARROLL et aI., 1961) and clonazepam (1-10 mg' kg-I i.v., OHNO, personal commu­
nication) did not affect salivation induced in cats by electrical stimulation of the hy­
pothalamus and nucleus reticularis pontis. Salivation induced by stimulation of hypo­
thalamic areas and the chorda tympani or by PGF2a in dogs was unaffected by I-
10 mg' kg -I i. v. clonazepam (OHNO, personal communication); the drug also failed 
to increase or decrease the spontaneous flow of saliva. 

No antagonism of oxotremorine-induced peripheral effects was observed with 
chlordiazepoxide, diazepam and oxazepam (FROMMEL et aI., 1960 b, 20 mg' kg - 1 s.c.; 
GLUCKMAN, 1965, up to 40 mg' kg-I i.p.). Oxotremorine-induced tremor in the 
mouse was inhibited by chlordiazepoxide, probably through its muscle relaxant effect 
(FROMMEL et aI., 1960a; THEOBALD et aI., 1965; RANDALL et aI., 1969). 
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Triazolam produced mydriasis in rabbits and slightly potentiated the mydriatic 
alarm response, but did not affect the mydriatic response to light (FURUKAWA et aI., 
1976). 

In the isolated rat uterus, chlordiazepoxide (10- 5-3 x 10-4 mol· 1-1) antagonized 
the effects of histamine, 5-HT, and acetylcholine (RANDALL et aI., 1960; MADAN et aI., 
1963). Chlorazepate had no effect after high intraduodenal or intravenous doses on 
the spontaneous contractility or on barium chloride-induced spasm under in vivo con­
ditions (BRUNAUD et aI., 1970). An inconsistent depression of rhythmic contractions 
and a very weak reduction of acetylcholine-induced spasms of the rat isolated uterus 
after a high concentration of estazolam (3 x 10- 4 mol· 1-1) were reported (SAJI et aI., 
1972); in anesthetized rabbits the uterine tone was lowered in parallel with the arterial 
blood pressure after 2-5 mg· kg-I i.v. In the guinea-pig uterus, triazolam (3 x 10-5 

mol· 1- 1) affected neither spontaneous contractions nor acetylcholine-, histamine-, 5-
HT, or barium chloride-induced effects but slightly potentiated those of noradrena­
line or adrenaline (FURUKAWA et aI., 1976). Rabbit uterine segments exposed to 
3 x 10- 5 mol ·1- 1 chlordiazepoxide lost their resting tone and spontaneous contractil­
ity(CAVANAGH etal., 1966). In human myometrium strips both chlordiazepoxide (10- 4 

mol .1- 1) and diazepam (3 x 10- 5 mol· 1- 1) decreased tone and arrested spon­
taneous contractions (BERGER and NEUWEILER, 1961; CAVANAGH et aI., 1966). The ef­
fects were reversible by washing. As in the uterus, triazolam did not affect the guinea­
pig vas deferens, but slightly potentiated the effects of noradrenaline and adrenaline 
(FURUKAWA et aI., 1976). A potentiation by diazepam (10- 6 and 10-5 mol· 1-1) of 
adenosine-induced inhibition of isometric contraction of the rat vas deferens was re­
ported by CLANACHAN and MARSHALL (1980 a). In isolated guinea-pig seminal vesicles 
the adrenaline response was unaffected by chlordiazepoxide (THEOBALD et aI., 1965). 
Diazepam, in very high concentrations, slightly diminished the noradrenaline re­
sponse in rat seminal vesicles (RANDALL et aI., 1963). 

SILLEN et aI. (1980) reported that contractions of the m. detrusor vesicae induced 
in anesthetized rats by L-DOPA after peripheral decarboxylase inhibition were in­
hibited by intravenous diazepam (10 mg· kg -1) as well as by systemic and intracere­
broventricular muscimol, intracerebroventricular GABA and glycine. The inhibitory 
effect of diazepam, muscimol, and GABA, but not the effect of glycine, were antag­
onized by bicuculline, suggesting a GABAergic mechanism involved in the effect of 
diazepam on the urinary bladder function. 

In the isolated portal vein of the rat, diazepam (> 10- 4 mol· 1-1) decreased the 
amplitude of the spontaneous myogenic activity as well as the contractions evoked by 
either KC1, field stimulation, or noradrenaline (BRADSHAW, 1976). This effect was 
mainly due to the constituents of the ampoule solution. 

The increase of palmar skin conductivity in mice evoked by photostimulation was 
dose-dependently inhibited by chlordiazepoxide, chlorazepate, clonazepam, diaze­
pam, lorazepam, medazepam, etc. (MARCY and QUERMONNE, 1974, 1975). The habitu­
ation of the skin conductance increase occurring during iterative photo stimulation 
was speeded up by clonazepam (1 mg· kg- I i.p., MARCY and QUERMONNE, 1976). 

In conclusion, benzodiazepines had no consistent direct effects on smooth muscles 
and exocrine cells of various organs or on the response of the heart to various me­
diators. 
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F. Effects on Motor End Plate and Skeletal Muscle 

Most of the muscle relaxant effects of benzodiazepines can be attributed to an effect 
on spinal and supraspinal mechanisms. However, benzodiazepines have been claimed 
to also exert some direct effects on the skeletal muscles and influence neuromuscular 
transmission to some extent. This section, therefore, will deal with direct effects of 
benzodiazepines on the peripheral motor system. 

I. Neuromuscular Transmission In Vivo 

The effects of benzodiazepines (in fact, almost exclusively diazepam) have been stud­
ied in situ in human, rabbit, cat, and rat neuromuscular preparations. 

In humans the twitch response evoked in the adductor pollicis muscle by stimula­
tion of the ulnar nerve was found to be unaffected after 0.15-0.2 mg' kg -I diazepam 
i.v. by FELDMAN and CRAWLEY (1970) and BRADSHAW and MADDISON (1979) and re­
duced at an oral dose of 0.4 mg' kg- I by LUDIN and ROBERT (1974). The contractile 
force after tetanic stimulation and the electromyographically recorded muscle evoked 
potentials were unaffected (LUDIN and ROBERT, 1974). In spastic patients with total 
or incomplete spinal lesions, action potential and twitch tension of the soleus muscle 
after popliteal nerve stimulation were reduced, whereas the latencies or the half-time 
of contraction or relaxation were unchanged (15-20 mg, VERRIER et aI., 1976). 
In contrast, HOPF and BILLMAN (1973) found increased half-time of contraction 
or relaxation and an increased delay between the electrical and mechanical response 
in the hypothenar muscle after 15-30 mg p.o. The same authors also found that the 
conduction velocity in the motoneuron (n. ulnaris) was slowed down, that the negativ­
ity of the action potential was increased, and that the force of contraction was re­
duced, especially after repetitive activation. The elbow flexor (biceps brachii) develop­
ed a greater voltage for a corresponding tension (0.4 mg' kg -I i.m., LUDIN and Du­
BACH, 1971), but again the conduction velocity in the corresponding motor nerve or 
in the muscle was decreased (40 mg p.o., HOPF, 1973). The authors concluded that the 
most likely explanation for these effects was a direct effect on contractile elements or 
on the electromechanical coupling. 

In in situ preparations of anesthetized cats or rats most authors found no effect 
at all on the contractions of the anterior tibialis muscle (HAMILTON, 1967,0.8 mg· kg- 1 

i.v.; CRANKSHAW and RAPER, 1968,0.1 mg· kg- 1 i.v.; HUDSON and WOLPERT, 1970, 
1-16 mg' kg- I i.v.; JOHNSON and LOWNDES, 1974, 2 mg' kg- I i.v.), or on the twitch 
response in soleus muscle or in flexor hallucis longus (WEBB and BRADSHAW, 1973, 
0.25-5 mg' kg- I i.v.), elicited by single shock stimulation of either peroneal or sciatic 
nerve. Posttetanic potentiation of the twitch response was unaffected (CRANKSHAW 
and RAPER, 1968; WEBB and BRADSHAW, 1973; JOHNSON and LoWNDES, 1974). Soman­
induced twitch potentiation was antagonized with 2 mg' kg -I i.v., but the depression 
of posttetanic potentiation by soman was not (JOHNSON and LoWNDES, 1974). The 
twitch response of the anterior tibial muscle elicited by either sciatic nerve stimulation 
or by direct stimulation of the muscle in anesthetized rabbits was enhanced after 5 and 
10 mg' kg- I i.v. (CHEYMOL et aI., 1967). Some inconsistent reduction of the twitches 
of the triceps surae in response to sciatic nerve stimulation was reported by BRAUSCH 
et ai. (1973) in decerebrate cats (>2 mg' kg- I i.v.). The dynamic peak and the static 
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discharge of the Ia afferents from muscle spindles in response to ramp stretch were 
unaltered (BRAUSCH et aI., 1973). 

n. In Vitro Neuromuscular Preparations 

The effects reported in the literature with diazepam and chlordiazepoxide on the iso­
lated phrenic nerve-hemidiaphragm preparation in rats are conflicting. Diazepam was 
demonstrated to have a depressant effect on the indirectly evoked twitch with or 
without effect on the direct muscle response ( '" 3 x 10 -4 mol· 1- I, HAMILTON, 1967; 
DASGUPTA et aI., 1969), or to increase the twitch amplitude in a dose-dependent man­
ner (2x 1O- s-2x 10- 4 mol·l-., MOUDGIL and PLEUVRY, 1970). CRANKsHAwand 
RAPER (1968) reported that diazepam, up to 3 x 10 -4 mol· I-I , did not influence the 
twitch response. VYSKOCIL (1977) found no effect on single action potentials but a 
blockade of trains of action potentials (10 - 6 and 10 - S mol· I-I) occurred, which was 
dependent on the presence of Cl- in the medium. Cl- permeability was enhanced. 
Diazepam (3 x 10- S mol· I-I) inhibited the soman-induced twitch potentiation and 
drastically reduced the soman-induced repetitive activity in phrenic nerve, but did not 
affect orthodromic transmission (JOHNSON and LoWNDES, 1974). Miniature end-plate 
currents measured in the isolated mouse diaphragm were reduced and had shorter de­
cay times at concentrations of 1O- s-10-4 mol· I-I. The rising phase was unaffected. 
As a consequence, the post junctional potential was reduced (TORDA and GAGE, 1977). 
Chlordiazepoxide was reported both to leave unaffected the indirectly or directly 
evoked response in the hemidiaphragm (3 x 10-4 mol· 1-., DASGUPTA et aI., 1969) 
and to inhibit both types of responses (> 10-4 mol· 1-., HAMILTON, 1967). 

In the frog neuromuscular junction, especially the sciatic nerve-gastrocnemius 
muscle preparation, DASGUPTA et al. (1969) reported an abolition of the twitch re­
sponse with an extremely high concentration of diazepam (10- 2 mol· I-I), whereas 
others found an increase of the twitch amplitude (VERGANO et aI., 1969). VYSKOCIL 
(1978 a, b) reported that diazepam (10-s mol· I-I) did not at all influence the action 
potential. Neither the amplitude of the end-plate potentials nor the amplitude or the 
frequency of miniature end-plate potentials or the quantal release were changed. He 
also reported that the development of desensitization, occurring after acetylcholine 
pulses applied at a frequency ofl . s-l, was more rapid after 10- 6 mol· 1-1 diazepam, 
but that the recovery to normal sensitivity of the post junctional membrane was un­
changed. 

In the frog sartorius neuromuscular preparation, diazepam was reported to reduce 
twitch height (5 x 10- S mol· I-I) and to slow the rate offall of the negative afterpoten­
tial, without altering the membrane potential (1 x 10- 4 mol·I- I). The rate ofCa2+ 
efflux was reduced (BIANCHI and DE GROOF, 1977). In a similar preparation VYSKOCIL 
(1977) showed that comparable concentrations of diazepam did not at all influence 
single action potentials but blocked trains of action potentials. This effect was 
chloride dependent. In addition he observed an increase of the Cl- permeability, and 
he concluded that CI- might counteract the effects of K + and therefore diminish the 
sustained depolarization occurring during repetitive activity. After chlordiazepoxide 
(5 x 10 - S mol· 1-1) the twitch tension was found to be increased, whereas the tension 
during tetanus decreased (OETLIKER, 1970). Contracture in response to high K + was 
normal but showed a slower recovery. OETLIKER (1970) concluded that the principal 
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mechanism underlying these effects might be a blockade of a mechanism pumping 
Ca2 + back into the sarcoplasmic reticulum. An inhibitory effect of chlordiazepoxide 
(10- 4 mol· I-I) on the transport of Ca2+ through membranes has been shown by 
MULE (1969). LoPEZ et al. (1979) recently found an increased twitch force and a de­
layed decay of the twitch of frog skeletal muscle fibers under chlordiazepoxide 
(10- 5-5 x 10-4 mol· r 1); after injection of the Ca2+ -sensitive photoprotein 
aequorin into single muscle fibers an increased total light emission and a delayed light 
decay occurred parallel to the effect on the twitch force. 

Contractions of either frog rectus by acetylcholine or of chick biventer cervicis by 
either acetylcholine or nicotine were blocked by chlordiazepoxide (MADAN et aI., 
1963) and diazepam (DRETCHEN et aI., 1971) in high concentrations (10- 4-10- 3 

mol· I-I). 
Untenable conclusions would be drawn from the results reported in the literature 

under in vitro conditions with benzodiazepines if it were not considered (a) that the 
concentrations used were well above those obtained with therapeutic doses and (b) 
that data are lacking with regard to the organic solvent used to solubilize diazepam. 
Nevertheless, the postulated inhibition of the sarcoplasmic Ca2 + uptake or an in­
creased CI- permeability and counteraction of the effect of K + may to some extent 
account for the relaxant effect under conditions of tetanic stimulation. 

III. Effects on Invertebrate Musculature 

Ro 11-3128 (3-methyl c1onazepam), a benzodiazepine with very potent central ner­
vous system effects, has recently been shown to have schistosomicidal effects (STOH­
LER, 1978). Ro 11-3128 (10- 6 moH-I) produced a spastic paralysis ofthe muscula­
ture of S. mansoni, an effect which was dependent on extracellular Ca2+ (PAX et aI., 
1978). They also showed that Ro 11-3128 decreased the effiux ofK + and stimulated 
the influx ofNa+ and Ca2 +. With 10- 5 mol·l- I clonazepam, which produced the 
same effects as Ro 11-3128 on the musculature of S. mansoni, sustained depolariz­
ation of the muscle cells was shown, which was strongly dependent on extracellular 
Na + and Ca2 + (FETTERER and BENNETT, 1978). Drugs which are known to relax the 
musculature of schistosomes did not antagonize the effect of the two benzodiazepines. 

On lobster muscle fibers flurazepam was found to inhibit dose-dependently depo­
larizations in response to bath-applied or iontophoresed glutamate. The GABA re­
sponse was unaffected. Higher concentrations of flurazepam (> 200 J.Ullol·l- I) some­
times increased resting membrane conductance; this effect was insensitive to picrotox­
in (NISTRI and CONSTANTI, 1978 a). 

IV. Effects on Embryonic Muscles 

Cultures of embryonic breast muscles of chicks exposed to exceedingly high concen­
trations of diazepam (5 x 10-5-10-4 mol .}-I) showed a reversibly inhibited cell dif­
ferentiation and cell fusion (BANDMAN et aI., 1978; WALKER et aI., 1979). An inhibition 
of the synthesis and accumulation of muscle specific protein (myosin heavy chain) was 
observed. This effect of diazepam was not due to the solvent and was specific for 
muscle cells. 
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v. Interaction with Neuromuscular Blockers 

The coadministration of diazepam with various nondepolarizing or depolarizing 
neuromuscular blockers has produced conflicting results in human as well as in animal 
studies. 

1. Tubocurarine 

A potentiation by diazepam (5-10 mg' kg- ' i.v.) of an ineffective dose of tubocurar­
ine was reported on sciatic nerve-anterior tibial muscle preparation in the anesthetized 
rabbit (CHEYMOL et ai., 1967). The same authors showed in addition that when diaze­
pam was injected during the recovery phase of the neuromuscular block, a reinstate­
ment of that block occurred, even at a dose which enhanced by itself the twitch re­
sponse evoked by either indirect or direct stimulation. A potentiation of tubocurarine 
block was also found in frog isolated sciatic nerve-gastrocnemius muscle preparation 
(VERGANO et ai., 1969). A shortening of the tubocurarine block was observed in sciatic 
nerve-tibialis anterior preparation in anesthetized cats (3 mg' kg- ' i.v., FERNANDEZ 

and MARTINEZ, 1973), but no effect was seen on the sciatic nerve-flexor hallucis longus 
(0.2-5 mg' kg- ' i.v., WEBB and BRADSHAW, 1973) and sciatic nerve-gastrocnemius 
(1 mg' kg- ' i.v., DRETCHEN et ai., 1971). No effect was found in the superfused chick 
biventer cervicis nerve-muscle preparation or in the human ulnar nerve-adductor pol­
licis muscle (0.5-0.6 mg' kg- ' i.v., DRETCHEN et ai., 1971; 0.16 mg' kg- ' i.v., BRAD­

SHAW and MADDISON 1979). In the isolated rat phrenic nerve-hemidiaphragm 
neuromuscular block was not influenced at all, but the twitch contraction of the curar­
ized muscle was enhanced (~10-4 mol'l- ' , MOUDGIL and PLEUVRY, 1970). 

2. Succinylcholine 

A longer duration of neuromuscular block was observed after diazepam in sciatic 
nerve-anterior tibial muscle preparation in anesthetized cats (FERNANDEZ and MAR­

TINEZ, 1973) and in the anesthetized dog in sciatic nerve-gastrocnemius muscle after 
2-3 mg' kg- ' diazepam i.v. (SHARMA and SHARMA, 1978). Neuromuscular block was 
found unchanged after diazepam in the anesthetized rabbit sciatic nerve-anterior tib­
ial preparation (5 and 10 mg' kg- ' i.v., CHEYMOL et ai., 1967) and in the sciatic nerve­
gastrocnemius preparation in decerebrate cats after 0.5-3 mg' kg- ' of either diaze­
pam or lorazepam i.v. (SOUTHGATE and WILSON, 1971). In frog neuromuscular prep­
aration the effect of succinylcholine was unchanged after diazepam (VERGANO et ai., 
1969). A reduction of the effect of succinylcholine was reported in humans 
(0.15 mg' kg- ' i.v., FELDMAN and CRAWLEY, 1970). 

3. Gallamine 

The combination of diazepam (5 and 10 mg' kg -I i. v.) with gallamine produced ef­
fects that were opposite to those seen with succinylcholine. A faster recovery was ob­
served in the isolated frog sciatic-gastrocnemius preparation (VERGANO et ai., 1969), 
on the sciatic-anterior tibial muscle in anesthetized rabbits (CHEYMOL et ai., 1967), and 
on the dog gastrocnemius neuromuscular preparation (2.5 mg' kg- ' i.v., SHARMA and 
SHARMA, 1978). On the human ulnar nerve-adductor pollicis muscle preparation, 
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FELDMAN and CRAWLEY (1970) reported a potentiation and a slower recovery of the 
neuromuscular block after 0.2 mg' kg-I i.v., an effect not found with a somewhat 
higher dose by DRETCHEN et aI. (1971). No effect on neuromuscular blocking effect 
of gallamine was found in the anesthetized cat gastrocnemius preparation (0.5-
I mg' kg-I i.v., WEBB and BRADSHAW, 1973; DRETCHEN et aI., 1971) or in the super­
fused chick biventer cervicis nerve-muscle preparation (10- 4 mol'I-I, DRETCHEN et 
aI., 1971). 

Whether the described discrepancies are simply due to methodological differences 
or are accounted for by the neuromuscular system used cannot be conclusively an­
swered. At least some differences may be explained by the use of high amounts of sol­
vent, which was shown by DRETCHEN et aI. (1971) to be responsible for the blockade 
of the tubocurarine and decamethonium effect on the indirectly evoked twitch re­
sponse in anterior tibial muscle preparation of the dog and for the more rapid recov­
ery after tubocurarine and gallamine in cat sciatic nerve-flexor hallucis longus prep­
aration (WEBB and BRADSHAW, 1973). 

VI. Conclusions 

Very conflicting findings were reported on the direct effect of benzodiazepines on 
neuromuscular transmission. It seems that when an effect was observed, the doses or 
concentrations used were clearly above those that could be relevant for therapy. 

G. Effects on the Kidney and Body Fluid Electrolytes 

I. Urine 

There are only few reports dealing with the effects of benzodiazepines on urine and 
electrolyte excretion by the kidneys. 

BORIS and STEVENSON (1967) reported that neither diazepam nor chlordiazepoxide 
up to 160 mg' kg -I s.c. had an effect on urine excretion in hydrated or dehydrated 
rats after an acute water load. Flurazepam (RANDALL et aI., 1969), chlorazepate 
(BRUNAUD et aI., 1970), clobazam (FmLDING and HOFFMANN, 1979), clonazepam 
(BLUM et aI., 1973), estazolam (SAJI et aI., 1972), and pyrazapon (POSCHEL et aI., 1974) 
also failed to alter urinary output in rats. Chlorazepate (25 and 50 mg' kg-I p.o.) in­
creased Na + excretion and consequently the Na + jK + ratio, but neither estazolam nor 
flurazepam changed electrolyte excretion. Clonazepam (3 and 10 mg' kg-I p.o.) was 
reported to slightly diminish Na+ excretion. ZAMBONI et aI. (1972) observed an in­
creased urine excretion in rats after I mg' kg-I diazepam and bromazepam i.m., 
which was the consequence of an enhanced water intake. In rats deprived of water 
during urine collection, diazepam produced a weak diuretic effect (ZAMBONI et aI., 
1972). 

In trained episiotomized dogs clonazepam (I mg' kg-I p.o.) did not influence uri­
nary fluid or electrolyte excretion (BLUM et aI., 1973), whereas after flunitrazepam (0.2 
and 0.4 mg' kg-I p.o.) and nitrazepam (0.5 and I mg' kg-I p.o.) an increased excre­
tion of urine, Na + and CI- was found (DAUM, personal communication). K + excre­
tion was unchanged after nitrazepam and decreased after flunitrazepam. 

The effect of diazepam on glomerular filtration rate and on the effective renal plas­
ma flow was studied in anesthetized rabbits (GUIGNARD et aI., 1975). Both glomerular 
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filtration rate and effective renal plasma flow dropped transiently after a bolus injec­
tion of 2 mg· kg - I. A concomitant drop in arterial blood pressure was observed. Re­
nalfunction, however, was unaffected after slow intravenous infusion (5 mg . kg -1 . h -1). 

II. Blood Electrolytes 

Serum levels of electrolytes in dogs (0.5 mg· kg- I i.v.) and humans (10-30 mgper day 
for 1 month) were reported to vary after diazepam within the normal physiologic 
range (SOLIMAN et aI., 1965; CARN, 1966). 

ITI. Sodium Current in Frog Skin 

The frog's skin provides a unique system for studying the effect of drugs on the active 
transport of sodium through epithelia by measuring the sodium short circuiting cur­
rent. Addition of oxazepam (10- 5 mol· 1-1) and chlordiazepoxide (> 10- 4 mol· 1-1) 
to the corial side resulted in a decreased sodium short circuiting current and a drop 
in membrane potential. The same effects occurred after adding oxazepam to the 
epidermal side (RUBERG-SCHWEER and KARGER, 1970, 1974). 

IV. Calcium Content of Synaptic Vesicles 

PEYTON and BOROWITH (1979) injected rats with chlordiazepoxide 20mg·kg- 1 i.p. 
The animals were decapitated 40 min later, and the cerebral cortex was separated into 
different subcellular fractions by differential and sucrose gradient density centrifuga­
tion. The fractions containing synaptic vesicles and synaptosomal ghosts contained 
significantly more (20%-40%) Ca2 + than the material from saline-injected rats. The 
Ca 2 + content was unaltered in the fractions containing mainly synaptosomal and cell 
body mitochondria, damaged synaptosomes, and microsomes or in the synaptosomal 
supernatant. No significant changes in the Ca2+ content of synaptosomal sub­
fractions were observed after chlorpromazine in the strongly sedative dose of 
50 mg· kg -I, whereas theophylline at 150 mg· kg - 1 markedly reduced the Ca 2 + con­
tent of the fractions containing synaptic vesicles, synaptosomal ghosts, or synapto­
somal mitochondria. 

H. Effects on the Endocrine System 

I. Male and Female Sexual Hormones 

Chlordiazepoxide and diazepam administered subcutaneously for 100 days at daily 
doses ranging from 5 to 50 mg· kg - 1 to growing male and female albino rats had no 
influence on the weights of testes, penis, seminal vesicles, or prostates, on testicular 
descent, or on the weights of ovaries and uteri, on vaginal opening and cycling; no 
significant changes in luteinizing hormone (HL), luteotropic hormone (L TH), and 
lactation were observed (SUPERSTINE and SULMAN, 1966). In an early study 
(BORIS et aI., 1961) chlordiazepoxide administered from 5 to 14 days had no effect on 
the pituitary-gonadal axis in rats. In contrast, in a study by ARGUELLES and ROSNER 
(1975) on 35- to 55-year-old men with minor complaints of nervousness or mental ten­
sion, who took oral daily doses of 10-20 mg of diazepam for 2 weeks, plasma testos-
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terone levels were significantly increased; the possible mechanism (altered activity of 
liver enzymes, changes in the clearance or synthesis of the hormone) was not investi­
gated. 

Female mice fed a diet containing either diazepam, chlordiazepoxide, oxazepam, 
prazepam, flurazepam, or nitrazepam showed significant decreases in the frequency 
of vaginal estrus (GUERRIERO and Fox, 1975). Mice exposed to the above-mentioned 
benzodiazepines prenatally and postnatally had delays in the age of vaginal perfor­
ation and first estrus concomitantly with reduced postnatal growth (Fox and GUER­
RIERO, 1978). Prenatal exposure alone did not produce postnatal growth deficit, but 
delayed vaginal opening. 

II. Thyroid Hormones 

The conflicting reports on possible interactions ofbenzodiazepines with thyroid func­
tion or thyroid hormone action have been discussed by EL-HAZMI (1975). Diazepam 
and chlordiazepoxide seem to compete for the thyroxine-binding site on serum pro­
teins in vitro. However, in vivo, the two drugs did not consistently affect protein bind­
ing of thyroid hormones or their concentration in the circulating blood of man and 
rabbit. Chlordiazepoxide did not prevent thiouracil-induced thyroid enlargement in 
rats (BORIS et aI., 1961). 

III. Pituitary Hormones 

1. Growth Hormone 

KOULU et ai. (1979) found that a single dose of diazepam (10 mgp.o.) increased serum 
growth hormone (GH) to about 300% for less than 2 h in healthy human volunteers, 
an effect which was prevented by pimozide and sodium valproate. Since dopamine is 
generally accepted to have a stimulant effect on GH release, the authors suggested 
that the effect of diazepam was due to an activation of tuberoinfundibular dopamin­
ergic neurons (FuXE et aI., 1975). No effect of diazepam at a daily dose of 40 mg on 
the release of GH was seen in patients (HAVARD et aI., 1971). No clear-cut change in 
the level of GH was observed in healthy volunteers who took flurazepam 30 mg daily 
for 3 weeks (BIXLER et aI., 1976). Diazepam abolished GH secretion of human volun­
teers in response to L-dopa and apomorphine (KOULU et aI., 1980). 

2. Prolactin 

Various benzodiazepines were found to reduce the plasma prolactin level in rats after 
rather high oral doses and to partially or totally prevent the stimulation of prolactin 
release by sulpiride and haloperidol (LOTZ, personal communication); the most 
potent compounds were clonazepam and flunitrazepam (active at 1 mg· kg-I). In 
similar experiments by CHIELI et ai. (1980), the decrease of basal plasma prolactin after 
diazepam (10 mg· kg-I i.p.) failed to reach statistical significance; however, the same 
dose of diazepam almost completely prevented the increase of prolactin produced by 
haloperidol 0.5 mg· kg-I. KOE (1979) observed a 60% decrease of plasma prolactin 
1 h after a subcutaneous injection of diazepam (9 mg· kg-I) in rats. No consistent 
change of plasma prolactin occurred in healthy men who took 30 mg flurazepam at 
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bedtime over 3 weeks (BIXLER et aI., 1976). Diazepam 15 mg per day in anxious 
patients failed to affect basal prolactin levels and the prolactin-stimulant effect of 
metoclopramide (WILSON et aI., 1979). 

3. Adrenocortical Steroids 

High doses of benzodiazepines caused an elevation of plasma corticosteroids in rats 
(MARC and MORSELLI, 1969; LAHTI and BARSUHN, 1975; KEIM and SIGG, 1977; BAR­
LOW et aI., 1979), suggesting that some effect of acute high doses may be stressful to 
animals. Tolerance to the sedative and corticosteroid-elevating effect occurred on re­
peated administration (LAHTI and BARSUHN, 1975). A decrease of basal corticosteroid 
levels was, however, reported by KRULIK and CERNY (1971). The increase of plasma 
corticosteroids induced by the relatively mild stress of moving rats into a novel en­
vironment was blocked by diazepam, chlordiazepoxide, nitrazepam, and two triazolo­
benzodiazepines (LAHTI and BARSUHN, 1974). Diazepam reduced the rise of cortico­
steroids induced by restraint stress (KEIM and SIGG, 1977) and forced swimming (LE 
FUR et aI., 1979); this effect was shown to be centrally mediated, since the drug did 
not alter the effect of adrenocorticotrophic hormone (ACTH) on isolated adrenals. 
BARLOW et aI. (1979) could prevent the rise of corticosteroids induced by a mild noise 
stress with diazepam; the drug was, however, ineffective against severe stressors, such 
as electric foot shock and immobilization. A partial prevention offoot shock-induced 
elevation of corticosteroids was obtained by KRULIK and CERNY (1971) with both 
chlordiazepoxide and diazepam. Plasma corticosterone elevation in rats stressed by 
irregularly signaled foot shock was reduced by diazepam (BASSETT and CAIRN CROSS, 
1974). In rabbits, chlordiazepoxide prevented the eosinopenia induced by electric 
shocks (D ASGUPTA and MUKHERJEE, 1967 b); the drug also reduced eosinopenia induc­
ed by ACTH, but not that induced by cortisone. 

IV. Conclusions 

The effects of benzodiazepines on neuroendocrine functions are more subtle than, 
e.g., those of neuroleptics. It seems that low and moderate doses (producing distinct 
behavioral effects) do not or only very slightly affect the basal values of the hormones 
studied so far in physiologic conditions. However, neuroendocrine responses to vari­
ous forms of emotional stress and to some drugs can be attenuated by benzo­
diazepines. This is clearly demonstrated for the stress-induced stimulation of the pi­
tuitary-adrenal axis. The antagonism of neuroleptic-induced hyperprolactinemia by 
benzodiazepines is likely to involve the tuberoinfundibular dopamine system, which 
is activated by these drugs, most probably indirectly via a direct action on GABA 
mechanisms that have been shown to be part of the prolactin control system (MULLER 
et aI., 1979; LOCATELLI et aI., 1979). 

I. Effects on Cell Metabolism 

I. Carbohydrates 

RUTISHAUSER (1963) reported that chlordiazepoxide (30 mg· kg- 1 i.p.) increased 
blood and brain glucose levels and the brain/blood glucose ratio in rats. Pyruvate and 
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lactate also increased in the blood but not in the brain. Similar effects were obtained 
with chlorpromazine, reserpine, Ro 4-1284, and morphine, although changes in blood 
and brain glucose were less marked after phenobarbitone and methyprylone. No 
clear connection between hyperglycemia and hypothermia was seen. Since adrenalec­
tomy prevented the hyperglycemia induced by chlordiazepoxide, it was assumed to be 
caused by some effect of the benzodiazepine on the adrenal gland. A 50% increase 
of glucose and lactate in the blood of rats was observed by SATOH and IWAMOTO (1966) 
after 20 mg· kg-I chlordiazepoxide i.p.; both effects were greatly reduced by removal 
of the adrenal medulla. In hooded-lister rats, chlordiazepoxide (10 mg· kg - 1 i. p.) in­
creased blood levels by about 30% (NAHORSKI, 1972). Brain glucose rose to a similar 
extent, resulting in an unaltered brain/blood glucose ratio. Evidence for a decreased 
glycolytic flux was found, since the levels of fructose-6-phosphate and of fructose-l ,6-
diphosphate were decreased. The levels of the tricarboxylate cycle intermediates, cit­
rate, (J(-oxoglutarate, malate, and fumarate, were also reduced, whereas those of 
alanine, glutamine, GABA, and free ammonia were unaltered. These indexes of a de­
pressed metabolic rate were similar to those described for general anesthetics and, 
therefore, believed to be the result, rather than the cause, of reduced neuronal activity. 
In contrast to chlordiazepoxide, trimethadione and ethosuximide increased the brain/ 
blood glucose ratio, suggesting a facilitated glucose influx. GEY (1973) found a small 
(about 20%), rapid and transient increase of blood glucose in rats after single intra­
peritoneal doses of chlordiazepoxide (20 mg· kg - I) and diazepam (4 mg· kg - I). 
Pyruvate, lactate and maleate were decreased. More impressive than the elevation of 
blood glucose was the increase of the calculated intracellular glucose content in the 
brain tissue; little change was seen in the phosphorylated intermediates of glycolysis 
and in ATP. In contrast to NAHORSKI (1972), GEY (1973) suggested that glucose up­
take into the brain was enhanced by the benzodiazepines. GILBERT et ai. (1971) pos­
tulated that the increased brain glucose concentration observed after many anticon­
vulsant drugs was somehow involved in the anticonvulsant activity, possibly through 
membrane stabilization. Hyperglycemia was not observed in anxious patients after an 
oral dose of25 mg chlordiazepoxide (GOTTSCHALK et aI., 1973); however, the drug ap­
peared to reduce the hypoglycemic effect of insulin as judged from the glucose/insulin 
ratio. 

The effect of benzodiazepines on the transport of sugars and ions in isolated rat 
skeletal muscle was studied by BIHLER and SAWH (1978). The transport of 14C_3_ 
methylglucose into hemidiaphragms was depressed by diazepam in a concentration 
around 0.3 mmol·I- 1 and markedly enhanced at concentrations of 1 mmol·l- 1 and 
higher. This biphasic effect of diazepam was more pronounced in the presence of in­
sulin. With 0.35 mmol·I- 1 diazepam there was a small increase of the Na + and K + 
gradients; at 1 mmol .1- 1 these ion gradients were markedly decreased. The influx of 
45Ca2+ was significantly depressed at concentrations that reduced sugar transport, 
but increased at higher concentrations. Chlordiazepoxide had essentially the same ef­
fects on glucose transport, intracellular concentrations ofNa + and K +, and Ca2+ in­
flux. The effects of benzodiazepines on skeletal muscle were discussed on the basis of 
a hypothetical role of Ca2+ in sugar transport; "lower" concentrations of the drugs 
were assumed to stabilize, the highest concentrations to destabilize the membrane. 
The concentrations ofbenzodiazepines found to affect glucose and cations in skeletal 
muscle are, of course, much higher than those occurring after even massive overdoses. 
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II. Energy-Rich Phosphates 

Chlordiazepoxide (60 mg· kg-I i.p.) and meprobamate (200 mg· kg-I i.p.) did not af­
fect the levels of adenosine monophosphate (AMP), inorganic phosphate, phospho­
creatinine, or the total adenine nucleotides (AMP + ADP + ATP) in the rat brain; 
chlordiazepoxide, but not meprobamate, decreased ATP and increased ADP and, 
hence, the ratio ATPjADP (KAUL and LEWIS, 1963). Also in rats, 0.25 mg· kg-I 
diazepam i.v. did not change the levels of cerebral high-energy phosphates or energy 
charge potential (MAEKAWA et a1., 1980). In isolated mitochondria from rat brain, 
chlordiazepoxide and diazepam in a range of concentrations between 0.1 and 
5 mmol·l- I decreased respiration and oxidative phosphorylation, diazepam being 
seven times more potent than chlordiazepoxide (DAVIS et a1., 1971). Part of the de­
creased oxidative phosphorylation was ascribed to an increase of ATPase activity. 
The possibility was also considered that the drugs were forming a permeability block­
ing monolayer on the mitochondrial membrane. 

Na +, K + -ATPase from the microsomal fraction of beef brain homogenates was 
exposed to diazepam at various cation concentrations (UEDA et a1., 1971). No stimu­
lation of the enzyme activity was observed over a large range of concentrations of the 
drug. Diazepam, however, inhibited the enzyme noncompetitively at higher concen­
trations (apparent inhibitor constant 0.2 mmol·l- I). Na +, K + -ATPase, but not 
Mg2+ -ATPase from rat brain synaptosomal preparations was inhibited by 55% in the 
presence of diazepam 0.2 mmol·l- I (GILBERT and WYLLIE, 1976). Further fraction­
ation of the synaptosomes showed that diazepam inhibited only the Na +, K + -ATPase 
associated with cell membranes but not that associated with mitochondria. The 
Mg2+ -ATPase of synaptic vesicles, however, was inhibited 60% by diazepam 
0.25 mmol· 1-1, as by the other anticonvulsants, diphenylhydantoin and 
ethosuximide. 

III. Lipids 

Chlordiazepoxide (40 mg· kg-I i.p.) was found to produce a sustained elevation of 
plasma-free fatty acids in rats similarly to theophylline (ARRIGONI-MARTELLI and 
CORSICO, 1969). The lipomobilizing effect of noradrenaline was potentiated by pre­
treatment with chlordiazepoxide or with theophylline. cAMP, which by itself 
(10 mg· kg-I) had no effect on the plasma free fatty acid level, produced a threefold 
elevation of these lipids in rats pretreated with chlordiazepoxide. The lipomobilizing 
effect of chlordiazepoxide was almost doubled in rats pretreated with theophylline. 
The authors concluded that chlordiazepoxide, like theophylline, potentiated the li­
pomobilizing action of noradrenaline by inhibiting phosphodiesterase activity. In 
sharp contrast to the findings of ARRIGONI-MARTELLI and CORSICO (1969), KHAN et 
al. (1964) reported the lack of effect of20 mg· kg-I chlordiazepoxide (i.p.) on plasma 
free fatty acids in normal rats and on adrenaline-induced stimulation offree fatty acid 
release from fat pads. However, chlordiazepoxide completely prevented the increase 
of plasma free fatty acids in rat exposed to prolonged intermittent electric foot shocks. 

In anxious patients, a single dose of chlordiazepoxide (25 mg) increased plasma 
free fatty acids and triglycerides (GOTTSCHALK et a1., 1973). 

Chlordiazepoxide was reported to inhibit the development of atherosclerosis in 
rabbits fed a cholesterol-rich atherogenic diet (CUPARENCU et al., 1969). Rabbits fed 
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a cholesterol-rich diet for 2 months had elevated plasma levels of nonesterified fatty 
acids (NEFA) and reduced plasma lipoprotein lipase activity. Chlordiazepoxide, 
10 mg' kg - I p.o. daily for 2 months, doubled the levels ofNEF A and plasma lipopro­
tein lipase activity in animals fed a normal diet. Rabbits fed the atherogenic diet and 
treated simultaneously with chlordiazepoxide had similar plasma NEF A levels and 
plasma lipoprotein lipase activity as those given a normal diet and the drug. Aortic 
lipolytic activity was doubled by the atherogenic diet alone, increased about 20-fold 
by chlordiazepoxide alone and increased about sevenfold in animals given the athero­
genic diet together with chlordiazepoxide. The elevation of plasma lipoprotein lipase 
activity and aortic lipolytic activity by chlordiazepoxide was considered to account, 
at least in part, for the protective effect of the drug in experimental atherosclerosis. 
The same group of workers later found (HoRAK et aI., 1976) that chlordiazepoxide, 
chlorazepate, diazepam, and lorazepam markedly reduced the hyperlipidemia (total 
lipids, total cholesterol, triglycerides) induced in rats by Triton WR-1339. No correla­
tion was found between the lipid-lowering activity of these drugs and their etfects on 
plasma viscosity (CUPARENCU et aI., 1970, 1979). The optimal dose for these com­
pounds was 5 mg . kg - I. Oxazepam, medazepam, nitrazepam, and tofisopam were 
weak or inactive. Chlordiazepoxide, chlorazepate, diazepam and lorazepam, after 
four consecutive daily doses of 5 mg' kg - I, decreased serum cholesterol, triglyceride, 
and free fatty acids, but not phosphatides, in rabbits made hyperlipidemic by a diet 
rich in butter and cholesterol administered for 2 weeks (FESZT et aI., 1977). 

IV. Protein Synthesis 

Diazepam (10 mg' kg-I i.p.) increased the incorporation of 3H-Ieucine into neuronal 
cell bodies in the ventral horn of the spinal cord, in the locus coeruleus, and in the 
trigeminal nucleus of rats (JAKOUBEK and PETROVICKY, 1976). In E. coli chlordiazep­
oxide at 3 x 10 - 3 mol· 1- \ but not diazepam, inhibited protein synthesis (KHAF AGY 
et aI., 1977). 

V. Miscellaneous 

JAVORS and ERWIN (1978, 1980) studied the inhibitory effect of several benzo­
diazepines on mouse brain aldehyde reductase in vitro to test the hypothesis that the 
anticonvulsant activity could be linked with the accumulation of aldehyde intermedi­
ates of biogenic amine metabolism. A good correlation was found between the inhibi­
tory potencies of eight benzodiazepine derivatives on aldehyde reductase and the rel­
ative protective potencies in maximal electroshock convulsions in mice pretreated 
with 25 mg' kg-I proadifen to reduce the metabolism of benzodiazepines. However, 
active concentrations of the drugs for enzyme inhibition were in the millimolar range 
and, hence, probably irrelevant. Chlordiazepoxide at 3 x 10 - 3 mol· 1- I but not diaze­
pam inhibited RNA and DNA synthesis in E. coli (KHAFAGY et aI., 1977). Chlordiaz­
epoxide (0.6 mmol·l- I) inhibited by 17% the transport of 45Ca2 + between an 
aqueous phase and a lipid solvent phase mediated by phosphatidic acid (MULE, 1969); 
similar effects were observed with various opiates, chlorpromazine, imipramine, and 
amphetamine, but not with barbiturates. 
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VI. Conclusions 

Rather high doses ofbenzodiazepines produced an increase of blood glucose and plas­
ma-free fatty acids. Therapeutic doses in man are apparently insufficient to affect 
these parameters. The nature of the hyperglycemic and lipomobilizing effect of ben­
zodiazepines in animals has not been clearly established. Its partial or total prevention 
by adrenalectomy suggests that catecholamines may be involved and that benzo­
diazepines perhaps increase the effects of amines by inhibiting phosphodiesterase. The 
high concentrations of chlordiazepoxide and diazepam required to affect glucose 
transport in isolated skeletal muscle exclude any relevance of these effects for thera­
peutic doses. Experimental atherosclerosis and hyperlipidemia were found to be re­
duced by prolonged treatment with benzodiazepines. 

Extremely high doses and concentrations of benzodiazepines depressed cell respi­
ration and oxidative phosphorylation. A contribution of this unspecific effect to phar­
macologic effects can be dismissed. 

J. Miscellaneous Effects 

I. Nociception 

The demonstration of a true analgesic effect of drugs known to depress the central ner­
vous system is an almost impossible task, since most tests available are based on be­
havioral responses to noxious stimuli. 

Most of the benzodiazepines reported in the literature reduce responses to noxious 
stimuli at doses known to decrease motor activity. In the writhing test (phenylquinone 
or acetic acid; in mice), chlordiazepoxide, clobazam, clonazepam, estazolam, fluraze­
pam, and medazepam were active in muscle-relaxant or sedating doses (RANDALL et 
aI., 1968, 1969; SAn et aI., 1972; BARZAGHI et aI., 1973; FENNESSY and SAWYNOK, 1973; 
FIELDING and HOFFMANN, 1979). At doses which effectively disturb the performance 
of mice in the horizontal wire test or on the rotating bar, chlordiazepoxide, chloraze­
pate, diazepam, flurazepam, medazepam, nitrazepam, and SAS 643 enhanced the 
reaction time on the hot plate (BRUNAUD et aI., 1970; RANDALL and KAPPELL, 1973; 
BABBINI et aI., 1975), whereas no elevation of pain threshold was reported after ataxic 
doses of either estazolam or nitrazepam (SAJI et aI., 1972) and after diazepam (WELLER 
et aI., 1968). Vocalization as a reaction to electrical stimulation of the mouse tail was 
reduced by pinazepam and diazepam at doses depressing the righting reflex (SCROL­
LlNI et aI., 1975). Intravenous injection of2.5 mg· kg-I diazepam produced a moder­
ate increase of the stimulation threshold for vocalization; when bacitracin, which is 
believed to inhibit enzymatic degradation of enkephalins, was injected into a lateral 
cerebral ventricle a few minutes before, diazepam produced a marked antinociceptive 
effect (WUSTER et aI., 1980b). Naloxone (10 mg· kg-I i.p.) only partially reversed the 
threshold elevating effect of diazepam; these findings were taken as indirect evidence 
that diazepam was able to release endogenous opioids in some parts of the eNS (Wu­
STER et aI., 1980 b). Only partial analgesia was observed in mice with high doses of 
diazepam (> 100 mg· kg-I i.p.) in tail-immersion, tail-pinch, and tail-shock pro­
cedures in mice (WELLER et aI., 1968). Pain threshold elevation in the inflamed or 
noninflamed paw of rats was reported to be enhanced after 25-100 mg· kg-I chlor-
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diazepoxide s.c. (RANDALL et ai., 1960) but unaffected after high doses of diazepam, 
flurazepam, medazepam, or nitrazepam (STERNBACH et ai., 1964; RANDALL et ai., 
1968, 1969). An increase of pain threshold in the carrageenin-inflamed tail but not in 
the intact tail of mice was found with 10 mg· kg -I estazolam and nitrazepam p.o., 
while 20 mg· kg - 1 increased pain threshold under both conditions (SAJI et ai., 1972). 
In contrast to the above-reported effects, neither chlordiazepoxide, diazepam, loraze­
pam, nor oxazepam were active in the rat tail-flick test (FROMMEL et aI., 1960 b; GUPTA 
and GAITONDE, 1964; GLUCKMAN, 1965, 1971). No antinociceptive effect was ob­
served in the mouse tail-flick test with high oral doses of diazepam, medazepam, te­
mazepam, or oxazepam (RANDALL et aI., 1970). Chlordiazepoxide (25 and 50 mg· kg - 1 

i.m.) did not inhibit the licking response in rats or the jaw-opening reflex in rabbits 
to tooth pulp stimulation whereas the vocalization after-discharge was inhibited after 
10-25 mg· kg-I p.o. (HOFFMEISTER, 1968). With c10bazam (20 mg· kg-I i.p.) FIELD­
ING and HOFFMANN (1979) observed a slight anti nociceptive effect to electrical stim­
ulation of the dental pulp. Measuring the flinch-jump threshold (electric shocks 
through grid floor) in rats, BODNAR et ai. (1980) found chlordiazepoxide to be 
antinociceptive at 15 mg· kg-I i.p. Tolerance to this action developed after daily ad­
ministration for 14 days. There was a one-way cross tolerance between chlordiazep­
oxide and morphine and cold water swim, i.e., morphine-tolerant and cold-swim­
adapted rats did not respond to chlordiazepoxide; however, chlordiazepoxide-toler­
ant animals had an attenuated cold swim analgesia but still reacted to morphine. 

Using instrumental behavioral methods indication was obtained that chlordiazep­
oxide (5-20 mg· kg-I i.p.) and diazepam (0.25 mg· kg-I i.p.) reduced the motivation 
of rats and monkeys to escape a noxious stimulus (HOUSER and PARE, 1973; LINEBER­
RY and KULICS, 1978). The aversive threshold in rats as measured by an operant li­
minal escape procedure was enhanced by chlordiazepoxide (3-15 mg· kg-I i.p.) but 
not by diazepam (0.5-5 mg·kg- I i.p.); naloxone (20mg·kg- 1 s.c.) reversed the 
threshold elevation produced by chlordiazepoxide (KELLY et ai., 1978 a, b). 

A well-controlled study in man suggests that diazepam 10 mg p.o. affects the emo­
tional-motivational component of the pain experience, but not the sensory discrimi­
native component or the central control of pain (CHAPMAN and FEATHER, 1973). 

In drug interaction studies in the tail-flick test chlordiazepoxide was found to an­
tagonize the analgesic effect of morphine in mice (0.1-50 mg· kg-I s.c., WEIS, 1969) 
and guinea pigs (10 mg· kg-I s.c., FROMMEL et aI., 1960b), but to potentiate morphine 
analgesia in rats with 10 mg· kg-I i.p. (GUPTA and GAITONDE, 1964). An antagonism 
of morphine in the mouse tail-flick was also demonstrated for diazepam 
(EDso:3 mg· kg-I s.c.), whereas oxazepam was inactive (RANDALL et aI., 1970). With 
somewhat lower doses (1 mg· kg-I i.p.) of diazepam and oxazepam, SHANNON et ai. 
(1976) observed no antagonism of the analgesic effect of morphine or methadone in 
the mouse tail flick and hot plate test. CARABATEAS and HARRIS (1966) described a 
series of atypical benzodiazepines, which antagonized the analgesic effect of me­
peridine in the tail flick. A potentiation of the antinociceptive effect of morphine in 
the hot-plate test together with a potentiation of morphine's respiratory depressant 
effect was reported to occur after 2.5 mg· kg -I diazepam i.p. (BRADSHAW et aI., 1973). 
FENNESSY and SAWYNOK (1973) described a biphasic effect of chlordiazepoxide, 
c1onazepam, diazepam, flurazepam, medazepam, and nitrazepam on the morphine 
analgesia in the phenylquinone writhing test; they all potentiated, at the dose of 
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10 mg' kg-I p.o., the effect of morphine after a short pretreatment interval but re­
duced morphine analgesia at longer pretreatment times. Chlordiazepoxide and 
donazepam were shown to enhance and nitrazepam to reduce the analgesic action of 
sodium salicylate, whereas diazepam, flurazepam, and medazepam only potentiated 
the activity of sodium salicylate at a time when the sodium salicylate effect had dis­
appeared completely (FENNESSY and SAWYNOK, 1973). BERGER et al. (1978) and ELLIS 
et al. (1977) potentiated the analgesic effects of D-propoxyphen in the mouse hot­
plate and rat tail-flick tests as well as in ischemic pain in humans by combining it with 
a variety of benzodiazepines. GROTTO and SULMAN (1967) report an antagonistic ef­
fect of chlordiazepoxide on paracetamol-induced analgesia in mice, but their results, 
in fact, show an enhancement. 

II. Inflammation 

Antiinflammatory activities of chlordiazepoxide, diazepam, flurazepam, nitrazepam, 
and pinazepam have been described in the carrageenin edema test or with the yeast 
inflammation method. Weak effects were achieved only with doses that had marked 
central nervous system effects (RANDALL et al., 1960, 1969; STERNBACH et al., 1964; 
BARZAGHI et al., 1973). Medazepam had no antiinflammatory effect in the car­
rageenin edema test or in the rat adjuvant arthritis model (RANDALL et al., 1968). 

III. Food and Fluid Intake 

A great number of papers deals with the effects ofbenzodiazepines on food and water 
consumption under free or instrumental behavioral conditions (COOPER, 1980b). 
Since a whole chapter in this handbook deals with the effects of benzodiazepines on 
instrumental behavior (DEWS, 1981), only effects in free behavioral situations will be 
considered in the following. 

Already in very early papers benzodiazepines were described to enhance food in­
take in man (A YD, 1962; TOBIN and LEWIS, 1960) and in a variety of laboratory ani­
mals. RANDALL et al. (1960) reported that chlordiazepoxide 12.5-50 mg' kg-I s.c. en­
hanced food intake by 20%-60% in starved rats. A similar effect was also found in 
starved dogs with chlordiazepoxide in doses of 2.5-20 mg' kg-I p.o. (RANDALL and 
KAPPELL, 1961; STERNBACH et al., 1964) and later with diazepam 2 mg' kg-I p.o., but 
not with triflubazam (HEILMAN et al., 1974). Dogs treated with chlordiazepoxide for 
13 weeks and rats treated for 14 days or 37 weeks showed an increased food consump­
tion (ZBINDEN et al., 1961; STERNBACH et al., 1964). This effect was absent in chicks 
(ZBINDEN et al., 1961), but chlordiazepoxide (10 mg' kg-I i.m.) doubled the mean 
amount of food intake in nondeprived pigeons without affecting water intake (Coo­
PER and POSADAS-ANDREWS, 1979). OPITZ and AKINLAJA (1966) found that chlordiaz­
epoxide and oxazepam enhanced food consumption in rats during a long-term treat­
ment. The effect of chlordiazepoxide acutely and chronically on several feeding pa­
rameters (e.g., rate and number of episodes) of rats was analyzed by COOPER and 
FRANCIS (1979b). A dose-dependent increase offood and water intake in starved rats 
was seen with diazepam and nitrazepam (STERNBACH et al., 1964), but not with 
flurazepam (RANDALL et al., 1969). NIKI (1965) found chlordiazepoxide to enhance 
food consumption even in satiated rats. In starved cats oxazepam, desmethylloraze-
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pam, diazepam, chlordiazepoxide, medazepam, and pinazepam induced voracious­
ness, and satiated cats resumed voracious eating after benzodiazepines (0.3 mg· kg-I 
i.p.; FRATTA et aI., 1976; MEREU et aI., 1976). DELLA-FERA et al. (1980) studied the en­
hancing effect on food intake of several benzodiazepines in cats and puppies fed ad 
libitum; the triazolobenzodiazepines U 31,889 and U 37,576 were the most potent, 
but the increase offood intake was greater with elfazepam. Except for elfazepam, the 
effect on food intake occurred at doses that clearly produced ataxia or excitement. 
Diazepam also enhanced food intake in horses (BROWN et aI., 1976). 

That the stimulant effect on food intake was not dependent on the environment 
or the time of feeding was shown by WISE and DAWSON (1974), who found similar ef­
fects with diazepam in rats in their home cage, in the test box, during daytime and 
during nighttime. COOPER (1980 a) provided evidence that increased food intake in 
rats after chlordiazepoxide and diazepam was induced by mechanisms independent 
of food neophobia. Presentation of novel food in a novel environment to rats under 
chlordiazepoxide, diazepam, or nitrazepam also resulted in a dose-dependent increase 
in food intake (STEPHENS, 1973). Chlordiazepoxide (5 and 10 mg· kg-I i.p.) and diaze­
pam (2.5 mg· kg -I i. p.) increased eating of familiar food in food-deprived rats in a 
food preference test situation (BURTON et aI., 1980; COOPER, 1980a; COOPER and 
CRUMMY, 1978; COOPER and MCCLELLAND, 1980); higher doses of the compounds 
were required to enhance eating of novel food (COOPER, 1980 a; COOPER and MCCLEL­
LAND, 1980). Grouping or isolation of rats did not change the stimulant effect of chlor­
diazepoxide (BAINBRIDGE, 1968). SOUBruE et aI., (l975b) showed that various benzo­
diazepines increased food intake in rats and mice irrespective of the environment or 
the degree of food deprivation. In addition it was shown that eating evoked in rats 
by tail pinching was enhanced by 5 mg· kg-I chlordiazepoxide i.p. (ROBBINS et aI., 
1977). Eating can also be evoked, at least in some rats, by stimulation of the lateral 
hypothalamus. After 5 mg· kg-I diazepam i.p. the threshold for evoking eating in 
"eater" rats was lowered, and stimulation in "noneater" rats now induced food con­
sumption (SOPER and WISE, 1971). WATSON et aI. (1980) found that 2.5 and 5 mg· kg- 1 

diazepam i.p. reduced the threshold for stimulation-bound eating but not for drink­
ing. Bilateral injection of diazepam (20 J.1g/0.2 J.11) into the ventromedial hypothala­
mus, but not into the lateral hypothalamus, led to an at least fourfold increase of food 
intake in non-starved rats (ANDERSON-BAKER et aI., 1979). 

The stimulation of food intake by subcutaneous diazepam in rats was antagonized 
by small doses of naloxone (GYLYS et aI., 1979; STAPLETON et aI., 1979; BRITTON and 
THATCHER-BRITTON, 1980; SOUBRIE et aI., 1980) and picrotoxin (FLETCHER et aI., 
1980). An interaction of benzodiazepines with anorexigenic drugs was also reported. 
Indeed, amphetamine antagonized increased food intake after chlordiazepoxide in 
starved dogs (STERNBACH et aI., 1964). In rats, chlordiazepoxide (4-20 mg· kg-I i.p.) 
at least partially antagonized the anorexigenic effect of amphetamine, fenfluramine, 
and fluoxetine (BORELLA et aI., 1969; IWAHARA, 1970; COOPER and FRANCIS, 1978; 
FELDMAN and SMITH, 1978). In cats, the anorexigenic effect of amphetamine, but not 
the hyperactivity and the stereotyped behavior, was antagonized by 3 mg· kg - 1 i. p. 
oxazepam (FRATTA et aI., 1976). 

Benzodiazepines were also shown to enhance the intake of water or other fluids. 
STERNBACH et aI. (1964) reported that 6-25 mg· kg -I s.c. chlordiazepoxide, diazepam, 
and nitrazepam increased water intake in deprived rats. Enhanced water intake was 
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also observed after bromazepam 1 mg' kg- I s.c. (ZAMBONI et aI., 1972). A dipsogenic 
effect in fluid-deprived rats was shown for 3-10 mg' kg- I chlordiazepoxide and 
diazepam i.p., irrespective of whether water, water and tartaric acid, or sweetened wa­
ter was offered (MAICKEL and MALONEY, 1973, 1974). An increased water intake was 
observed by SOUBluE et ai. (1976a) in fluid-deprived rats or mice after diazepam (1-
4mg· kg- 1 i.p.), chlordiazepoxide (8-16 mg· kg- 1 i.p.), lorazepam (0.125-1 mg· kg- 1 

i.p.), nitrazepam (1-2 mg· kg- 1 i.p.), and prazepam (8 mg· kg- 1 i.p.) in a novel or 
familiar situation. Rats injected daily for 9 days with chlordiazepoxide (5-15 mg . kg- 1 

i.p.) and tested on the 9th day showed an enhanced water intake comparable to that 
observed after a single injection of the same doses of chlordiazepoxide (COOPER and 
FRANCIS, 1979a). On the other hand FALK and BURNIDGE (1970) reported that in 
fluid-deprived rats 15 or 30 mg' kg -I chlordiazepoxide s.c. did not enhance water in­
take but stimulated the intake of hypertonic saline. KURIBARA and TADOKORO (1978) 
found no effect of diazepam (4 mg' kg- I i.p.), injected at the beginning of the dark 
period, on water consumption. PATEL and MALICK (1980) reported that chlordiazep­
oxide increased water consumption in satiated rats. The licking rate of rats tended to 
be increased during a 5-day treatment with chlordiazepoxide (8 mg' kg- I i.p.), irre­
spective of whether familiar 32% or unfamiliar 4% sucrose was offered (FLAHERTY 
et aI., 1980). Adjunctive drinking that developed in starved rats which had water 
spouts available during feeding sessions was enhanced with low doses of diazepam 
and ripazepam (SANGER and BLACKMAN, 1976). When sweetened or adulterated milk 
instead of water was offered to rats which were either naive or familiar, deprived or 
satiated, in the home cage or in a test box, increased drinking occurred after chlordi­
azepoxide, diazepam, lorazepam, medazepam, nitrazepam, and oxazepam or pyraza­
pon (GLUCKMAN, 1965, 1971; MARGULES and STEIN, 1967; POSCHEL, 1971; POSCHEL 
et aI., 1974; JOHNSON, 1978). 

Most authors concluded that the effects observed with benzodiazepines on food 
and water intake could not be explained by an effect on appetite (BURTON et aI., 1980), 
but rather by a change of motivation for the offered food. However, recent findings 
point to an important role of GABAergic neurons in the hypothalamic control of 
feeding (KELLY and GROSSMAN, 1979; GRANDISON and GUIDOTTI, 1977). From studies 
of the effect of GABAmimetic muscimol, injected into discrete areas of the rat hypo­
thalamus, KELLY et aI. (1979) and OLGIATI et ai. (1980) proposed that GABAergic 
neurons inhibited satiety mechanisms in the medial hypothalamus and inhibited feed­
ing mechanisms in the lateral hypothalamus. If benzodiazepines enhanced GABAer­
gic synaptic activity preferentially in the medial hypothalamus, as supposed by AN­
DERSON-BAKER et ai. (1979), increased feeding would ensue as after local injection of 
muscimoi. Another GABAergic synapse where benzodiazepines could act to produce 
their effect on food intake is the dorsal raphe nucleus; indeed, PRzEWLOCKA et ai. 
(1979) found that local injection of GABA and muscimol into this nucleus reduced 
5-HT and 5-HIAA in the hypothalamus, increased locomotor activity, and stimulated 
eating in satiated rats. 

IV. Emesis 

A few reports describe the effects of chlordiazepoxide, diazepam, flurazepam, and 
triflubazam on apomorphine-induced emesis in dogs. A weak antiemetic effect was 
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observed with 40 mg· kg- 1 chlordiazepoxide p.o. (RANDALL et aI., 1960) and triflu­
bazam (HEILMAN et aI., 1974), whereas diazepam (40 mg· kg- 1 p.o.) and flurazepam 
(0.1 mg· kg- 1 p.o.) were found inactive (STERNBACH et aI., 1964; RANDALL et aI., 
1969). 

v. Body Temperature 

No systematic studies of the hypothermic effects of benzodiazepines exist to our 
knowledge. The following gives a few examples of the reported effects of chlordiazep­
oxide on body temperature in various species. 

Chlordiazepoxide (12.5 and 50 mg· kg - 1 i. p.) lowered body temperature dose-de­
pendently in mice (LOCKER and KOFFER, 1962). In rats body temperature was not 
changed after chlordiazepoxide 20 mg· kg- 1 i.p. (THEOBALD et aI., 1965), whereas 
high doses lowered the body temperature in guinea pigs (FROMMEL et aI., 1960b). An 
antipyretic effect was reported in guinea pigs (100mg·kg- 1 s.c., FROMMEL et aI., 
1960 b). A decreased body temperature was found in dogs, especially under low am­
bient temperature (10 mg· kg- 1 p.o., SCHMIDT et aI., 1961); shivering occurring in ani­
mals exposed to low temperature was abolished. Hyperthermia induced by the com­
bination ofL-tryptophan and tranylcypromine was dose-dependently reduced in con­
scious cats by chlordiazepoxide, diazepam, and flurazepam (LIPPA et aI., 1979); diaze­
pam (0.3-1.5 mg· kg- 1 i.p.) did not significantly lower rectal temperature. 

VI. Conclusions 

The effect of benzodiazepines on pain perception and pain experience is still a matter 
of controversy. A true antinociceptive activity in the usual animal tests could not be 
observed in doses that had no marked effects on behavior and muscle tone and coor­
dination. Interaction experiments with analgesics rather increased the confusion 
about the effects of benzodiazepines on pain mechanisms. As will be shown in later 
sections, benzodiazepines enhance presynaptic inhibition of signals from sensory 
neurons; however, an increased primary afferent depolarization has so far been de­
scribed only in I a afferents. It would be most interesting to study the effect of these 
compounds on the presynaptic control of small-diameter afferents which are consid­
ered to conduct nociceptive messages. High-dose therapy of schizophrenics with 
diazepam was found to produce very marked hypalgesia (BECKMANN and HAAS, 
1980). 

A consistent finding with benzodiazepines is their stimulant effect on food intake. 
This effect on feeding is seen with familiar as well as with novel food. Accordingly, 
these drugs may act directly on feeding mechanisms as well as increase food intake 
indirectly through an anxiolytic effect. Evidence has been presented for a part played 
by GABAergic mechanisms in feeding behavior, whereby several pathways may be in­
volved (GRANDISON and GUIDOTTI, 1977; KELLY et aI., 1977; KIMURA and KURIYAMA, 
1975; PRZEWLOCKA et aI., 1979; TAPPAZ and BROWNSTEIN, 1977). Since many instru­
mental behavioral tests are based on food as reinforcer, a more in-depth investigation 
of the appetite stimulant effect of benzodiazepines is clearly indicated. 

Benzodiazepines share a hypothermic effect with many other centrally active 
drugs. It remains to be shown whether GABAergic mechanisms are also involved in 
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this activity of benzodiazepines, as results with GABA mimetics and GABA trans­
aminase inhibitors tend to suggest. 

K. Anticonvulsant Activity 
Of all the somatic effects that benzodiazepines produce in the laboratory animal, the 
protection from epileptic seizures induced by various means, in particular by chemical 
convulsants, is the most impressive and the one that can be measured very reliably and 
simply. Although benzodiazepine derivatives reveal distinct differences in their 
neuropsychopharmacologic profile of action as assessed by the various laboratory 
methods available at present, the antagonistic action on pentetrazole-induced seizures 
predicts surprisingly well the overall psychotropic potency of these drugs in man 
(TALLMAN et aI., 1980). This correlation is probably not the result of anticonvulsant 
action per se, because not all drugs active on pentetrazole-induced seizures exhibit 
benzodiazepine-like anxiolytic, sleep-inducing, and muscle relaxant activity in man. 
It seems rather that the synaptic effects which underlie the anticonvulsant activity of 
benzodiazepines are also the essential basis for their other effects and that, once we 
know the mechanism of the anticonvulsant activity, we may also begin to understand 
the molecular and cellular basis of their psychotropic effects. 

The literature on the anticonvulsant actions ofbenzodiazepines is considerable. It 
does not seem meaningful to consider in this section the very many quantitative data 
obtained with a large number of benzodiazepines in all modifications of tests for an­
ticonvulsant activity. We shall classify the essential findings according to whether they 
were elaborated in acute or chronic models of epilepsy and according to the means 
used to induce epileptiform activity. 

I. Acute Models of Epilepsy 

1. Chemical Convulsants 

Pentetrazole (Pentylenetetrazole, Metrazole). The symptoms occurring after pente­
trazole depend inter alia on the dose and the route and speed of administration. 
Among the various seizure components those most frequently used as experimental 
parameters are clonic and tonic convulsions (of the head, forelimbs, and hindlimbs) 
and death. There are two essentially different ways of assessing the protective effect 
of drugs on chemically induced convulsions. One consists in administering a fixed 
dose of the convulsant to a control and drug-treated group of animals, usually a dose 
found to produce the selected seizure component(s) in all or nearly all animals within 
a given time. The calculated effective or protective dose is that which prevents the ap­
pearance of the selected symptoms in a definite percentage of animals. The other ap­
proach is to determine the drug-induced change of the threshold dose of the convul­
sant. In most experiments this is done by slow intravenous infusion of the convulsant 
until the occurrence of the seizure component. Both principles have their advantages 
and drawbacks. One advantage of the second approach is, e.g., the possibility to de­
termine both potency and efficacy of an anticonvulsant. It is important to realize that 
the protective capacity of a drug will depend inter alia on the speed at which the epilep­
tiform activities develop, viz. in a more protracted way after intraperitoneal or sub-
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Table 5. EDso values (mg· kg- 1 p.o.) for some benzodiazepines in four routine screening tests 
used in the authors' laboratories. Rotarod and antipentetrazole activity were evaluated as 
described by BLUM et al. (1973) 

Drug Rotarod Chimney Pentetrazole 3-Mercaptopropionic acid 

Diazepam 2.9 2.6 2.2 1.4 
Bromazepam 0.37 0.34 0.49 0.78 
Flunitrazepam 0.07 0.09 0.05 0.05 
Medazepam 9 8 6.1 12.7 
Triazolam 0.08 0.12 0.13 0.06 
Estazolam 1.2 1.1 0.57 0.36 
Midazolam 0.43 0.57 2.1 2.2 

cutaneous administration, and very quickly after intravenous infusion. We prefer the 
latter method, in the modification described by BLUM et aI. (1973), because it gave re­
producible results over many years. 

The early results reported by RANDALL et aI. (1960, 1961, 1965 a) in mice chal­
lenged with 125 mg' kg- 1 pentetrazole s.c. clearly demonstrated the high potency of 
chlordiazepoxide, diazepam, and nitrazepam compared with other clinically used 
antiepileptics and meprobamate. In an extensive study SWINYARD and CASTELLION 
(1966) compared a series ofbenzodiazepines for their protective effect against a fixed 
dose of pentetrazole (85 mg' kg -I s.c.) as well as for their ability to increase the intra­
venous threshold dose of the convulsant. Clonazepam was found by SWINYARD and 
CASTELLION (1966) to be particularly potent as an anticonvulsant, an observation 
which was essentially confirmed by other investigators (LECHAT et aI., 1970; 
D'ARMAGNAC et aI., 1971; BLUM et aI., 1973). Oxazepam was found by GLUCKMAN 
(1965) to be virtually as potent as diazepam. COUTINHO et al. (1969, 1970) and MAR­
CUCCI et aI. (1968 a, b, 1970, 1971, 1973) were mainly interested in relating anticonvul­
sant activity with the rate of metabolic degradation of benzodiazepines; differences 
in the duration ofthe antipentetrazole activity were observed by these authors and by 
BANZIGER (1965) and BANERJEE and YEOH (1977) in various animal species. The water­
soluble oxazepam hemisuccinate was studied by BABBINI et al. (1969) and BABBINI and 
TORRIELLI (1972), and various triazolobenzodiazepines were investigated by NAKAJI­
MA et aI. (1971 a) and HESTER et al. (1971). MARCY and QUERMONNE (1975) determined 
in mice the antipentetrazole activity of several benzodiazepines as well as their effect 
on the palmar skin response; from the calculated ratio of the potencies for these two 
parameters, the authors classified various benzodiazepines as either "specifically an­
ticonvulsant" or "sedative." A very high potency against pentetrazole seizures was re­
ported for lorazepam (BRUNAUD and ROCAND, 1972; GLUCKMAN and STEIN, 1978). 
Activities of a series of benzodiazepines and their metabolites were reported by TRA­
VERSA et al. (1977). In Table 5 are listed the potencies of several classical benzo­
diazepines in the intravenous pentetrazole test as used in our laboratories. Results 
from the literature are given in Table 6. Some thienotriazolodiazepines were investi­
gated by JOHNSON and FUNDERBURK (1978). STONE and JAVID (1978) compared a few 
benzodiazepines as antagonists of pentetrazole, bicuculline, picrotoxin, and 3-mer­
captopropionic acid. JUHASZ and DAIRMAN (1977) as well as LIPPA and REGAN (1977) 
administered 2 mg' kg-I p.o. diazepam daily for 4 or 7 days, respectively, and found 
that no tolerance developed to the antipentetrazole activity of benzodiazepine. How-
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Table 6. ED 50 values (mg· kg - 1) for various benzodiazepines obtained in horizontal wire, 
rotarod, and antipentetrazole tests 

Drug Traction test" Rotarod" Antipentetrazole test" 

Diazepam 1.6 [1] 4.4 [1] 1.7 [1] 
29 [2] 3.4 [2] 1.4 [2] 
2.3 [6] 15 [4] 1.2 [3] 

16.9 [10] 30 [11] 1.6 [11] 
25 [11] 2.1 [6] 0.76 [6] 
7 [12J i.p. 7 [7J 1.4 [7J 
4 [13J i.p. 5.3 [10] 0.8 [12J i.p. 

Chlordiazepoxide 3 [lJ 13 [lJ 5 [lJ 
14 [5J 95 [4J 16.5 [3J 
58.5 [1OJ 14.2 [10] 10 [l1J 
75 [l1J 200 [l1J 

Oxazepam 8.5 [lJ 9.5 [1] 1.7 [1 J 
13 [13] i.p. 

Medazepam 25 [lJ 5 [1J 4.5 [lJ 
8 [6J 18.5 [6J 3.1 [6] 

250 [l1J 400 [l1J 5 [11] 

Lorazepam 2.5 [1J 0.4 [lJ 0.07 [1J 

Clonazepam 16 [2] 0.3 [2J 0.15 [2] 

Nimetazepam 1.4 [4J 0.18 [4J 

Flurazepam 3 [8J 6 [9] 2 [9J 

Temazepam 40 [l1J 50 [11] 6.4 [l1J 
4 [13] i.p. 

Triazolam 0.6 [12] i.p. 0.04 [12J i.p. 

a The values were obtained after oral administration except those indicated. Antipentetrazole 
activity was examined in various modifications of pentetrazole-induced seizures (see Sect. K.) 

[1] BRUNAUD and ROCAND (1972) [8] BABBINI et al. (1975) 
[2] BLUM et al. (1973) [9] RANDALL and KAPPEL (1973) 
[3] ROBICHAUD et al. (1970) [1OJ NAKANISHI et al. (1972) 
[4J SAKAI et al. (1972) [11J FERRINI et al. (1974) 
[5J FERNANDEZ-ToME et al. (1975) [12J RUDZIK et al. (1973) 
[6] ASAMI et al. (1975) [13J GALL et al. (1978) 
[7J KAMIOKA et al. (1972) 

ever, both groups of investigators reported that the antistrychnine and antibicuculline 
activity of diazepam declined after this subchronic treatment schedule. A comparison 
of the potencies of several benzodiazepines as inhibitors of 3H -diazepam binding in 
rat brain synaptosomes and as antagonists of pentetrazole in mice was made by MA­

LlCK and ENNA (1979). 
Antipentetrazole activities of various benzodiazepines in the rat were reported by 

BANZIGER (1965), MARCUCCI et al. (1968 a), BANERJEE and YEOH (1977), MATTHEWS 

and MCCAFFERTY (1979), in the rabbit by BANZIGER (1965), and in the guinea pig by 
MARCUCCI et al. (1971 a). In rats, KLEINROK et al. (1977) found that the antipente­
trazole action of chlordiazepoxide, diazepam, oxazepam, and nitrazepam was en­
hanced by 5-HTP, 5-methoxytryptamine (combined with pargyline), or fenfluramine. 
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An interesting comparative study of 14 different benzodiazepines in the rat and the 
mouse antipentetrazole was published by DESMEDT et ai. (1976) and NIEMEGEERS and 
LEWI (1979); the EDso values for the various seizure components of these tests were 
listed together with those for the maximal electroshock test as well as for some tests 
indicative of muscle relaxation, motor incoordination and sedation. Using these activ­
ity profiles a spectral map of 49 anticonvulsants was constructed. The benzo­
diazepines are clearly separated from four other classes of anticonvulsants and, among 
themselves, are divided into three groups. Unfortunately, it is difficult, in the absence 
of corresponding data from man, to evaluate the relevance of the interesting differ­
ences elaborated in this sophisticated analysis. 

CUNCKE and WAUQUIER (1979) administered pentetrazole in a subconvulsive dose 
(40 mg' kg -I s.c.) 30 min before retesting rats which had been trained 24 h before in 
a single session to remain on a platform located above an electrifiable grid to avoid 
an electric shock. Pentetrazole reduced the latency to step down in this passive avoid­
ance situation. Clonazepam (0.04--0.63 mg' kg-I i.p.), as well as ethosuximide and 
trimethadione, antagonized the retention impairment of passive avoidance, whereas 
other antiepileptics were ineffective. CLINCKE and WAUQUIER (1979) concluded that 
the impaired information processing occurring after subconvulsive doses of pente­
trazole was similar to the retrograde amnesia in petit mal absence, and that this pas­
sive avoidance paradigm discriminated effective anti-absence compounds from other 
antiepileptics. 

Bicuculline. The GABA antagonist, bicuculline, has been used in mice and rats 
with similar methods as described for pentetrazole. Bicuculline is a much more potent 
convulsant than pentetrazole; the symptoms induced by the two convulsants are very 
similar. The anti-bicuculline effect of various benzodiazepines was described by BLUM 
etai. (1973), SCHLOssERetai. (1973), HAEFELYetai. (1975b), DINGLEDINE et ai. (1978), 
STONE and JAVID (1978), WORMS et aI. (1979), BUCKETT (1980), and MATTHEWS and 
MCCAFFERTY (1979). There is agreement among the investigators that higher doses of 
benzodiazepines are required to obtain a similar degree of protection (or shift of the 
convulsive dose-response curve, respectively) against bicuculline than against pente­
trazole. This finding by itself cannot be used as an argument in favor or against the 
concept that GABAergic mechanisms are primarily involved in the anticonvulsant ac­
tion of benzodiazepines; indeed, the mode of action of pentetrazole in producing sei­
zures is still not clear in spite of much experimental efforts, although an interaction 
with GABA-mediated synaptic processes (GABA release?, chloride conductivity?) 
seems to be at least partially involved. It is quite possible that the processes of GA­
BAergic inhibition, which are blocked by pentetrazole, are more easily overcome by 
benzodiazepines than the blockade of GABA receptors produced by bicuculline. 

According to JUHASZ and DAIRMAN (1977) and LIPPA and REGAN (1977) the daily 
administration of diazepam (2 mg' kg-I p.o.) to mice for 4 and 7 days, respectively, 
produced a tolerance to the antibicuculline (and antistrychnine) activity, but not to 
the antipentetrazole activity. 

Picrotoxin. Picrotoxin, like bicuculline, inhibits the effects of GABA. However, 
whereas bicuculline most probably acts at or near the GAB A recognition site of the 
GABA receptor-chloride ionophore complex, picrotoxin is more likely to affect the 
chloride channel directly (TICKU et aI., 1978). Various benzodiazepines were found to 
protect mice, rats, and chicks from convulsions induced by picrotoxin in roughly the 
same doses as those found to be active against bicuculline (COSTA et aI., 1975a; MAO 
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Table 7. Protection from convulsions induced in mice by 
thiosemicarbazide. (From MARKOVICH and OSTROVSKAYA, 
1977) 

Drug 

Clonazepam 
Lorazepam 
Diazepam 
Medazepam 
Phenobarbitone 
Diphenylhydantoin 

EDso, mg· kg- 1 p.o. 

0.009 (0.005-0.014) 
0.034 (0.026-0.044) 
0.45 (0.37-0.54) 
1.8 (1.24--2.6) 

15.5 (11.9-20.15) 
No effect below lOOmg.kg- 1 

et aI., 1975a; HORTON et aI., 1976; SOUBRIE and SIMON, 1978; STONE and JAVID, 1978). 
Intrastriatal injection of several benzodiazepines delayed and reduced the forelimb 
myoclonus induced in rats by the microinjection of picrotoxin into the anterior cau­
date nucleus (JENNER et aI., 1979). 

Naloxone. This "pure" opiate antagonist (in the sense that it has no opiate agon­
istic activity) produces convulsive seizures in very high doses. Diazepam protected 
mice from naloxone-induced convulsions (DINGLEDINE et aI., 1978). This and the in­
terference of naloxone with specific GABA binding was taken by the authors as an 
indication for a GABA receptor blocking activity of naloxone (in much higher con­
centrations than required to block opiate receptors). 

Inhibitors of the Biosynthesis of GABA. Benzodiazepines were found to be quite 
effective against seizures induced in rats by isoniacid, which depletes endogenous GA­
BA by inhibiting glutamic acid decarboxylase (GAD) (MAO et aI., 1975a; COSTA et 
aI., 1975b; WOOD et aI., 1979). 

The more selective action of benzodiazepines against seizures induced by isoniacid 
than by other convulsants as compared with phenobarbitone, which was claimed by 
MAO et aI. (1975a) and COSTA et aI. (1975b), was not confirmed by LEMBECK and 
BEUBLER (1977) in mice. 

Convulsive seizures induced in mice by a related GAD inhibitor, thiosemicar­
bazide, were also potently antagonized by benzodiazepines (HAEFELY et aI., 1975; 
MARKOVICH and OSTROVSKAYA, 1977). EDso values reported by the latter authors for 
four benzodiazepines, phenobarbitone, and diphenylhydantoin, are listed in Table 7. 
THIEBOT et al. (1979) reduced the convulsive threshold dose of picrotoxin in rats by 
the previous intraperitoneal administration of 64 mg' kg - I thiosemicarbazide; diaze­
pam (4 mg' kg -1 i. p.) elevated the threshold dose of picrotoxin in control rats as well 
as in thiosemicarbazide-primed rats. 

Convulsions occur with a very short latency after 3-mercaptopropionic acid (3-
MPA) as compared with the other GAD inhibitors (HORTON and MELDRUM, 1973; 
KARLSSON et aI., 1974). Diazepam and flunitrazepam (HAEFELY et aI., 1975b) and 
many other benzodiazepines (unpublished data from our laboratories, see Table 5) 
prevented seizures and mortality induced by 3-MPA in mice at almost identical doses 
as they were found active against pentetrazole. STONE and JAVID (1978), using a dif­
ferent method, found chlordiazepoxide, diazepam, and nitrazepam less effective on 3-
MPA-induced seizures than on those induced by pentetrazole. On the other hand, 
L6sCHER (1979), comparing diazepam with a number of conventional anticonvulsant 
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drugs (phenobarbitone ethosuximide, trimethadione, carbamazepine, phenytoin) in 
mice, found that diazepam was most effective against 3-MPA, its ED 50 being identical 
to that against pentetrazole. 

Administration of another GAD inhibitor, allylglycine (200 mg· kg -I i. v.) enhan­
ces photically-induced epileptic responses in baboons (Papio papio) for a period of 
6-10 h. Diazepam (0.5-1.5 mg· kg- I i.v.) was highly effective against these facilitated 
myoclonic responses (MELDRUM et aI., 1975). AsHTON and WAUQUIER (1979b) studied 
a large number of anticonvulsants in rats in which seizures were induced by the i.v. 
injection of D, L-allylglycine. Clonazepam was the most potent drug. Trimethadione, 
ethosuximide, and meprobamate were inactive. 

Bemegride. In mice, convulsive seizures induced by bemegride (30 mg· kg- I s.c.) 
were antagonized with about the same potency (ED 50 at 1 h '" 0.3 mg· kg -I p.o. -
ED50 at 24 h'" 1.5-3 mg· kg- I p.o.) by cloxazolam and diazepam (KAMIOKA et aI., 
1972). Bemegride injected intravenously (4-9 mg· kg-I) elicited tonic-clonic convul­
sions in freely moving cats; diazepam (2 mg· kg -I s.c.) raised the bemegride threshold 
by more than 250% in cats (VAN DUJIN and VISSER, 1972). Seizures induced in rats 
by this convulsant analeptic were prevented by diazepam (SOUBRIE and SIMON, 1978). 
In gerbils, bemegride antagonized diazepam-cued behavior (JOHANSSON and JAERBE, 
1975). 

Ouabain. Ouabain injected in a small volume into the cerebral ventricles of rats 
induces running and leaping fits (when the drug is mainly concentrated in the hippo­
campus) and generalized clonic-tonic convulsions after higher volumes (when the 
drug also reaches the cerebellum and brain stem). Clonazepam protected rats from 
generalized clonic-tonic seizures (DAVIDSON et aI., 1978). PETSCHE and RApPELSBER­
GER (1970) induced focal cortical epilepsy in the rabbit by local application of ouabain 
on the cortical surface and recorded the electrical activity of the cortex and move­
ments of the head and the contralateral body side. They obtained a status epilepticus 
lasting about 5 h, characterized by periods of cortical wave activity and the irregular 
appearance of myoclonic and generalized clonic-tonic seizures. Clonazepam sup­
pressed seizures and myocloni at the dose of 0.25 mg· kg- I i.v. Doubling the dose re­
sulted additionally in a reduction of paroxysmal cortical activity (reduction of the am­
plitude of waves, prolongation of inter burst intervals, and marked suppression oflat­
eral and perpendicular propagation, while the focal activity in the deeper cortical layer 
was least affected). 

Local Anesthetics. High parenteral doses oflocal anesthetics are well known to in­
duce seizures; the mechanism of action is uncertain. EIDELBERG et ai. (1963, 1965) were 
able to protect rats from convulsions induced by 60 mg· kg - I cocaine i. p. with chlor­
diazepoxide, diazepam, clonazepam, and flunitrazepam; interestingly, tonic-clonic 
seizures by cocaine could also be prevented by previous destruction of both amyg­
dalae by electrocoagulation. Similar results were obtained by ALDRETE and DANIEL 
(1971) with diazepam against convulsions induced by procaine, tetracaine, or lido­
caine. Diazepam was found to prevent muscular rigidity and convulsions induced in 
cats by procaine and lidocaine (FEINSTEIN et aI., 1970). Clonazepam increased the 
threshold dose of lidocaine for induction of paroxysmal EEG activity in the amyg­
dala, hippocampus, and cerebral cortex of rabbits (GOOOLAK et aI., 1973). 

In Rhesus monkeys, paroxysmal cortical and subcortical EEG activity induced by 
intravenous infusion of lidocaine, mepivacaine, and bupivacaine was rapidly termi-
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nated by intravenous bolus injection of 0.1 mg· kg -I diazepam (MUNSON and W AG­
MAN, 1972). Similar effects were obtained with diazepam in convulsions induced in 
cats and monkeys (DE JONG and HEAVNER, 1973, 1974a, b). MAEKAWA et ai. (1974) 
found in the dog that diazepam, which by itself reduced cerebral metabolism, pre­
vented the increase of cerebral metabolism and the changes in cerebral circulation in­
duced by high doses of lidocaine. 

Penicillin. Penicillin reduces inhibitory GABAergic synaptic transmission proba­
bly at a postsynaptic (MACON and KING, 1979; ANTONIADIS et aI., 1980) as well as at 
a presynaptic (CUTLER and YOUNG, 1979) site. In hippocampal slices penicillin-induc­
ed disinhibition resulted in dendritic burst firing and associated membrane depolariz­
ation shifts of pyramidal cells, which may be a first step in epileptogenesis (WONG and 
PRINCE, 1979). 

DI Rocco et ai. (1974) studied the effect of clonazepam in rabbits. Penicillin was 
injected stereotaxically in the anterior part of the amygdala; this elicited within 20-
150 s paroxysmal EEG activity in the amygdala, which then spread to other struc­
tures. Clonazepam 0.1-0.25 mg· kg - I i. v. markedly reduced the spread of primary 
epileptiform discharges but only slightly affected the focal activity in the amygdala. 

In cats anesthetized with pentobarbitone, SHARER and KUTT (1971) elicited focal 
cortical seizures by placing aqueous penicillin G on the anterior ectosylvian gyrus; 
diazepam infused intravenously at 0.25 mg· kg - I decreased or abolished the spread 
of seizure discharges and also peripheral jerking, except in cats with foci produced by 
large amounts of penicillin. The cortical spike activity was never abolished, but was 
reduced in some instances with large doses of diazepam (1-2.4 mg· kg-I). In another 
type of acute preparation (cat anesthetized with halothane and then immobilized with 
gallamine), lower doses of diazepam were sufficient to counteract electrical afterdis­
charges induced by intracortical application of penicillin; these investigators conclud­
ed that their preparation was a very sensitive indicator of the anticonvulsant effects 
of diazepam (STARK et aI., 1974). 

WEIHRAUCH et ai. (1976) recorded paroxysmal EEG changes and convulsive seizu­
res occurring in rabbits after the intravenous infusion of 2.4 mg· kg - I benzylpenicillin 
over 50 min. Neither diazepam nor diphenylhydantoin reduced the amplitude or 
frequency of cortical spike potentials; however, diazepam (but not diphenylhydanto­
in) prevented the development of generalized convulsions in all animals. 

Acute short-lasting epileptiform foci were induced in urethane-anesthetized rats 
by the local injection of benzylpenicillin into the cortex; both diazepam and diphenyl­
hydantoin reduced the amplitude of spikes within the focus and, even more markedly, 
the amplitude of propagated spikes (GARTSIDE, 1978). 

EDMONDS et ai. (1974) injected minute quantities of penicillin into discrete in­
tracortical sites in freely moving rats, studying the time course and extent of the 
penicillin-induced cortical paroxysmal activity. Diazepam (15-30 mg· kg - I p.o.) was 
virtually ineffective, though eliciting slight ataxia in some animals at the highest dose 
used. EDMONDS et ai. (1974) concluded that the therapeutic index of diazepam against 
penicillin-induced seizures in freely moving rats was very low. 

Strychnine. Strychnine, although the best glycine antagonist presently available, 
seems to induce convulsions primarily by an action unrelated to glycine. The epilep­
tiform syndrome evoked by strychnine differs in several respects from that seen after 
most other convulsants. 
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Antistrychnine activity is considered by many neuropharmacologists to reflect a 
muscle relaxant rather than an antiepileptic property. 

Convulsions induced by strychnine in mice are reduced or prevented by benzo­
diazepines. The results of all investigators (RANDALL et aI., 1960; MUSTALA and PENT­
TIL~., 1962; LECHAT et aI., 1970; BLUM et aI., 1973; LEMBECK and BEUBLER, 1977; Sou­
BRIE and SIMON, 1978; DINGLEDINE et aI., 1978; WORMS et aI., 1979) indicate more or 
less clearly that protective doses of benzodiazepines for strychnine-induced convul­
sions are higher than for seizures induced by other agents. Moreover, in our hands, 
the anti strychnine effect of benzodiazepines is much less reproducible than its antag­
onism of other convulsants. In the rat, diazepam intravenously was only one-tenth as 
potent against strychnine as against pentetrazole-induced seizures (MATTHEWS and 
MCCAFFERTY, 1979). GIUNTA et aI. (1970) found clonazepam surprisingly potent in 
increasing the threshold dose of strychnine for the induction of cortical paroxysmal 
activity in rabbits and cats. EEG spiking and convulsions ofthe Jacksonian type were 
induced in rabbits by topical application of strychnine on the sensorimotor cortex 
(SCOTTI DE CAROLIS and LONGO, 1967) and were blocked by intravenous injections of 
chlordiazepoxide, diazepam, and oxazepam in doses from 2 to 10 mg . kg - 1. After dai­
lyadministration of diazepam (2 mg· kg- 1 p.o.) to mice for 4 and 7 days, respec­
tively, tolerance was observed to occur for the antistrychnine (and antibicuculline) ac­
tivity of diazepam, but not for its antipentetrazole activity (JUHASZ and DAIRMAN, 
1977; LIPPA and REGAN, 1977). 

Acetylcholine, Carbachol. HERNANDEZ-PEON et aI. (1964) applied minute crystals 
of acetylcholine or carbachol together with physostigmine to the amygdala, the mid­
brain, or the nucleus habenularis lateralis of unanesthetized, unrestrained cats; the re­
sulting generalized seizures were markedly attenuated by diazepam. 

Anticholinesterases. Convulsive seizure activity induced in monkeys by the intra­
muscular injection of soman was terminated and the paroxysmal EEG activity sup­
pressed by the intravenous injection of diazepam, clonazepam, or nitrazepam. When 
given prior to soman, these benzodiazepines prevented seizures (LIPP, 1972, 1973, 
1974). Atropine had no protective activity, indicating that central nicotinic receptors 
must be involved in the initiation of seizures. 

Nicotine. Topical application of nicotine on the sensorimotor cortex of rabbits in­
duced Jacksonian-type convulsions which were blocked by chlordiazepoxide, diaze­
pam, and oxazepam (SCOTTI DE CAROLIS and LONGO, 1967). 

Morphine. Similar results as with nicotine-induced convulsions were obtained by 
SCOTTI DE CAROLIS and LONGO (1967) with chlordiazepoxide, diazepam, and oxaze­
pam on seizures induced by topical application of morphine in rabbits. 

Kainic Acid. Kainic acid injected locally into the brain destroys cell bodies but 
spares axons and axon endings in the injected area. Injection of 2 Ilg kainic acid into 
the rat hippocampus results, upon awakening from anesthesia, in a period of abnor­
mal behavior consisting of dystonic posture, hyperactivity, and episodic clonic con­
vulsions. Diazepam, like phenobarbitone and carbamazepine, prevented the appear­
ance of generalized convulsions; however, it failed to affect kainic acid-induced hy­
peractivity (ZACZEK et aI., 1978). 

y-Hydroxybutyrate. The EEG and behavioral effects induced by y-hydroxy­
butyrate in Macaca mulatta have been proposed by SNEAD (1978) as an animal model 
of petit mal epilepsy. Ethosuximide and clonazepam normalized and diazepam mar-
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ginally improved the EEG changes, while phenobarbitone was ineffective. However, 
the myoclonic jerks induced by y-hydroxybutyrate were abolished by ethosuximide, 
significantly improved by diazepam, and worsened by clonazepam. Clinically, 
clonazepam has occasionally been observed to exacerbate myoclonic activity in atypi­
cal absence seizures. The different profile of activity of the two benzodiazepines, 
clonazepam and diazepam, in this animal model indicates that small qualitative dif­
ferences may be clinically quite relevant and that the various derivatives do not differ 
from one another merely by properties such as potency and pharmacokinetics but also 
by their pharmacologic profile. 

Barbiturate Withdrawal. Rats made physically dependent on barbiturates develop 
upon withdrawal a syndrome consisting of weight loss, increased susceptibility to 
sound-induced convulsions, and the occasional appearance of spontaneous convul­
sive seizures. The withdrawal syndrome could be prevented by chlordiazepoxide, 
meprobamate, primidone, and diphenylhydantoin; ethosuximide reduced the severity 
of seizures (NORTON, 1970). 

Imipramine. High doses of imipramine induce convulsions and death in male Wis­
tar rats. The LD90 (1l2mg·kg- 1 i.p.) was used to study its prevention by drugs. 
Doses protecting 50% of the animals from convulsions were 0.32 mg· kg -I diazepam 
and 17.6 mg· kg - 1 phenobarbitone i.p.; diphenylhydantoin was ineffective (BEAUBIEN 
et aI., 1976). 

Convulsant Benzodiazepine, Ro 5-3663. This compound at the dose of 30 mg· kg-I 
i. p. precipitated convulsions in all injected mice. Diazepam protected the animals with 
an ED 50 of 1.5 mg· kg -I p.o. (SCHLOSSER et aI., 1973). The GAB A antagonistic prop­
erty of the compound suggested by FRANCO and SCHLOSSER (1978), GELLER (1979), 
SCHLOSSER and FRANCO (1979b), O'BRIEN and SPRIT (1980) was shown to be of the 
mixed competitive-noncompetitive type (SCHAFFNER et aI., 1979). 

Hyperbaric Oxygen. Oxygen at high pressure induces convulsions. Diazepam re­
duced these convulsions in the rabbit (TOTH et aI., 1969) and in mice (LEMBECK and 
BEUBLER, 1977), where it was more potent than phenobarbitone and baclofen. Con­
vulsions induced by high oxygen/helium pressure (90 AT A) in rats were prevented by 
diazepam, and the symptoms of "high pressure nervous syndrome" were reduced 
(GRAN et aI., 1980). 

DL-m-Fluorotyrosine. This amino acid induces convulsions and death in mice. It 
was originally suggested to act through changes in catecholamine metabolism, but it 
now seems more likely that its metabolite, fluoroacetate, is the convulsant agent. 
Chlordiazepoxide in high doses antagonized the seizures induced by DL-m­
fluorotyrosine (WEISSMAN and KOE, 1967). 

2,4-Dimethyl-5-Hydroxymethylpyrimidin (DHMP). DHMP, which shows some 
structural relationship to barbiturates, induces convulsions in mice at the dose of 
10 mg· kg-I i.p. The oral ED50 for protective activity was 0.73 mg· kg-I for clonaze­
pam, 3.4 mg· kg-I for diazepam, and 27 mg· kg-I for chlordiazepoxide, 63 mg· kg-I 
for phenobarbitone, and 770 mg· kg -I for trimethadione; diphenylhydantoin was in­
effective at 800 mg· kg -I (BANZIGER and HANE, 1967). 

Flurothyl. Chlordiazepoxide (1.25 mg· kg-I i.p.) and diazepam (0.125 mg· kg-I 
i.p.) prevented tonic seizures in mice following an intravenous dose of 0.05 ml 1 % 
flufothyl in polyethyleneglycol (BOISSIER et aI., 1968). 
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Caffeine. MARANGOS et aI. (1979a, b) mentioned preliminary results showing that 
benzodiazepines antagonize caffeine-induced seizures in animals. These findings were 
considered to support the view that benzodiazepines act at a receptor for endogenous 
purine derivatives (see Sect. Z,XII). 

DDT. The insecticide DDT [l,I,I,-trichloro-2,2-bis(p-chlorophenyl)ethane] pro­
duces stimulus-sensitive myoclonic movements in mice. Clonazepam reduced DDT­
induced myoclonus by 50% with 2 mg' kg-I i.p. The 5-HT receptor blockers meth­
ysergide, metergoline, and cinanserin reduced and the inhibitors of 5-HT-uptake, 
fluoxetine and chlorimipramine, potentiated the antimyoclonic effect of clonazepam 
(CHUNG HWANG and VAN WOERT, 1979). 

Tetanus Toxin. Diazepam was the most potent of a number of drugs in preventing 
seizures and increasing survival rate of mice injected subcutaneously with tetanus 
toxin (HUCK, 1979). 

2. Electroconvulsive Shock 

Of the many modifications of electroshock-induced convulsions (SWINYARD, 1972), 
the antagonism of maximal electroshock seizures (MES) in mice is used most fre­
quently. A short train of high frequency a.c. or d.c. current pulses is applied, usually 
through corneal electrodes, at a supramaximal current strength for the induction of 
a tonic extensor spasm and loss of consciousness; a varying percentage of mice die 
within 10 min after the seizure. Modifications less frequently used are (a) the so-called 
minimum electroshock seizure test, in which a current is applied that induces clonic 
seizures of the head, movements of the vibrissae, but no loss of consciousness or tonic 
extension; (b) the so-called low-frequency electroshock test (described by SWINYARD 
and CASTELLION, 1966); and (c) the determination of electroshock threshold in the cat 
(BLUM et aI., 1973). 

Benzodiazepines were found to be active in the MES test on the mouse by various 
authors (RANDALL et aI., 1960, 1961, 1965a; BANZIGER, 1965; GLUCKMAN, 1965; 
KLUPP and KAHLING, 1965; SWINYARD and CASTELLION, 1966; FOURNADJEV et aI., 
1968; D'ARMAGNAC et aI., 1971; DOBRESCU and COEUGNIET, 1971; BARZAGHI et aI., 
1973; BLUM et aI., 1973; JEPPSSON and LJUNGBERG, 1975; JOHNSON and FUNDERBURK, 
1978; GLUCKMAN and STEIN, 1978; NIEMEGEERS and LEWI, 1979). The active doses de­
termined by these investigators (Table 8) vary enormously, especially for clonazepam 
(SWINYARD and CASTELLION, 1966; BANZIGER and HANE, 1967; LECHAT et aI., 1970; 
BLUM et aI., 1973). In view of these discrepancies, it did not seem reasonable to discuss 
the relative potencies of benzodiazepines in the MES test. However, the wealth of 
values reported in the literature clearly indicates that the doses required to prevent 
maximal electroshock seizures are substantially higher than the protective doses for 
convulsions induced by most of the chemical agents. NIEMEGEERS and LEWI (1979) pre­
sented data of a comparative .study in the mouse of 14 benzodiazepine derivatives, 
which clearly show that the EDso in the MES test were without exception higher than 
the doses producing ataxia and 10-20 times higher than the EDso for antipentetrazole 
activity. Similar conclusions can also be drawn from data of different investigators re­
viewed by REINHARD and REINHARD (1977). 
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Table 8. ED50 values (mg.kg- 1 p.o.) for various benzodiazepines in the "inclined screen," 
"maximal electroshock seizure," and "foot shock-induced fighting" tests 

Drug Inclined screen Maximal electroshock Foot shock-induced fighting 
seizure 

Nitrazepam 15 [1] 31 [lJ 5 [1] 
8.3 [8] 26 [8J 25 [8] 
5.8 [9] 

Chlordiazepoxide 100 [2] 10.7 [5] 40 [2] 
40* [5] 29 [2] 20* [4] 
82 [7J 49 [7] 17 [7] 
92 [8] 30 [8] 50 [8] 

220 [9] 32 [11] 12.5 [11] 
250 [11] 

32.3 [12] 

Diazepam 25 [3] 21 [4] 10 [3J 
10* [5] 3.1 [5J 4 [7] 

39 [7] 6.4 [3] 30 [8] 
50 [8] 14 [7] 2.8 [11] 
44 [9] 11.5 [8] 
10 [10] 6.5 [tOJ 

120 [11] 

Medazepam 125 [2] 37 [2J 40 [2] 

Oxazepam 225 [3] 28.5 [3] 40 [3] 
40* [5] 4.6 [5] 

Flurazepam 200 [6] 75 [6] 20 [6] 
400 [8] 85 [8] 50 [8] 

Prazepam 74 [7] 24 [7] 13 [7] 

Nimetazepam 6.3 [8] 15 [8] 5.2 [8] 

Triflubazam 50 [11] 12.5 [11] 9[11] 
(1,5 benzodiazepine) 

The values are ED50 as reported in the quoted papers (the values marked with an asterisk 
are EDlOO). 
[IJ RANDALL et al. (1965a) 
[2] RANDALL et al. (1968) 
[3J RANDALL et al. (1965b) 
[4] RANDALL et al. (1970) 
[5] Kwpp and KAHLING (1965) 
[6] RANDALL et al. (1969) 

[7] ROBICHAUD et al. (1970) 
[8] SAKAI et al. (1972) 
[9] NAKAJIMA et al. (1971) 

[10] KAMIOKA et al. (1972) 
[11] HEILMAN et al. (1974) 
[12J ROBICHAUD and GOLDBERG (1974) 

BANZIGER (1965), investigating chlordiazepoxide and diazepam in the MES test in 
mice, rats, and cats, found both compounds to have the shortest duration of action 
in the rat. Chlordiazepoxide was more potent than diazepam in the rat. 

Chlordiazepoxide was observed by SOFIA and BARRY (1977) to increase the elec­
troshock seizure threshold by 20% in mice at 10 mg· kg -), which was an inactive dose 
in the MES test. The protective action of chlordiazepoxide against maximal elec­
troshock seizures in mice was markedly reduced by reserpine and the benzoquinol-
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izine Ro 4-1284, but not by a-methyltyrosine and a-methyldopa (MENNEAR and RUD­
ZIK, 1966); D-amphetamine, a-methyldopa and 5-hydroxytryptophan reversed the ef­
fect of reserpine. 

The dose of clonazepam which increased the electroshock seizure threshold in the 
cat by 50% was determined as 0.84 mg· kg - 1 p.o.; equieffective doses were 21 mg . kg - 1 

for phenobarbitone, 10.6 mg· kg- 1 for diphenylhydantoin, and 2 mg· kg- 1 for car­
bamazepine (BLUM et aI., 1973). 

3. Sensory Epilepsy (Audiogenic Seizures) 

In specially inbred strains of mice an auditory stimulus with a defined frequency and 
intensity elicits a sequence of seizures from clonic to tonic convulsions, culminating 
in death (LEHMANN, 1964). Different benzodiazepines have been tested in this model, 
such as chlordiazepoxide (EDso 4.4 mg· kg-I p.o.), diazepam (EDso'" 1.5 mg· kg-I 
p.o.), prazepam (EDso 1.7 mg· kg-I p.o.) (ROBICHAUD et aI., 1970), and nitrazepam 
(EDso 0.14 mg· kg-I i.p.) (COLLINS and HORLINGTON, 1969). For sensory epilepsy see 
also under K, II.3). 

4. Spiking Activity Induced by Cortical Freezing 

Spiking activity was induced in gallamine-immobilized cats by application of a 
dichlorodifluoromethane spray to the pial surface of gyrus posterior lateralis until 
whitening of the underlying cortex. Diazepam suppressed spiking activity (frequency 
and amplitude) in a dose-related manner (0.25-0.5 mg· kg-I i.v.) (HORI et aI., 1979). 

ll. Chronic Models of Epilepsy 

In order to improve the relevance of animal tests for the prediction of efficacy in hu­
man forms of epilepsy, which are mostly chronic diseases, several techniques have 
been developed to produce chronically epileptic animals. Benzodiazepines have been 
studied in some of these models. 

1. Rats 

Repeated stimulation of discrete brain areas with electric pulses that are not sufficient­
ly strong to induce seizures in naive animals, results after a certain time in the appear­
ance of persistent or periodic paroxysmal activities. This progressive induction is 
called "kindling effect." RACINE et ai. (1975) found that diazepam in doses of 0.5-
1 mg· kg-I i.p. delayed or blocked the kindling effect when repeated stimulation was 
in the amygdala, and blocked the generalized component of seizures when the electro­
des were in the anterior neocortex (RACINE et aI., 1979). Onset of kindling was, how­
ever, reported to be delayed by diazepam (6 mg· kg-I p.o.) without effect on clonic 
convulsions, when the site of stimulation was in the frontal cortex (GOFF et aI., 1978). 
In some contrast to these findings are those of BABINGTON and WEDEKING (1973), who 
found chlordiazepoxide, diazepam, and oxazepam equally active against seizures in 
amygdaloid and sensory motor cortex kindled rats; these benzodiazepines were the 
most potent drugs tested. ASHTON and WAUQUIER (1979a) examined the effect of 15 
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anticonvulsants in amygdaloid kindled rats; clonazepam, diazepam, and chlordiazep­
oxide were by far the most potent compounds (ED 50 between 0.28 and 0.86 mg· kg-I 
i.p.). Similar results were obtained by ALBERTSON et ai. (1980) in a systematic study 
of a large series of anticonvulsants. They found clonazepam to be not only more po­
tent than diazepam, but also more selective in diminishing the spread of afterdis­
charges to the cortex. 

2. Cats 

GUERRERO-FIGUEROA et ai. (1967, 1968, 1969 a, b) induced "chronic" epilepsy by local 
implantation of aluminum oxide, penicillin, or cobalt into different brain regions. 
They observed the clinical signs of epileptic activity, recorded EEG activity and stud­
ied locally evoked potentials in unaffected structures as well as in primary and second­
ary foci. Diazepam and clonazepam depressed the spread of primary epileptiform dis­
charges without producing significant changes of the epileptiform activity generated 
by the chemical irritants. Diazepam suppressed centrencephalic types of epilepsy (at 
2 mg· kg-I i.v.), but this was associated with complete muscle relaxation and a gross 
behavior of sedation and sometimes sleep. 

In chronically instrumented cats with seizures induced by application of cobalt to 
the anterior suprasylvian gyrus, diazepam (2 mg· kg-I s.c.) not only failed to inhibit 
these seizures but also actually exacerbated them (VAN DUJIN and VISSER, 1 972). 
Clonazepam (0.2 mg· kg -I s.c.) in the same experimental conditions was markedly 
active (VAN DUJIN, 1973). 

3. Monkeys 

Chronic Implantation of a Chemical Irritant. In monkeys (Macaca mulatta) made 
chronically epileptic by application of alumina cream on the cerebral cortex, chlordi­
azepoxide in high doses (5-35 mg· kg-I i.v.) prevented clinical and EEG convulsant 
effects of challenge doses of intramuscular pentetrazole; in normal monkeys the same 
protection was seen against higher doses of pentetrazole (CHUSID and KOPELOFF, 
1962). In a similar model clonazepam effectively reduced focal motor seizures and sec­
ondarily generalized tonic-clonic seizures (LOCKARD et aI., 1979). Diazepam at 
0.05 mg· kg - 1 protected 20% of epileptic monkeys; 0.20 mg· kg -I protected 100% 
(KOPELOFF and CHUSID, 1967). 

In two rhesus monkeys with chemically irritative lesions in the septal region, 
GUERRERO-FIGUEROA et ai. (1969a) observed no effect or only a slight reduction of 
spontaneous epileptiform activity recorded from the primary focus, but a suppression 
of propagated activity after 2-5 mg· kg -I clonazepam or diazepam i. v. 

Sensory Epilepsy (Photosensitive Epilepsy). In man the most common and ac­
cepted form of "reflex" epilepsy is photosensitive epilepsy (NAQUET and MELDRUM, 
1 972). The baboon, Papio papio, obtained from the Casamance region of Senegal, has 
been shown to be a good model of human photosensitive epilepsy, since about 60% 
exhibit paroxysmal EEG and motor responses to flashing light pulsed at frequencies 
of 20-30 s - 1 (KILLAM et aI., 1967; KILLAM, 1979). In a series of investigations (STARK 
et aI., 1970; KILLAM et aI., 1973) with different anticonvulsants, it was observed that 
diazepam, clonazepam, and other benzodiazepines blocked seizures at doses below 
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those effective in muscle relaxation. However, benzodiazepines seemed unable to 
maintain control of seizures with chronic administration of a constant dose; doubling 
the dose usually restored control of seizures, at least temporarily, whereas in some ani­
mals further increase of dose was required later, indicating development of tolerance. 

4. Dogs 

In beagles implanted stereotaxically with electrodes in the right basolateral amygdala, 
kindling seizures began with facial clonus, head nodding, salivation followed by opis­
thotonus, tonic extension of the forelegs and hindlegs, and running seizures, and ter­
minated with wet shaking. Diazepam (2.5 mg' kg-I p.o.) and phenobarbitone 
(10 mg' kg-I p.o.) inhibited all phenomena in each of the three animals tested. 
Clonazepam (0.63 mg' kg-I p.o.) protected two of the three animals against tonic and 
clonic seizures, but was ineffective against facial clonus. Kindling in dogs occurred 
rapidly and, when kindled, animals were susceptible to the development of spon­
taneous seizures and status epilepticus, which in three dogs could not be ameliorated 
by diazepam (W AUQUIER et aI., 1979). 

5. Domestic Fowl 

Autosomal recessive mutation was reported to result in high seizure susceptibility in 
domestic fowl (CRAWFORD, 1970). Intermittent photic stimulation, muscular exertion, 
and heat stress induce grossly abnormal EEG activity (slow-wave, high-voltage activ­
ity and appearance of spiking) and a motor seizure pattern described as grand mal. 
Benzodiazepines were found to be the most potent drugs in reducing susceptibility to 
seizures (JOHNSON et aI., 1979); the model was considered by these authors to have 
great predictability for human grand mal epilepsy. 

III. Conclusions 

Benzodiazepines are the most potent drugs in preventing or interrupting experimental 
epileptiform activity in animals and various forms of epilepsy in man. They are con­
siderably more potent than barbiturates and tranquilizers of the meprobamate type, 
but also more potent than the "pure" antiepileptics such as hydantoins and carba­
mazepine. This potent anticonvulsant property is most pronounced on seizures induc­
ed by chemical agents; higher doses are required for the depression of convulsions in­
duced by electroconvulsive shock. 

The predictive potential of the numerous experimental animal models for the vari­
ous forms of human epilepsy is not simple (MILLICHAP, 1969). Although benzo­
diazepines are generally considered to be the drugs of first choice in the treatment of 
status epilepticus, their therapeutic value in the chronic treatment of grand mal, Jack­
sonian, and temporal lobe epilepsies is less obvious. Most forms of petit mal epilepsy 
seem to be favorably affected by benzodiazepines. As with other antiepileptics, toler-· 
ance to the effect of benzodiazepines tends to develop and may induce or facilitate 
some forms of epilepsy while suppressing other forms. Compared to most other 
antiepileptics, the unwanted side effects of benzodiazepines (drowsiness and ataxia) 
are harmless. 
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The primary mechanism by which chemical convulsants induce paroxysmal 
neuronal activity are only partially understood. With few exceptions, they obviously 
affect synaptic inhibition rather than synaptic excitation. In contrast to the action of 
established GABA antagonists (e.g., bicuculline) and inhibitors of glutamic acid de­
carboxylase (e.g., various hydrazines), that ofpentetrazole and penicillin is still a mat­
ter of controversy, although they certainly affect GABA mechanisms to some degree. 
The differing potencies of benzodiazepines in convulsions produced by the various 
chemical agents have been taken as evidence for or against a GABA-linked pharma­
cologic action of benzodiazepines. For example, the greater protective potency of 
these drugs against convulsions induced by GABA antagonists than against those 
elicited by strychnine, was inferred to reflect a primary interaction of benzodiazepines 
with GABAergic but not with glycinergic transmission (CURTIS et aI., 1976 a). The de­
velopment of tolerance to the antibicuculline, but not to the antipentetrazole activity 
of diazepam, was considered to indicate that the latter effect (and the anticonflict ac­
tivity) was unrelated to a facilitation of GABAergic transmission (JUHASZ and DAIR­
MAN, 1977; LIPPA and REGAN, 1977). Such a simple inference is not well founded. It 
should be realized that apparently similar paroxysmal activities may be generated by 
different attacks on neuronal circuits and that agents interfering with the same neu­
rotransmitter system may produce different clinical seizure symptoms depending, e.g., 
on the speed of action (GABA receptor blockade versus inhibition of glutamate de­
carboxylase) and, hence, different susceptibility to anticonvulsant drug effects. 

The crucial role of synaptic inhibition in epileptogenesis and anticonvulsant activ­
ity is becoming increasingly evident. Most straightforward is the situation in which 
epileptiform activity is induced with agents or procedures that depress GABAergic 
synaptic function. Attenuation or abolition of recurrent inhibition is a highly prob­
able factor in initiating paroxysmal epileptiform activity in single neurons; in cortical 
foci induced by alumina gel a highly significant numerical decrease of GABAergic 
(GAD positive) nerve terminals was described (RIBAK et aI., 1979). In pyramidal cells 
of hippocampal slices, penicillin, by reducing recurrent inhibition, changed the re­
sponse to a single orthodromic stimulus from the normal EPSP (plus single spike)­
IPSP sequence to dendritic burst firing and a depolarization shift which are typical 
events in "epileptic" neurons (WONG and PRINCE, 1979). Once epileptic activity has 
been generated in a pool of neurons by one mechanism or another, the spread to other 
regions and generalization of paroxysmal activity is normally prevented by the power­
ful synaptic inhibitory mechanisms in normal neurons ("surround inhibition," PRINCE 
and WILDER, 1967). 

On the one hand, this well-documented role of synaptic inhibitory (mostly GA­
BAergic) mechanisms in preventing epileptiform activity in single neurons and 
neuronal networks and, on the other hand, the evidence that benzodiazepines facili­
tate GABAergic synaptic transmission (see Sect. X), readily explain the anticonvul­
sant activity of these drugs. Most investigators found benzodiazepines (and other 
antiepileptics) to have no or little effect on paroxysmal activity in primary epileptic 
foci, probably because of morphological or functional lesions in the inhibitory circuits 
within the focus; however, these drugs potently prevent spreading and generalization, 
most probably by enhancing normal inhibitory mechanisms in structures that are not 
primarily affected. In accordance with this reasoning is the anticonvulsant activity of 
agents which increase the GABA content of the brain by inhibition of GABA trans-
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Table 9. Minimum muscle relaxant doses of several benzodiazepines and 
phenobarbitone in the cat 

Drug 

Chlordiazepoxide 
Diazepam 
Medazepam 
Flurazepam 
Nitrazepam 
Clonazepam 
Flunitmzepam 
Bromazepam 
Phenobarbitone 

Minimum effective dose (MED)a,mg.kg- 1 p.o. 

2 
0.2 
4 
2 
0.1 
0.05 
0.02 
0.2 

50 

• The minimum effective dose (MED) was the lowest dose at which 
muscle relaxation was observed. Muscle relaxation was identified by 
limpness in the legs when the cat was held by the scruff of the 
neck (RANDALL et aI., 1960). At least three cats per dose at three dose 
levels were used Data taken from RANDALL and KAPPEL (1973) 

aminase. Maximal electroconvulsive shock, which results from a strong direct excita­
tion of neurons throughout the brain, is less easily depressed by agents that act 
through improved synaptic inhibition. 

L. Effects on Muscle Tone and Coordination 

Most neuropharmacologists would probably agree that one of the most problematic 
tasks in the evaluation of psychotropic agents is the estimation of pure central muscle 
relaxant activity, i.e., the specific reduction of skeletal muscle tone which is not the 
consequence of a reduced vigilance. In states of natural drowsiness, such as orthodoxi­
cal and paradoxical sleep, muscle tone is physiologically reduced and it is, therefore, 
not surprising that drug-induced changes in the degree of arousal will also affect 
muscle tone. A further problem is that muscle relaxation is the therapeutic goal in 
situations of pathologically increased muscle tone and that it may be more difficult 
to reduce a normal muscle tone to below normal than to reduce an increased tone to­
ward normal. Ataxia is often considered a logical consequence of reduced muscle tone 
and, therefore, a measurable index of muscle relaxation; this viewpoint may be cor­
rect. However, it should also be considered that a disturbance of muscle coordination 
may result from a drug action totally independent of changes in muscle tone. 

I. Subjective Methods of Evaluating Muscle Tone and Coordination 

It is possible to assess a reduction of normal muscle tone in a simple way. An experi­
enced observer easily recognizes a muscle-relaxed mouse by the reduced resistance of 
the limbs when the animal is held gently in one hand. The relaxed animal is felt as an 
object ofless consistency or firmness (i.e., its body is limp). The reduced muscle tone 
can be assessed by the resistance experienced by a finger or another object pressed into 
the abdomen. These simple measures entirely depend on SUbjective parameters; when 
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routinely performed by the same highly experienced person, these tests yield reproduc­
ible results and are very helpful in the preliminary screening of compounds. Because 
of the lack of objective criteria and the impossibility of obtaining identical scores with 
different experimenters, values obtained in this way are absent in the literature except 
for a modification of the method in the cat. RANDALL and KAPPEL (1973) reported 
on the minimum effective doses of various benzodiazepines in a test (Table 9) in which 
cats are gently held by the neck and muscle relaxation is scored according to the degree 
to which the hindlegs hang down passively instead of being adduced toward the belly 
and also according to the degree of passive protrusion of the lower abdomen. The cat 
appears to be particularly sensitive to the muscle relaxant (and muscle incoordinating) 
action of benzodiazepines. Objective procedures have been described for the evalua­
tion of ataxia, e.g., the observation of the printed traces of a walking animal (GAMBA, 
1966) or of a cat forced to jump down an elevated frame. However, quantitative data 
on benzodiazepines, to our knowledge, have not been published. The doses producing 
ataxic gait in the mouse (subjective scores) have been evaluated for 14 benzo­
diazepines (NIEMEGEERS and LEWI, 1979). 

II. Objective Tests Believed to Record Muscle Tone 

1. Inclined Screen (or Plane) Tests 

Many modifications (material of the plane, inclination, etc.) of the procedure orig­
inally described by PRADHAN and DE (1953) are routinely used and, all too often, be­
lieved to reveal muscle relaxation. The time is measured until an animal placed on an 
inclined plane slips off the screen. In Table 8 a number of ED 50 values in inclined 
screen tests (and for comparison in maximal electroconvulsive shock and foot-shock­
induced fighting tests) from the literature are given. The tremendous differences in the 
results obtained in various laboratories illustrate the importance of even small varia­
tions in the methods. Obviously, if the inclined screen test is considered to measure 
muscle relaxant activity, then the most divergent conclusions can be drawn. 

2. Traction Test (Horizontal Wire Test) 

This procedure, described by COURVOISIER (1956), measures the ability of mice hung 
with their forelegs on a horizontal wire or bar to heave themselves so as to grasp the 
wire also with their hindlegs within a limited time. Table 6 gives EDso values from the 
literature as determined in traction tests and, for comparison, in rotarod and anti­
pentetrazole tests. Differences by a factor of20 in the EDso values obtained in various 
laboratories are not exceptional and reflect modifications of the method. 

3. Grip Strength Test 

This test as described by VAN RIEZEN and BOERSMA (1969) is based on the ability of 
the mouse to grip a horizontal bar with its forepaws when pulled backwards by the 
tail; a system of weights and counterweights measures the force exerted on the bar. 
Using this method SOUBRIE and SIMON (1978) found that diazepam, at 2 mg· kg- " 
caused a marked decrease in the grip strength. TILSON and CABE (1978) have described 
a more selective measure of forelimb muscular strength using a precise strain gauge 
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grip meter in the rat, which provides graded or continuous data. With this method 
the lowest effective dose required to produce a significant decrease in grip meter scores 
by chlorpromazine, chlordiazepoxide, and phenobarbitone were 5, 9, and 20 mg· kg - 1, 
respectively. By analogy with what will be pointed out for the ratarod test, it is ques­
tionable whether the procedure really assesses the muscular resistive force or some 
motivational factors. 

4. Rotarod Test 

In the various modifications of the rotarod test (DUNHAM and MIYA, 1957), the capac­
ity of animals to retain their equilibrium on a slowly rotating horizontal bar is mea­
sured. Variations in training procedures, speed of rotating bar, type of material used 
for rotating bar, animal strain and way of handling, fixed time of measurement after 
injection or measurement at time of peak activity, criteria of test performance (num­
ber of doses, number of animals per dose, type of statistical evaluation) are some of 
the many variables that may influence the results (Table 6); therefore, only compar­
isons of data obtained in the same laboratory under the same experimental conditions 
are meaningful. In Table 5 the ED 50 values for some benzodiazepines determined in 
our laboratories are given together with values in the chimney test, antipentetrazole 
test and anti-3MPA test. The depressant effect of chlordiazepoxide on rotarod perfor­
mance was antagonized by picrotoxin, but not by bicuculline in experiments of LIPPA 
et al. (1979). The potencies of several benzodiazepines in a rotarod test in mice were 
compared with their affinity for 3H-diazepam binding sites in rat brain synaptosomes 
(MALICK and ENNA, 1979). A positive result in the rotarod test is given highly contra­
dictory interpretations by various authors. For some of them, the test is believed to 
measure muscle relaxation or motor incoordination; some investigators used it for the 
determination of the dose producing "neurotoxicity" or "neuronal deficit" (two ex­
tremely misleading terms). For other authors, activity in this test is believed to reveal 
a sedative effect. Only a few of them have considered the possibility that drugs may 
reduce the performance of animals on the rotating bar by affecting motivation in some 
way. We believe that a reduced performance in the test may reflect quite different 
(muscle relaxant and incoordinating, sedative, stimulant) effects depending on techni­
cal variables and classes of drugs. In the modification used in our laboratories, the 
test does not seem to determine motor performance incapacitating effects of benzo­
diazepines, because the ED50 values (see Table 5) are well below those at which a re­
duction of muscle tone or ataxia can be observed or spontaneous locomotor activity 
is altered. 

5. Equilibrium Board 

MOLINENGO (1964) described the equilibrium board test, which was used by SCROLLINI 
et al. (1975) for comparing pinazepam with diazepam. In this test, rats fasting from 
the previous evening are trained to reach their food by walking on a horizontal rod 
10 mm in diameter and I m long placed 50 cm from the floor; ataxic rats are unable 
to reach the food and fall to the floor. In the equilibrium board test using rats, pinaze­
pam was about 1/10-1/12 as potent as diazepam. SOUBRIE and SIMON (1978) utilized 
a similar method to study the antagonism by bemegride and picrotoxin of the motor 
incoordination induced in the rat by a fixed dose of diazepam. 
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6. Chimney Test 

This test, proposed by BOISSIER et aI. (1960), is based on the escape reaction of the 
mouse which has to climb backwards in a glass tube (chimney) of appropriate diam­
eter and length within a given time. It is complementary to the rotarod test and gives 
virtually identical results (see Table 5). 

7. Aerial righting reflex 

Rats held in an inverted position and then dropped require only a short distance in 
order to land on all four feet; this distance is increased by drugs that disturb motor 
coordination. Chlordiazepoxide at the dose of 8 mg· kg-I i.p., which was active in a 
conflict test, had no effect on the aerial righting reflex, in contrast to ethanol (VOGEL 
et aI., 1980). 

8. Drug-Induced Rigidity 

Several drugs have been used to increase the basal muscle tone, allowing an assess­
ment of a muscle relaxant activity. 

Etonitazene. BARNETT et aI. (1974) measured the reduction by diazepam and 
flurazepam of rigidity induced by the narcotic analgesic etonitazene. 

Reserpine. Reserpine (and Ro 4-1284) injected intravenously into rats produces a 
marked rigidity which can be measured by quantifying the spontaneous EMG activity 
of the extended hindlimbs (MORRISON and WEBSTER, 1973). Although the test was pro­
posed for the evaluation of anti-Parkinson's disease agents, benzodiazepines were 
rather potent in reducing the increased neurogenic muscle tone (unpublished ob­
servations from our laboratories). 

Fentanyl plus Droperidol. This combination is routinely used in anesthesiology for 
neuroleptanalgesia. The narcotic analgesic, fentanyl, is responsible for the Straub tail 
phenomenon which is induced in mice by the above combination. Prevention of this 
phenomenon was tested by NIEMEGEERS and LEWI (1979) in order to obtain some in­
dication of muscle relaxant activity of benzodiazepines. 

9. y-Rigidity 

Muscular rigidity induced in the cat by decerebration at the intercollicular level is con­
sidered to be due to an increased sensitivity of the tonic stretch reflex caused by the 
release of y-motoneurons from a precollicular inhibitory influence. According to 
RANDALL et al. (1963) and HAEFELY et aI. (1975), diazepam reduced y-rigidity at the 
dose of 1 mg· kg-I i.v. HUDSON and WOLPERT (1970) found even smaller doses of 
diazepam (0.125 mg· kg-I i.v.) to be effective and MAXWELL et aI. (1974) observed 
that in the rat, too, the intercollicular decerebrate rigidity was markedly affected by 
diazepam (1.2 mg· kg -I). The effect ofbenzodiazepines in this model of muscular rig­
idity may be caused by one or several of the spinal and supraspinal actions to be de­
scribed in Sect. R. It may be relevant that the inhibitor of GABA transaminase, 
aminooxyacetic acid, also reduced rigidity in intercollicularly decerebrate cats (HAE­
FELY et aI., 1975). 
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10. ex-Rigidity 

The rigidity obtained by the anemic method in the cat (for references see MAXWELL 
and READ, 1972) is thought to be due primarily to the overactivity of the IX-mo­
toneuron system. SCHALLEK et ai. (1964) found that chlordiazepoxide and diazepam 
inhibited IX-rigidity with EDso values of 26 mg· kg- I and 2.5 mg· kg- I i.v. Nitraze­
pam has been reported to almost completely abolish IX-rigidity at the dose of 
13 mg· kg- I i.v. (RANDALL et aI., 1965 a). In comparing diazepam in the two types of 
rigidity (y and IX), MAXWELL and READ (1972) concluded that diazepam was more ef­
fective in reducing rigidity in the intercollicular, decerebrate cats than in the anemic, 
decerebrate cats. 

11. Supraspinal and Spinal Cord Activities Related to Muscle Relaxation 

This will be treated in the section on spinal cord functions (R). 

m. Conclusions 

In man, benzodiazepines, like all the other known centrally acting muscle relaxants, 
are effective as muscle relaxants at doses that produce some degree of drowsiness. 
Since muscle tension and pain are often associated with anxiety and other emotional 
disorders, it is difficult to clinically separate a "pure" muscle relaxant effect from one 
caused by emotional stabilization. 

M. Effects on Spontaneous and Induced Motor Activity 

Motor behavior is a complex of several activities including, for example, locomotion, 
exploration, and grooming. Although it is quite difficult, technically and concep­
tually, to separate all these components, a number of tests have been proposed to 
measure predominantly locomotor activity or exploratory behavior. 

I. Locomotor Activity 

1. Decrease in Mice 

In mice tested in the Animex apparatus, only high doses of pinazepam (EDso 
77 mg· kg -I p.o.) and diazepam (ED 50 44 mg· kg -I p.o.) reduced locomotor activity 
(SCROLLINI et aI., 1975). Measured with the same apparatus, clonazepam significantly 
decreased the activity phase of the first 5 night hours only in doses of 100 mg· kg - 1 

p.o. (BLUM et aI., 1973). Considering the much lower EDso values for diazepam and 
clonazepam in rotarod and chimney tests, it appears that the decrease of locomotor 
activity in mice is not a sensitive indication of the central effect of benzodiazepines. 

U sing photocell activity cages, chlordiazepoxide produced a decrease of locomo­
tor activity with an approximate EDso of 100 mg· kg- I p.o. Chronic administration 
of 100 mg· kg -I twice daily for 14 days followed by the same dose of drug on the 15th 
day resulted in a marked decrease of drug effect as compared with acute administra­
tion (GoLDBERG et aI., 1967). SANSONE (1979) also observed a tolerance to the de­
pressant action of 20 and 30 mg· kg -I chlordiazepoxide intraperitoneally after 5 con-
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secutive days of administration. Also using photocell activity cages, ASAMI et ai. 
(1975) found a decrease of locomotor activity after diazepam (EDso 16.4 mg' kg- I 
p.o.) and medazepam (EDso 58 mg' kg- I p.o.), whereas a new benzodiazepine deriv­
ative, 1-(f3 -methylsulfonylethyl)-5-(0-fluorophenyl)- 7 -chloro-l,3-dihydro-2H-l,4-
benzodiazepin-2-one, was devoid of effect up to 256 mg' kg -I p.o. KAMIOKA et ai. 
(1972) reported EDso values of38 mg' kg- I and 100 mg' kg- I p.o. for diazepam and 
cloxazolam. According to POSCHEL et ai. (1974) chlordiazepoxide decreased locomo­
tor activity by 65% at 25 mg' kg- I p.o., and diazepam by 39% at 12.5 mg' kg- I p.o. 
Clobazam in doses ranging from 5 to 10 mg' kg- I i.p. was more effective than chlor­
diazepoxide in reducing locomotor activity (BARZAGHI et aI., 1973). With another 
method, i.e., counting the number of revolutions in a revolving cage, JINDAL et ai. 
(1968) found that chlordiazepoxide and diazepam administered intraperitoneally in 
the mouse had no appreciable effect at 25 mg' kg - 1 and 7 mg' kg - 1 respectively, 
whereas NAKAJIMA et ai. (1971 b) observed a variable decrease from 27% to 50% with 
diazepam and nitrazepam 5-30 mg' kg- I p.o. and EDso for estazolam and al­
prazolam of 10.5 mg' kg- I and 6.2 mg' kg-I, respectively. 

2. Increase in Mice 

Comparing lorazepam, diazepam, chlordiazepoxide, and oxazepam and recording lo­
comotion for 2 h by means of photocell activity cages, GLUCKMAN (1971) concluded 
that these benzodiazepines were remarkably free of depressant effects in a wide dose 
range, both orally and intiaperitoneally administered; stimulation was frequently seen 
particularly during the 2nd hour, most notably with lorazepam and diazepam, but al­
so with chlordiazepoxide, while oxazepam was free of stimulant properties. An in­
creased locomotor activity at 25 and 50mg'kg- 1 p.o. was also reported for clox­
azolam (KAMIOKA et aI., 1972) still using photocell activity cages. With a modified 
photocell method KLUPP and KAHLING (1965) found a biphasic effect of chlordiaz­
epoxide and oxazepam: an increase oflocomotor activity in the range of 5-40 mg . kg - 1 

p.o. and 5-20 mg . kg - 1 p.o., respectively, and a decrease with higher doses. SANSONE 
(1979) found that doses of 5 and 10 mg' kg- 1 chlordiazepoxide intraperitoneally in­
creased activity in mice. This stimulant effect was more marked after 5 consecutive 
days of administration. Higher doses of chlordiazepoxide decreased locomotor activ­
ity. 

3. Decrease in Rats 

Chlordiazepoxide was found to be ten times (EDso 60 mg' kg- 1 p.o.) more potent 
than meprobamate, but much less potent than chlorpromazine, in depressing the 
locomotor activity as measured during the night in "jiggle cages" (RANDALL et aI., 
1960; RANDALL, 1960). With a modification of the protocol, i.e., a duration of record­
ing of only 10 min to utilize the first phase of orientational hypermotility in a novel 
environment (BORSY et aI., 1960), flurazepam was found to be very potent in depress­
ing locomotor activity (EDso 4.5 mg' kg- 1 i.p.) (BABBINI et aI., 1975). BORBELY et al. 
(1975) found that chlordiazepoxide (i.p.) caused a dose-dependent reduction of motor 
activity in chronically thalamic rats, similar to its effect in the intact rat, and conclud­
ed that the presence of limbic structures was not necessary for the sedative effect of 
chlordiazepoxide. 



78 

II. Exploratory Behavior 

1. Mice 

W. HAEFELY et al. 

AHTEE and SlllLLITO (1970) used a "tunnel board," a wooden board onto which 12 
plastic tunnels had been arranged in a symmetrical manner; the number of different 
tunnels entered by a mouse during the observation time was calculated and this gave 
the measure of exploration. Chlordiazepoxide, 25 or 50 mg' kg- I i.p., and diazepam, 
10 or 20 mg' kg- I i.p., reduced exploratory behavior. 

These authors also assessed motor activity of mice in an open metal box, where 
each mouse was placed individually after exploratory behavior had been assessed. 
Chlordiazepoxide and diazepam in similar doses, particularly in low ones, increased 
motor activity. 

The hole-board method described by BOISSIER and SIMON (1962) offers a simple 
way of measuring exploratory activity by counting the number of head dips of the 
mouse in each of the 16 equally spaced holes, 3 cm in diameter, bored in the board. 
According to NOLAN and PARKES (1973), chlordiazepoxide, diazepam, nitrazepam, 
medazepam, oxazepam, and prazepam at low doses (BoISSIER et aI., 1972) increased 
the number of head dips upon the first exposure to the hole-board, whereas fluraze­
pam was ineffective at any dose tested (BOISSIER et aI., 1972). BARZAGlll et aI. (1973), 
using the hole-board method found that chlordiazepoxide and clobazam at doses of 
5-10 mg' kg- I i.p. always reduced exploratory behavior in mice, clobazam being 
more potent than chlordiazepoxide. Diazepam and pinazepam (EDso about 4-
5 mg' kg- I p.o. for both drugs) also reduced exploratory behavior evaluated with the 
hole-board test (SCROLLINI et aI., 1975). A similar reduction was observed with orally 
administered diazepam and prazepam using a modified device (WEISCHER, 1976). 
Working with a simple box fitted with a floor consisting of four metal plates, MARRIOT 
and SMIlH (1972) measured the number of plate crossings in unshocked mice, naive 
to the apparatus, as an indication of exploratory behavior (response to novelty). 
Chlordiazepoxide and diazepam, and also amylobarbitone and meprobamate, admin­
istered orally produced dose-dependent increases in plate-crossing; the effect was bi­
phasic since higher doses, eliciting ataxia and general motor depression, decreased ex­
ploratory activity. In mice already familiar with the test situation, exploratory activity 
was not increased by chlordiazepoxide or amylobarbitone, whereas meprobamate still 
increased activity. An apparatus consisting of eight opaque Plexiglas toggle-floor box­
es, divided into two compartments with an opening at the floor level, has also been 
used to measure the exploratory ambulation (crossings of the opening); in this ex­
perimental situation chlordiazepoxide (5 mg' kg -I i. p.) produced stimulation of ac­
tivity in naive mice, the effect being strongly pronounced at the commencement of the 
testing session and declining thereafter (VETULANI and SANSONE, 1978). Using the 
same apparatus, SANSONE (1979) found that repeated administration of chlordiazep­
oxide to mice enhanced the stimulant action oflower doses but reduced the depressant 
effect of higher doses. He concluded that tolerance developed to the depressant but 
not to the stimulant effects of chlordiazepoxide. A biphasic effect on exploratory ac­
tivity in hole-board and open-field situations, i.e., an increase with lower doses and 
a decrease with higher doses, was observed in mice with demethyldiazepam and 
chlordemethyldiazepam (DE ANGELIS et aI., 1979). 
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2. Rats 

An open-field apparatus fitted with holes to study head-dipping behavior was used 
by NAKAMA et al. (1972), who found that diazepam (0.5-10 mg· kg- 1 i.p.) and par­
ticularly chlordiazepoxide (0.5-10 mg· kg- 1 i.p.) caused a marked increase in explor­
atory ambulation, but only slightly affected head-dipping behavior during the first 
3 min; during the subsequent 3 min, however, the two compounds depressed both 
types of behavior. In a conventional open-field apparatus, IWAHARA and SAKAMA 
(1972) found with chlordiazepoxide (30 mg· kg- 1 p.o.) an increase of exploratory am­
bulation in the first few minutes of observation and a considerable reduction there­
after. The stimulant effect on exploratory locomotion completely disappeared on re­
testing on subsequent days. These results are in good agreement with those observed 
after chlordiazepoxide (6-50 mg· kg- 1 s.c.) on the exploratory behavior of rats placed 
in a Y-box, in the sense that increased exploration elicited by chlordiazepoxide was 
completely inhibited by a single previous exposure to the Y-box (MARRIOT and 
SPENCER, 1965). In a symmetrical Y-shaped box with a start door, ITOH and TAKAORI 
(1968) found with diazepam (0.5-2 mg· kg- 1 i.p.) a significant shortening in the start 
latency and a significant increase in the exploration of unexperienced rats, whereas 
the same doses in experienced rats resulted in a prolongation of the start latency and 
a decrease oflocomotion and rearing frequencies. In rats placed for 8 min in a Y -maze 
the effect of chlordiazepoxide, oxazepam, diazepam, lorazepam, and nitrazepam (in­
traperitonealIy, at three dose levels) was studied on exploratory behavior and in­
trasession habituation (SOUBRIE et aI., 1977). Exploration (number of entries into the 
arms) was found to be increased by all these benzodiazepines (at low doses, whereas 
the highest dose reduced exploratory locomotion) only during the first 3 min of the 
test; no effect (or a weak reduction) was found during the last 5 min. Habituation 
(ratio between the number of entries made during the first 3 min and during the total 
time) was markedly enhanced by benzodiazepines. 

It has been postulated that the benzodiazepines might remove a factor (fear?) that 
depresses exploratory activity of the animals in a novel situation and, therefore, that 
the increase in exploratory activity seen in the first few minutes after benzodiazepines 
was the consequence of their antianxiety effect. On subsequent experience sedation 
may then prevail. This suggestion does not seem to be supported by the experiments 
of KUMAR (1971 b), which show that chlordiazepoxide, administered to rats previ­
ously shocked in one arm only of a Y-maze, or to unshocked naive rats, equally in­
creased the number of entries into both arms by both groups of rats. 

3. Pigs 

The exploratory behavior of pigs has been studied in two successive daily 20 min 
sessions in a two-compartment box by counting the number of crossings from one 
compartment to the other and observing the activity pattern. Injection of diazepam 
I mg· kg -1 i.m. before the first session increased the number of crossings; treated pigs 
did not attempt to escape and tended to be more perseverative in their activity patterns 
than control pigs. When injected before the second session, diazepam did not modify 
the exploratory behavior. A factorial crossover design showed no evidence of state­
dependent learning (DANTZER, 1977 a, b). 



80 

III. Effects on Drug-Induced Changes in Motor Activity 

1. Stimulants of Motor Activity 

W. HAEFEL y et al. 

Amphetamine, Methamphetamine, Dexamphetamine. Dexamphetamine (5 mg· kg-I 
i.p.) increased locomotor activity of mice placed individually in a revolving activity 
cage. Chlordiazepoxide (25 mg· kg-I Lp.) and diazepam (7 mg· kg-I i.p.) injected 
45 min prior to dexamphetamine did not reduce the stimulant effect of the latter drug 
on locomotion (JINDAL et aI., 1968). 

Dexamphetamine (3.5 mg· kg-I Lp.) increased locomotor activity in mice as mea­
sured in photocell activity cages. At the dose of 0.5 mg· kg -I s.c. diazepam increased 
the effect ofdexamphetamine. At the dose of 1 mg· kg-I Lp. diazepam produced only 
a weak, statistically insignificant increase. At the dose of 4 mg· kg-I i.p., diazepam 
did not affect the hypermotility induced by dexamphetamine, although it decreased 
spontaneous motility when administered alone (SOUBRIE et aI., 197 5 a). On the other 
hand, according to BABBINI et ai. (1969), the increased locomotor activity elicited in 
the rat by methamphetamine (4 mg· kg-I i.p.) and recorded with jiggle-cage ac­
tometers was markedly inhibited by benzodiazepine derivatives: oxazepam (100-200 
mg· kg-I i.p.), the water-soluble oxazepam hemisuccinate (33-71 mg· kg-I i.p.), its 
dimethylaminoethanol salt (20-41 mg· kg - 1 i. p.), and diazepam (12-24 mg· kg - 1 

i.p.). Other investigators did not observe a reduction of amphetamine-induced hy­
peractivity in mice by benzodiazepines: diazepam administered 1 h before metham­
phetamine (5 mg· kg-I s.c.) in doses of 10,50, and 100 mg· kg-I p.o., in fact potenti­
ated this hyperactivity (KAMIOKA et aI., 1972); the same results were obtained with ni­
metazepam 3-30 mg· kg-I p.o. (activity cages, methamphetamine 2 mg· kg-I Lp.; 
SAKAI et aI., 1972) and chlordiazepoxide 1 mg· kg - 1 (photocell activity cages, am­
phetamine 1.5 mg· kg -I i. p.; SETHY et aI., 1970). No effect of diazepam and oxazepam 
at 10 mg· kg- 1 i.p. was seen on the locomotor stimulant action of d-amphetamine (1-
30 mg· kg-I i.p.) (SHANNON et aI., 1976). 

The combination amphetamine-barbiturate had been shown to increase, at some 
particular doses (1.2 mg· kg-I dexamphetamine s.c., 7.5 mg· kg-I amylobarbitone 
s.c.), exploratory activity of rats in a Y-shaped runway, the doses of the individual 
substances being virtually inactive per se; this has been regarded as an example of true 
mutual potentiation (RUSHTON and STEINBERG, 1963). With chlordiazepoxide 
(25 mg· kg - 1 s.c.) in combination with dexamphetamine (dose as above) a strong po­
tentiation was observed in the same experimental situation (RUSHTON and STEINBERG, 

1966, 1967; KUMAR, 1971 a; RUSHTON et aI., 1973). 
Methylphenidate. Chlordiazepoxide (25 mg· kg-I i.p.) and diazepam (7 mg· kg-I 

i.p.) did not reduce the stimulant effect of methylphenidate (10 mg· kg-I i.p.) on the 
locomotor activity of mice placed individually in a revolving activity cage (JINDAL et 
aI., 1968). 

Cocaine. The increased locomotor activity elicited by cocaine (10 mg· kg-I i.p.) 
in mice placed individually in a revolving activity cage was not affected by chlordiaz­
epoxide (25mg·kg- ' i.p.) and diazepam (7mg·kg- ' i.p.) (JINDAL et aI., 1968). 
Locomotor activity induced in mice by cocaine (8 mg· kg-I i.p.) and measured with 
photocells was not reduced by diazepam in a dose of 4 mg· kg-I i.p., which decreased 
spontaneous locomotor activity, whereas a low dose of diazepam (1 mg· kg - 1 i. p.) en­
hanced hyperactivity induced by cocaine (SOUBRIE et aI., 1975 a). 

Locomotor activity in mice placed in a rectangular chamber of black perspex was 
recorded after cocaine administered intraperitoneally; cocaine increased locomotor 
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activity during 3- or 5-min trials in a dose-related manner. Intraperitoneally admin­
istered chlordiazepoxide had little effect on locomotor activity, except for a depression 
at very high doses. Mixtures containing 20 mg· kg - I cocaine and 15 mg· kg -I chlor­
diazepoxide increased locomotor activity to a much greater extent than cocaine alone 
(D'MELLO and STOLERMAN, 1977). This effect of cocaine was similar to that already 
described for amphetamine. 

Bemegride. In the open-field test in the rat, bemegride administered alone at 4 or 
8 mg· kg - I L p. did not modify the locomotor activity; however, these doses antago­
nized the almost complete suppression of locomotor activity induced by diazepam 
8 mg· kg-I i.p. (SOUBRIE and SIMON, 1978). 

Trihexyphenidyl. This antimuscarinic compound (8 mg· kg - I i. p.) elicits hyper­
motility in mice in photocell activity cages. Diazepam at 2 mg· kg-I i.p., which alone 
does not modify spontaneous motility, reduced the hypermotility induced by trihexy­
phenidyl. Oxazepam (4 mg· kg- 1 i.p.) had a similar effect (SOUBRIE et at, 1975a). 

Reserpine After Monoamine Oxidase Inhibitor. Reserpine (16 mg· kg-I s.c.) indu­
ces hypermotility in mice given pargyline (150 mg· kg-I) 24 h before. Diazepam and 
chlordiazepoxide depressed this type ofhypermotility in a dose-related manner (SOU­
BRIE et aI., 1975 a). 

Cciffeine. In a special apparatus for measuring the spontaneous activity, caffeine 
(50 mg· kg-I p.o.) in rats elicited a strong increase of motility. The approximate 
doses, which reduced this increase to 50%, were 12 mg· kg-I p.o. for diazepam, 
100 mg· kg-I p.o. for chlordiazepoxide, and 160 mg· kg-I p.o. for oxazepam (KLUPP 
and KAHLING, 1965). 

Opiates. In photocell activity cages, morphine (64mg·kg- 1 i.p.) elicited hy­
peractivity in mice. Diazepam (1 mg· kg -I L p.) induced a further increase of mor­
phine hyperactivity; this increase was much weaker after diazepam 2 mg· kg -I. At 
4 mg· kg -I , which decreased spontaneous motility per se, morphine hyperactivity was 
decreased. There was therefore a biphasic effect of diazepam, depending on the dose. 
The same was observed with prazepam and chlordiazepoxide: both increased mor­
phine-induced hyperactivity at 2 mg· kg - 1 and reduced it at 16 mg· kg - 1 i. p. (SOU­
BRIE et aI., 1975a). Different results were obtained by SHANNON et aI. (1976). Stimu­
lation oflocomotor activity of mice by morphine (10-300 mg· kg-I i.p.) was reduced 
by diazepam (0.1-1 mg·kg- I Lp.) and oxazepam (lOmg·kg- 1 Lp.) at doses which 
alone had no effect on locomotor activity; surprisingly, only oxazepam antagonized 
the stimulant effect of methadone. 

Muscimol Intranigrally. Bilateral injection of 3 ng muscimol into the substantia ni­
gra in nonanesthetized rats elicited continuous sniffing and head movements and an 
increase oflocomotor activity, recorded cumulatively over 60 min. Muscimol, 10 and 
30 ng, further increased hyperactivity. Nitrazepam 1 mg . kg - 1, diazepam 3 mg . kg - 1, 

and chlordiazepoxide 5 mg . kg - 1, administered orally 30 min before the intranigral 
injection of muscimol, significantly potentiated the hyperactivity induced by 3 ng 
muscimol (MATSill and KAMIOKA, 1979). 

2. Depressants of Motor Activity 

Reserpine. Locomotor activity was reduced in mice by 0.5-1 mg· kg-I reserpine Lp. 
In these mice, chlordiazepoxide at three doses (2.5,5, and 10 mg· kg-I i.p.) increased 
locomotor activity in comparison to saline (SANSONE, 1978 b). 
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Additionally, the combination of chlordiazepoxide with amphetamine was found 
to have more marked effect than the two drugs alone, both in normal and reserpinized 
mice (SANSONE, 1975, 1977). In another experiment, most mice injected with reserpine 
(0.5 mg· kg-I daily for 3 days) displayed motor depression; in approximately 50% of 
these mice chlordiazepoxide (5 mg· kg-I i.p.) produced a marked hypermotility, last­
ing for at least 1 h (VETULANI and SANSONE, 1978). 

rx-Methyl-p-tyrosine. In the same experimental situation as used above with reser­
pine, rx-methyl-p-tyrosine (50 mg· kg-I i.p. 2 h before test), depressed the total 
locomotor activity of mice measured over I h. Chlordiazepoxide (5 mg· kg-I i.p.), 
which significantly increased locomotor activity in saline-pretreated mice during the 
whole I-h session, was inactive after rx-methyl-p-tyrosine. This antagonism toward 
chlordiazepoxide was less evident during the first lO-min period (VETULANI and SAN­
SONE, 1978). 

IV. Induced Head-Turning 

Contralateral head-turning induced in rats by electrical stimulation of the neostriatum 
was slowed by 50% by chlordiazepoxide (10.8 mg· kg-I), diazepam (3.7 mg· kg-I), 
lorazepam (1.5 mg· kg-I), and clonazepam (0.6 mg· kg-I) intraperitoneally. Diaze­
pam lost its effect after a few days of dosing. Benzodiazepines potentiated the de­
pressant effect on head-turning produced by injections of muscimol into the globus 
pallidus (CROSSMANN et aI., 1979). Diazepam, GABA, and muscimol injected into the 
globus pallidus reduced head-turning provoked by stimulation of the striatum (SLA­
TER and LONGMAN, 1979); inosine and nicotinamide injected together with diazepam 
abolished the effect of the latter. 

V. Conclusions 

The effects of benzodiazepines on spontaneous and induced motor activity vary in a 
bewildering manner depending on the doses and the experimental situation. The doses 
required to significantly reduce motor activity are usually considerably larger than 
those producing marked anticonvulsant and anxiolytic effects. Depression of motor 
activity is clearly not a characteristic effect of benzodiazepines and not a sensitive pa­
rameter for detecting active representatives of this chemical class, in particular in 
mice. The increase of exploratory activity, which has been observed with benzo­
diazepines in certain conditions, may reflect their anxiolytic or behavioral disinhibit­
ing property. Accordingly, drug interaction experiments have yielded complex actions 
of benzodiazepines. 

N. Benzodiazepines and Aggression 

The effect of benzodiazepines on aggressive behavior has been studied extensively 
during the past 2 decades. The taming effect of chlordiazepoxide on "spontaneously" 
aggressive monkeys was among the first animal observations made with this class of 
anxiolytic drugs (RANDALL, 1959; RANDALL et aI., 1960; HEISE and BOFF, 1961) and 
played an important part in the decision to initiate clinical studies with this com­
pound. It was soon recognized that the complex behavioral patterns accompanying 
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different types of aggressiveness and the variety of experimental paradigms used by 
the various investigators precluded a unifying hypothesis on the action of benzo­
diazepines on animal aggression ('I ALZELLI, 1967; DIMASCIO, 1973; ESSMAN, 1978; 
VALZELLI, 1979, DELINI-STULA and VASSOUT, 1979). Depending on the stimuli or 
other environmental factors that lead to behavioral patterns described as aggression, 
at least seven categories of aggressive responses can be differentiated (MOYER, 1968): 
(a) predatory aggr.ession, (b) intermale aggression, (c) fear-induced aggression, 
(d) irritative (pain-induced) aggression, (e) territorial aggression, (f) maternal ag­
gression, and (g) sex-related aggression. Some of these aggressive manifestations can 
be evoked and/or modulated by more or less clearly controlled experimental pro­
cedures including (a) electrical or chemical brain stimulation; (b) aversive stimula­
tion, such as that elicited in pairs of mice and rats by electrical foot-shocks; (c) isola­
tion, induced in mice, rats, and rabbits by a prolonged exclusion from social interac­
tion; and (d) treatment with drugs known to affect the dynamics of central neurotrans­
mitters. 

Since benzodiazepines induce other effects (sedation, muscle relaxation) that could 
interfere with the motor expression of aggressive behavior, it is difficult to assess the 
specific effects of anxiolytics on aggression. Adding the differences in dose schedules 
(acute or chronic administration) and routes of administration used in the various 
studies to the above-mentioned variables, it is not surprising to find divergent results 
and interpretations of this subject. With these cautionary remarks in mind, an analysis 
of the available data of the literature should outline the general trends in the action 
of benzodiazepines on aggressive behavior in animals. 

I. Spontaneous Aggression 

A very impressive behavioral effect of chlordiazepoxide in the early studies of RAN­
DALL and associates was the taming effect observed in vicious cynomolgus and rhesus 
monkeys with doses of chlordiazepoxide (1 mg· kg -1 p.o., RANDALL, 1960; RANDALL 
et aI., 1960; 5 mg·kg- 1 p.o. given during a week, HEISE and BOFF, 1961), which are 
clearly below those affecting general behavior or inducing ataxia. Subsequent studies 
(RANDALL et aI., 1961; SCHECKEL and BOFF, 1968) extended this observation to diaze­
pam (taming dose in cynomolgus monkey, 1 mg· kg- 1 p.o.), nitrazepam (0.125 
mg· kg-i), bromazepam (1 mg· kg-i), clonazepam (2.5 mg· kg-i), flunitrazepam 
(0.5 mg· kg-i), medazepam (5 mg· kg-i), and flurazepam (5 mg· kg-i). Forchlordi­
azepoxide, the antiaggressive effect was shown to be due predominantly to the drug 
itself and not to its main metabolites, since after a single oral dose of 14C-chlordiaz­
epoxide the decline of the level of unchanged drug in blood, brain, and muscle was 
associated with a return of aggressivity over a period of 24 h, whereas the levels ofN­
desmethylchlordiazepoxide and the lactam metabolite remained constant within the 
same period in the three tissues (COUTINHO et aI., 1971). 

In studies investigating the social behavior of rhesus monkeys, DELGADO (1973) 
and DELGADO et ai. (1976) found that dominant animals in pairs exhibited less aggres­
sive attacks against submissive partners when either chlordiazepoxide (5 mg· kg- 1 
i.m.) was given to dominant animals or diazepam (5 mg· kg- 1 i.m.) administered to 
dominant and/or submissive monkeys. In both studies these doses ofbenzodiazepines 
did not change the social hierarchy and did not impair motor performance. In another 
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study, however, the submissive monkey increased its attacks against the dominant 
member of the colony, which had received chlordiazepoxide (5 mg' kg- 1), presum­
ably to "challenge the apparent loss of authority" of the dominant partner (ApFEL­
BACH and DELGADO, 1974). Socially induced suppression of behavior, but not ag­
gression, was diminished after low doses of chlordiazepoxide (2 mg' kg- 1 p.o.), diaze­
pam (0.2 mg' kg -1), cloxazolam (0.2 mg' kg -1), oxazolam (2 mg' kg - 1), and CS 386, 
an oxazolobenzodiazepine (0.2mg·kg- 1) (KAMIOKA et aI., 1977). 

In addition to monkeys, the taming effect of chlordiazepoxide was also observed 
in various wild zoo animals (HEUSCHELE, 1961). In farm animals (poultry and pigs), 
however, diazepam administered orally or intramuscularly either reduced aggressivity 
along with signs of sedation and muscular impairment (DRUMEV et aI., 1972) or even 
increased aggressive behavior (DANTZER, 1975). In contrast, the aggressivity of 
pigeons induced by nonreward in a positive reinforcement schedule of operant train­
ing, was suppressed during repeated administration of chlordiazepoxide (5 mg' kg- 1 

i.m. per day, MOORE et aI., 1976). 
Important findings indicating more selective effects ofbenzodiazepines on distinct 

behavioral manifestations of aggression were demonstrated in cats. Aggressive-defen­
sive behavior, characterized by hissing and striking with the paws against the experi­
menter's gloves, was abolished after 10 mg' kg- 1 chlordiazepoxide p.o. However, 
"pure" attack occurring in rival fights between male cats and culminating in biting 
of the neck was not affected even with doses of chlordiazepoxide that induced ataxia 
(20 mg' kg- 1 p.o.; HOFFMEISTER and WUTTKE, 1969). Marked depressant effects ofni­
trazepam and nimetazepam, but not of diazepam, on aggressive-defensive behavior 
elicited by blowing air or approaching the cat with a stick were observed by OTSUKA 
et aI. (1973). In an attempt to further differentiate the effects of diazepam on ag­
gressivity, LANGFELDT and URSIN (1971) used spontaneously aggressive cats forced ei­
ther to flee or to display a defensive behavior on being approached by a stick. Since 
diazepam (1 mg' kg -1 i. p.) depressed the affective defense response, but not the flight, 
the authors suggested that diazepam acted selectively on brain structures that regulate 
defense behavior, in particular the limbic system. In another study (LANGFELDT, 
1974), a dose of diazepam (l mg·kg- 1 i.p.) that did not sedate animals, induced a 
prey-play behavior in cats which would immediately kill a mouse when not drugged. 
LANGFELDT (1974), therefore, assumed that diazepam had a depressant effect on an 
activation system related to aggressive behavior. LEAF et aI. (1979) found no inhibition 
of mouse-killing behavior of cats with doses up to 16 mg' kg- 1 chlordiazepoxide i.p. 
and 4 mg· kg- 1 diazepam i.p., unless the drugs produced marked side-effects 
including ataxia. The animals used in this study were domesticated cats. 

The spontaneous aggressivity in other mammalian species was not consistently al­
tered by benzodiazepines. Mouse-killing by rats was either unaffected by doses of ben­
zodiazepines that induced general motor impairment (KARLI, 1961; HOROVITZ et aI., 
1965, 1966; SOFIA, 1969; GOLDBERG, 1970; VALZELLI and BERNASCONI, 1971; VASSOUT 
and DELINI-STULA, 1977) or was even enhanced by low doses of chlordiazepoxide 
(2.5mg·kg- 1 i.p.) and diazepam (1.25mg·kg- 1), this latter effect persisting after 
chronic administration of chlordiazepoxide (LEAF et aI., 1975). Antimuricidal effects 
of high doses of chlordiazepoxide (50 mg' kg- 1 i.p.) exhibited tolerance on repeated 
administration of the drug, indicating that the general behavioral depression was pri­
marily responsible for the antimuricidal action of chlordiazepoxide (QUENZER and 
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FELDMAN, 1975 a). KAMEl et al. (1975) found antimuricidal activity of diazepam and 
chlordiazepoxide, the ED50 values being 4.95 and 34.4 mg· kg- 1 i.p., respectively. An 
interesting observation was made by MICZEK (1974), who studied dose-related effects 
of chlordiazepoxide on intraspecies aggressiveness of rats. In pairs of dominant and 
submissive rats, low doses of chlordiazepoxide (2.5-5 mg· kg - 1 i.m.) given to the 
dominant rats increased aggressive responses, while a higher dose of the benzo­
diazepine (20 mg· kg -1) suppressed them without reversing the dominance-subordi­
nation relationship. In pairs of aggressive and non-aggressive mice, diazepam 
(10 mg· kg-I p.o.) and chlordiazepoxide (50 mg· kg-I p.o.), administered to aggres­
sive mice, reduced aggressive activity and increased social activities (sniffing, climb­
ing) without inhibiting walking across the cage or rearing in the aggressive mice 
(KRSIAK, 1979). Similarly, in pairs of golden hamsters, a rather high dose of chlordi­
azepoxide (50 mg· kg- 1 p.o.) reduced aggressivity and increased sociability (POOLE, 
1973). Chlordiazepoxide (50 mg· kg -1) markedly attenuated spontaneous aggressive­
ness in minks without producing motor deficits (BAUEN and POSSANZA, 1970). In con­
trast, the time needed by a ferret to catch and kill rats was shortened after chlordiaz­
epoxide (l mg· kg -1 i.m., APFELBACH, 1978). The intense and frequent attacks occur­
ring between male mice when a resident animal was confronted in its home cage with 
an intruder, was not affected by chlordiazepoxide in nondebilitating doses (MICZEK 
and O'DONNELL, 1980); when confrontation occurred in a neutral cage, attacks were 
less frequent. In this latter situation chlordiazepoxide (and ethanol) increased aggres­
sive behavior. 

The fighting behavior of male siamese fighting fish was diminished by doses of 
chlordiazepoxide (15 ).1g·ml- 1 added to the aquarium) which had no effect on swim­
ming performance (FIGLER et aI., 1975). Chlordiazepoxide either did not affect the ag­
gressive behavior of ants (KOSTOWSKI, 1966) and scorpions (MERCIER and DESSAIGNE, 
1970) or reduced aggressivity in praying mantis only with debilitating doses (MERCIER 
et aI., 1966). Regarding this inability to affect aggressiveness in invertebrates, it may 
be relevant that specific high-affinity binding sites for benzodiazepines have not been 
found in the nervous system of invertebrates (NIELSEN et aI., 1978), as will be discussed 
in Sect. Z. 

II. Isolation-Induced Aggression in Mice 

The early observation that a dose of chlordiazepoxide (10 mg· kg- 1 i.p.), which was 
lower than that producing motor impairment (20 mg· kg - 1), reduced fighting in a 
pair of previously isolated mice (SCRIABINE and BLAKE, 1962), has subsequently been 
confirmed in most investigations and extended to some other benzodiazepines. 
Whereas chlordiazepoxide (5-7 mg· kg- 1 i.p.), medazepam (10 mg· kg- 1), and ox­
azepam (15 mg· kg -1) induced antiaggressive activity without signs of overt motor 
impairment (VALZELLI et aI., 1967; VALZELLI and BERNASCONI, 1971), the antiaggress­
ive actions of diazepam (7.5mg·kg- 1 i.p.), nitrazepam (3.75mg·kg- 1), N-des­
methyldiazepam (3.75 mg· kg- 1), and N-methyl-oxazepam (3.75 mg· kg- 1) seemed 
to be related to their muscle-relaxant properties (VALZELLI, 1973). DA VANZO et ai. 
(1966) and HOFFMEISTER and WUTTKE (1969) obtained an antifighting effect with 
chlordiazepoxide only with doses producing overt neurologic effects, while COLE and 
WOLF (1970) observed increased aggressiveness in previously isolated grasshopper 



86 W. HAEFEL y et al. 

mice after chlordiazepoxide. In an attempt to resolve the discrepancy on the specificity 
of benzodiazepine effects on the isolation-induced aggressivity in mice, MALICK 
(1978) used repeated administration of diazepam (1 mg· kg- 1 i.p. for 5 days). On the 
first day of administration a reduction in fighting as well as ataxia were observed, 
while tolerance to the motor impairment developed on subsequent days and thus un­
masked a rather selective antiaggressive effect of diazepam. 

III. Aggression in Grouped Male Mice 

In contrast to the predominant antiaggressive effect of benzodiazepines in isolation­
induced aggression in mice, aggressivity was enhanced in grouped male mice chroni­
cally fed a diet containing diazepam (Fox and SNYDER, 1969), chlordiazepoxide (Fox 
et aI., 1970), N-desmethyldiazepam, and oxazepam (GUAITANI et aI., 1971), nitraze­
pam and flurazepam (Fox et aI., 1972), and prazepam (Fox et aI., 1974). In line with 
these findings, aggressive behavior developed by dominant members in two fighting 
groups of mice was increased after acute administration of 3 mg· kg - I chlordiazepox­
ide p.o. (ZWIRNER et aI., 1975). 

IV. Foot-Shock-Induced Aggression in Mice 

The aggressive behavior elicited in a pair of mice subjected to mild electric foot shocks 
(TEDESCHI et aI., 1959, 1969) is particularly susceptible to the effect of benzo­
diazepines. Chlordiazepoxide (10 mg· kg-I p.o.; HOFFMEISTER and WUTTKE, 1969), 
chlordiazepoxide and diazepam (4.2 and 0.9 mg· kg-I i.p. respectively, SOFIA, 1969), 
flurazepam (20mg·kg- 1 p.o., RANDALL et aI., 1969), chlordiazepoxide, diazepam, 
oxazepam, and nitrazepam (4.7; 2.1; 4.5; and 1.2 mg· kg-I p.o., respectively; CHRIST­
MAS and MAXWELL, 1970), prazepam (13 mg· kg-I p.o., ROBICHAUD et aI., 1970), and 
a novel thienodiazepine (2.9 mg· kg-I p.o.; NAKANISHI et aI., 1972) markedly reduced 
fighting behavior in mice at doses far below doses exhibiting signs of sedation or mo­
tor impairment. Effective doses of the above-mentioned and most other benzo­
diazepines (doses always refer to EDso values) are cited in reviews by STERNBACH et 
ai. (1964), RANDALL and KAPPELL (1973), RUDZIK et ai. (1973), and RANDALL et ai. 
(1974). In an attempt to explain the antiaggressive effect ofbenzodiazepines, QUENZER 
and FELDMAN (1975 b) were unable to correlate the action of chlordiazepoxide on foot 
shock-induced fighting with mechanisms involving either 5-hydroxytryptamine or 
cyclic 3'5'-adenosine monophosphate (cAMP), although in a previous study (QUEN­
ZER et aI., 1974) chlordiazepoxide and caffeine, both potent cAMP phosphodiesterase 
inhibitors (BEER et aI., 1972), were shown to have additive effects on shock-induced 
aggression. 

v. Aggression Induced in Rats by Brain Lesions 

Conflicting reports exist on the effects ofbenzodiazepines on aggressiveness produced 
in rats by lesions in different brain areas. In the most frequently used model, i.e., rats 
made hyperirritable by bilateral ablation of the septum, benzodiazepines either re­
duced aggressive behavior or had no effect. Chlordiazepoxide (10-20 mg· kg-I i.p.) 
was found to markedly depress the vicious behavior of septal rats (SCHALLEK et aI., 
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1962; HOROVITZ et aI., 1963; STARK and HENDERSON, 1966; BEATTIE et aI., 1969). How­
ever, chlordiazepoxide (SOFIA, 1969; GOLDBERG, 1970) and diazepam (SOFIA, 1969) 
were ineffective in intraperitoneal doses below or equivalent to those inducing a motor 
deficit. Similarly, in rats made aggressive by bilateral destruction of the olfactory 
bulbs, chlordiazepoxide (MALICK et aI., 1969) and diazepam (MALICK et aI., 1969; 
VASSOUT and DELINI-STULA, 1977) were without effect. In contrast, when injected di­
rectly into the mamillary body region of the hypothalamus, chlordiazepoxide (50 Jlg) 
suppressed the muricidal behavior of olfactory bulbectomized rats (HARA et aI., 
1975a), whereas injections into different areas of the limbic system were inactive 
(JV ATANABE et aI., 1979). Reduction of aggressivity was also observed after chlordiaz­
epoxide (ED so, 9 mg· kg- I i.p.) in rats with bilateral lesions of the anterior hypothal­
amus (BLYTHER and MARRIOTT, 1969) as well as after oral administration of chlordi­
azepoxide (ED5o, 20 mg· kg-I), diazepam (20 mg· kg-I), and nitrazepam 
(14.5 mg· kg-I) in rats with midbrain lesions (CHRISTMAS and MAXWELL, 1970). No 
effect was found with benzodiazepines in rats exhibiting aggressivity after bilateral le­
sion of the ventromedial hypothalamus (MALICK et aI., 1969). 

VI. Brain Stimulation-Induced Aggression in Cats, Rats, and Monkeys 

High-frequency electrical stimulation of the hypothalamus, septum, or periaqueduc­
tal gray matter in freely moving animals elicits affective rage reactions which can be 
assessed by measuring the threshold current for evoking different manifestations of 
this behavior, such as hissing, growling, or defensive attack with striking paws (HESS, 
1957; HUNSPERGER and BUCHER, 1967; BROWN et aI., 1969). The early study perform­
ed by BAXTER (1964) indicated that a subchronic administration of chlordiazepoxide 
to cats (10 mg· kg- I i.p.) increased the threshold for the hissing response induced by 
stimulation of the perifornical hypothalamic area on the 2nd day of administration. 
In a subsequent study the same dose of chlordiazepoxide was shown to raise the 
threshold for the hissing response within 1-2 h after administration (FUNDERBURK et 
aI., 1970). Similar effects with elevation of the "hiss threshold" were observed with 
diazepam (4 mg· kg- I i.p.) and oxazepam (12 mg· kg- I i.p.) as early as 30 min after 
administration (MALICK, 1970). Our own investigations with stimulation of the peri­
fornical hypothalamus demonstrated that a dose of diazepam (0.5 mg· kg- I i.p.), 
which did not induce ataxia or sedation of the cats, significantly elevated the threshold 
for both the hissing and attack response (POLC, unpublished). MURASAKI et aI. (1976) 
found that diazepam (1 mg· kg- I i.p.) raised the threshold for the attack response 
more than that for the hissing response. A rather high dose of nitrazepam (5 mg· kg - I 
i.p.), which concurrently diminished muscle tone, inhibited the rage reaction elicited 
by stimulation of the posterior hypothalamus and the septal area in cats (HERNANDEZ­
PE6N and ROJAS-RAMIREZ, 1966). 

An interesting observation, related to the findings of HOFFMEISTER and WUTTKE 
(1969) on spontaneously aggressive cats, was made in rats in which hypothalamic 
stimulation induced either an affective rage response or a quiet mouse-killing attack. 
Chlordiazepoxide (10 mg· kg- I i.p.) abolished the affective response, but increased 
the quiet muricidal behavior (PANKSEPP, 1971). Chlordiazepoxide (l-lOmg·kg- 1 

i.p.) selectively depressed the escape response in rats to aversive stimulation of the 
periaqueductal gray matter without producing noticeable sedation or ataxia (SCHEN-
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BERG and GRAEFF, 1978). The authors suggested that inhibition by benzodiazepines 
of the fight-flight system in the periaqueductal gray matter might be responsible for 
the antianxiety effects of this group of compounds. The flight reaction induced by hy­
pothalamic stimulation was only delayed, but not abolished by 5 mg' kg - I diazepam 
i.p., a dose which reduced basal locomotor activity (MORPURGO, 1968). 

Findings obtained with telemetric stimulation of brain areas in monkeys led DEL­
GADO (1973) to conclude that benzodiazepines selectively depressed aggressiveness by 
an action on the limbic system or on the nociceptive system in the thalamus and cen­
tral gray matter. A dose of chlordiazepoxide, which did not impair locomotion 
(8 mg' kg- I i.m.), given to the dominant animal in a monkey colony, blocked the vi­
olent fighting between the dominant and submissive monkey induced by radio stim­
ulation of the olfactory area in the dominant partner. In the same study, the stimu­
lation of Forel's field elicited aggressive behavior in a submissive monkey, which re­
mained responsive to the attitude of the dominant partner, although the induced ag­
gressiveness was inhibited after the same dose of chlordiazepoxide. 

VII. Drug-Induced Aggression 

While an inhibition of the biting response in mice injected with a high dose OfDL-Do­
pa (500 mg' kg- I i.v.) was observed after diazepam (2.5 mg' kg- I i.p.), chlordiazep­
oxide (13 mg' kg-I), and oxazepam (8.8 mg' kg-I) (YEN et aI., 1970), diazepam failed 
to influence biting behavior elicited in mice by apomorphine (OLPE, 1978). In an at­
tempt to find out the site of action for the tranquilizing effects of benzodiazepines, 
NAGY and DECSI (1973) injected small amounts of diazepam (10-20 Jlg) locally into 
different limbic areas of cats in which the affective rage reaction was elicited by direct 
injections of carbachol into the hypothalamus. Direct injections of diazepam into 
amygdala and hypothalamus, and particularly into the anterobasal amygdaloid re­
gion, suppressed rage reactions. Injections into the hippocampus were ineffective. The 
same effects as obtained after direct application of diazepam into the anterobasal 
amygdala were also observed after intraperitoneal injection (2.3 mg . kg-I) of the 
benzodiazepine, a dose that induced slight ataxia in these cats. 

VITI. Induction of Aggressive Behavior 

In addition to paradoxically increase existing aggressivity of grouped male mice, daily 
intraperitoneal injections of diazepam (4 mg' kg -I) and flunitrazepam (2 mg' kg -I) 
to male rats over 28 days induced aggressive behavior (WUSTER et aI., 1980a). Induc­
tion of mouse-killing behavior in rats by chlordiazepoxide (LEAF et aI., 1975) could 
be blocked by lesions of the amygdala (GAY et aI., 1976). 

IX. Conclusions 

Benzodiazepines affect animal aggressive behavior in differing ways, depending on 
variables such as the affective background, different forms of innate aggressivity, 
housing conditions, and quality of aversive somatosensory and social stimulation. 
Benzodiazepines exert the most pronounced antiaggressive activity with little appar­
ent relation to sedative and muscle-relaxant effects in (a) some spontaneously aggres-
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sive monkeys and other wild animals, (b) isolation- and foot-shock-induced aggress­
iveness in mice, and (c) in cats, monkeys and rats, in which affective defensive behav­
ior is evoked by brain stimulation. In contrast, no consistent effects of benzo­
diazepines were observed on the muricidal and brain lesion-induced aggressive behav­
ior of rats, and these drugs enhanced aggressiveness in grouped male mice. It can be 
tentatively assumed that a depressant effect of benzodiazepines on limbic areas and 
their connections to the hypothalamus is responsible for the particular sensitivity to 
these drugs of the affectively motivated behavior, such as the rage reactions elicited 
by brain stimulation, and possibly also innate aggressiveness of wild animals. It is even 
possible that the same suppressant action of benzodiazepines would relieve anxiety 
and diminish aggressive behavior. 

The paradoxical increase of aggressivity in grouped male mice can be explained 
by an inhibitory effect of benzodiazepines on frustration, which in animals housed in 
groups results in impairment of important motivational behavior such as feeding, 
drinking, and territorial defense (VALZELLI, 1979). The mechanisms by which benzo­
diazepines reduce aggressivity induced by prolonged isolation and electrical foot 
shocks are not easily understood. Perhaps benzodiazepines attenuate the sudden in­
crease in intensity of social and somatosensory stimulation in mice placed together af­
ter prolonged isolation and diminish the stress response elicited by foot shocks, re­
spectively. Hence, in the last two situations the antiaggressive effect of benzo­
diazepines would be rather indirect. 

O. Interaction with Other Centrally Active Agents 

In this section we consider briefly some of the interactions of benzodiazepine deriva­
tives with other centrally acting agents not dealt with in other sections. 

I. Synergism with "Centrally Depressant" Agents 

1. General Anesthetics 

Some propanediols and chlordiazepoxide reduced the doses of mebubarbitone and 
pentobarbitone required to induce a loss of the righting reflex (BOISSIER and SIMON, 
1964). In doses which did not depress the righting reflex, chlordiazepoxide reinduced 
the loss of this reflex when given at the time of recovery of the reflex following bar­
biturates. Prolongation of barbiturate-induced anesthesia has been observed with dif­
ferent benzodiazepines and several barbiturates in various animal species (DE RE­
PENTIGNY et aI., 1976; CHAMBERS and JEFFERSON, 1977). Halothane-induced "sleeping 
time" (loss of righting reflex) in the mouse was prolonged by the simultaneous admin­
istration of nitrazepam, diazepam, flunitrazepam, chlordiazepoxide, medazepam, and 
oxazepam, in this order of potency; the organic solvent used for diazepam and fluni­
trazepam contributed to the observed potentiation of halothane effects (STUMPF et aI., 
1976; CHAMBERS et aI., 1978). General anesthesia of the rabbit induced by equithesin 
was improved by the administration of diazepam as a preanesthetic (HODESSON et aI., 
1965). Based on the synergistic action of chloralose and chlordiazepoxide, this com­
bination has been proposed as capable of maintaining a sufficient anesthesia in cats 
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and rabbits for 6-12 h in acute neurophysiologic experiments (STEINER, 1969). Diaze­
pam, flurazepam, and chlordiazepoxide potentiated the anesthetic effect of various 
steroid anesthetics in mice and rats (GYERMEK, 1974). Diazepam, nitrazepam, fluni­
trazepam, and midazolam showed a marked synergism with the general anesthetic ac­
tion of nitrous oxide in mice (STUMPF et aI., 1975, 1979). In rats, diazepam intrave­
nously accentuated the decrease of cerebral blood flow and cerebral oxygen consump­
tion induced by nitrous oxide (CARLSSON et aI., 1976). 

2. Ethanol 

Several studies have shown an additive or supraadditive influence of benzodiazepines 
on the central depressant effect of ethanol (FORNEY et aI., 1962; GEBHART et aI., 1969; 
BOURRINET, 1971; CHAN et aI., 1978; ZAi5KOVA et aI., 1978). The relative contribution 
of pharmacodynamic and pharmacokinetic mechanisms to this synergism is not yet 
clear (HOYUMPA et aI., 1980; VESELL, 1980). In man, evidence exists for a pharmaco­
kinetic (MOLANDER and DUVHOEK, 1976) as well as for a pharmacodynamic interac­
tion (DUNDEE and ISAAC, 1970). The interaction between ethanol and benzodiazepines 
may be more complicated than commonly believed and depends on the doses of both 
alcohol and the benzodiazepine as well as on the kind of benzodiazepine derivative. 
Indeed, DUNDEE and ISAAC (1970) surprisingly found that after lOO-140 mg chlordi­
azepoxide, the blood level of ethanol at which sleep occurred was higher than in the 
absence of the drug. This antagonism for sleep induction was not present after 50 mg 
chlordiazepoxide and 10-30 mg diazepam. 

3. Neuroleptics 

Benzodiazepines have been found to produce a loss of righting reflex when combined 
with a subhypnotic dose of chlorprothixene, and this effect has been used as a screen­
ing procedure to detect central depressant activity (RANDALL et aI., 1968; STRAW, 
1975). The capacity of 14 benzodiazepines to prolong the loss of righting reflex induc­
ed by droperidol in mice has been measured by NIEMEGEERS and LEWI (1979). 

Various benzodiazepines were reported to enhance the cataleptic effect of different 
neuroleptics (KELLER et aI., 1976). This potentiation was paralleled by a reduction of 
the neuroleptic-induced increase of dopamine turnover. This type of interaction is dis­
cussed in more detail in connection with the effect ofbenzodiazepines on GABAergic 
transmission in the substantia nigra (X, X, 1). 

4. J'-Tetrahydrocannabinol (J' THC) 

The interaction of chlordiazepoxide, ethanol, and phenobarbitone with the effect of 
J9_ THC in rats was studied using conditioned avoidance responses, locomotor activ­
ity, heart rate, body temperature, and performance in a rotarod test (PRYOR et aI., 
1977). Chlordiazepoxide, as well as ethanol and phenobarbitone, enhanced the de­
pressant effect of LJ9 -TH C on most of these parameters. Chlordiazepoxide was the on­
ly agent which failed to enhance the LJ9-THC-induced impairment of conditioned 
avoidance performance. 
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5. Anticholinesterases 

The potent antagonistic action of benzodiazepines on seizures induced by anticho­
linesterases has been reported in the section dealing with the anticonvulsant effects. 
One observation, however, was made of a potentiating effect of chlordiazepoxide. 
This drug (as well as phenobarbitone and reserpine) increased the toxicity of carbaryl 
(WEISS and ORZEL, 1967). Perhaps this may be explained by the muscle relaxant effect 
of chlordiazepoxide, which may be harmful when the main effect of the anticholines­
terase is to produce a muscular paralysis. 

6. MuscimoI 

Chlordiazepoxide, diazepam, and nitrazepam were found to potentiate the hy­
peractivity induced in the rat by the bilateral injection of 3 ng muscimol into the sub­
stantia nigra (MATSUI and KAMIOKA, 1979); this "excitatory" effect of the benzo­
diazepines was explained by a facilitation of GABA-receptor stimulation. Various 
benzodiazepines, when given together with muscimol, increased the compulsive gnaw­
ing activity of mice induced by methylphenidate more than the benzodiazepines or 
muscimol alone (ARNT et aI., 1979). 

7. Scopolamine 

Chlordiazepoxide as well as scopolamine slightly improved avoidance responding in 
mice being trained for shuttle-box performance. The facilitation of avoidance was 
more marked when the two drugs were combined, especially during the initial phases 
of training (SANSONE, 1978a). 

8. Analgesics 

The interaction of benzodiazepines with analgesics was treated in Sect. J.I. 

II. Antagonism with Centrally Active Agents 

1. Opiate Antagonism 

VON LEDEBUR et ai. (1962) observed that nalorphine reduced the time during which 
guinea pigs passively remained in a lateral or supine position after chlordiazepoxide, 
chlorpromazine, and meprobamate and suggested the use of nalorphine as an antidote 
after ingestion of overdoses of central depressant drugs. Controversial clinical ob­
servations have been reported on the reversal of benzodiazepine effects by naloxone 
in man (Moss, 1973; BELL, 1975; CHRISTENSEN and HUTTEL, 1979) and have stimulated 
experiments in animals. 

In the rat, naloxone in the extremely high dose of 60 mg· kg - I i. p. blocked the an­
ticonflict effect of chlordiazepoxide; mice that had lost the righting reflex after high 
doses of chlordiazepoxide regained this reflex, although remaining ataxic, after doses 
of 50 and 100 mg· kg -I naloxone i.p., while the loss of righting reflex induced by bar­
biturates or meprobamate was unaffected (BILLINGSLEY and KUBENA, 1978). Nalox­
one (5 mg· kg-I i.p.) reduced the increase by chlordiazepoxide (4 mg· kg-I) and 
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ethanol of operant responding of rats for lateral hypothalamic self-stimulation 
(LORENS and SAINATI, 1978). A small dose of naloxone (0.25 mg· kg-I) reduced the 
stimulant effect of diazepam on food intake in satiated rats (STAPLETON et aI., 1979). 
SOUBRIE et ai. (1980) found that naloxone blocked some, but not all disinhibitory ef­
fects of diazepam on behavior of rats under aversive situations. Naloxone in much 
higher doses than required to block the effect of opiates has been shown to act as a 
GABA antagonist (DINGLEDINE et aI., 1978) and to induce convulsions (BREUKER et 
aI., 1976). 

2. Anticholinesterases 

Anecdotal clinical reports suggest that physostigmine may quickly reverse uncon­
sciousness induced by diazepam. This analeptic property of physostigmine is probably 
an unspecific one, since the drug also antagonized central depression by neuroleptics 
(ROSENBERG, 1974; DI LIBERTI et aI., 1975; LARSON et aI., 1977). Moreover, physostig­
mine failed to reverse diazepam-induced sedation in patients undergoing dental ex­
traction (GARBER et aI., 1980). Experiments in rabbits, cats, and rats, measuring EEG, 
gross behavior, and mortality rate after lethal doses of diazepam confirmed the clini­
cal observations (NAGY and DECSI, 1978). Since the antidote effect of physostigmine 
was still present after methylatropine, only central effects seem to be involved both 
in the lethal effects of diazepam and the antagonistic effect of the anticholinesterase. 
Benzodiazepines are also antidotes of anticholinesterases: in the rabbit diazepam pre­
vented or blocked epileptic cortical activity induced by fluostigmine and, when added 
to atropine and obidoxime raised the LDso of fluostigmine in rats about 80-fold 
(RUMP et aI., 1973; RUMP and GRUDZINSKA, 1974; GRUDZINSKA et aI., 1979). As will 
be discussed in the section on the interaction of benzodiazepines with acetylcholine, 
the antidote action of these drugs cannot be due to an effect on the cholinesterase it­
self. 

3. Antimuscarinic Agents 

The increased locomotor activity of mice induced by benztropine, scopolamine, atro­
pine, and trihexyphenidyl was reduced or suppressed by diazepam in doses which by 
themselves did not reduce spontaneous activity (SIMON et aI., 1974). Interaction ex­
periments with picrotoxin, thiosemicarbazide, and strychnine suggested that the an­
tagonistic effect of diazepam may involve a GABAergic mechanism (SOUBRIE et aI., 
1976b). 

4. Nicotine 

A high dose of nicotine (120 mg· kg-I i.p.) induced electrocardiographic changes, 
convulsions, and death in about 90% of guinea pigs; bromazepam and diazepam 
(5 mg· kg -I i.m.) protected the animals from convulsions, changes in atrioventricular 
conduction, and mortality (MARINO et aI., 1974). A similar protective effect on exten­
sor seizures and mortality was also observed with diazepam and chlordiazepoxide in 
mice (ACETO, 1975). 
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5. Imipramine 

Diazepam was found to block bradycardia, but to increase hypotension and hypo­
thermia induced by imipramine in rats (CARPENTER et aI., 1977). 

6. Dibutyryl cAMP 

The N6 ,02-dibutyryl analogue of cAMP, in a dose-dependent manner, shortened the 
duration of "narcosis" in the rat induced by eight structurally different agents, among 
them diazepam (COHN et aI., 1975). 

7. Bemegride 

Bemegride (a convulsant analeptic) normalized the diazepam-induced alteration of 
behavior of gerbils in an open-field situation (JARBE and JOHANSSON, 1977). 

8. Caffeine 

Caffeine dose-dependently reversed the depressant effect of diazepam on the perfor­
mance of mice in a horizontal wire test (BONETTI and POLC, 1980); the doses of caffeine 
did not by themselves induce central stimulation. In contrast, caffeine antagonized the 
effect of phenobarbitone in this test situation only at high, stimulant doses. Caffeine 
also partially antagonized the effect of diazepam on the amplitude and duration of 
segmental dorsal root potentials in spinal cats, but was inactive on the changes in this 
potential induced by phenobarbitone. It is unlikely that the diazepam-caffeine antag­
onism is due to an interaction at benzodiazepine receptors; a purinergic mechanism 
might be involved (POLC et aI., 1981). An antagonism between chlordiazepoxide and 
caffeine was not found on the behavior of rats and gerbils in a schedule of differential 
reinforcement of low rate (SANGER, 1980). 

9. Dopa 

Chlordiazepoxide (10 and 32 mg· kg- 1 i.p.), but not diazepam (1 and 3.2 mg· kg- 1 

i.p.) potentiated the behavioral response of rats to L-Dopa after pretreatment with a 
monoamine oxidase inhibitor (BERENDSON et aI., 1976). 

III. Conclusions 

The well-known synergism between benzodiazepines and general anesthetics is not 
surprising. It is probably the result of a combination of different mechanisms in redu­
cing central nervous system excitability; indeed, all the general anesthetics studied in 
this combination experiment depress excitatory synapses, an effect which benzo­
diazepines lack in pharmacologic doses. 

The synergistic action of benzodiazepines and ethanol is of particular interest be­
cause the latter, in a yet unknown way, also enhances GABAergic inhibitory trans­
mission. 

The interaction of benzodiazepines and neuroleptics both on the behavioral and 
neurochemical level suggests that this combination should be investigated carefully in 
the treatment of schizophrenia. 
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The antagonism of at least certain effects of benzodiazepines by naloxone may be 
of a rather complex nature. In higher doses, this opiate antagonist also seems to block 
GABA receptors. Moreover, benzodiazepines have been shown to alter the content 
of met-enkephalin in certain brain areas; whether this is an epiphenomenon or 
whether it points to a causal involvement of endorphins in certain actions of benzo­
diazepines, remains to be elucidated. 

P. Effects on Peripheral Nervous Structures 
I. Axonal Conduction 

In isolated preganglionic cervical sympathetic nerve preparation of rabbits, diazepam 
and chlordiazepoxide reduced the amplitUde of the compound action potential of B­
fibers in a concentration-dependent manner (CWBLEY, 1978); chlordiazepoxide and 
diazepam were approximately equipotent, the concentration producing a 50% block 
of the compound action potential being 2 x 10 - 4 and 10 - 4 mol· 1- I, respectively, and 
of the order of potency of procaine. Chlorpromazine was 10-30 times more potent 
than the benzodiazepines. When injected intravenously in the anesthetized rabbit in 
a dose of 8 mg' kg - 1, diazepam and chlordiazepoxide did not consistently reduce the 
amplitude of the compound action potential of the preganglionic cervical sympathetic 
trunk (CLUBLEY and ELLIOTT, 1977). On nodes of Ranvier of isolated frog sciatic nerve 
fibers, chlordiazepoxide reduced the amplitude of single action potentials to 50% at 
about 10- 3 mol·l- 1 (MIToLO-CmEPPA and MARINO, 1972); at this concentration, the 
duration of the action potential was prolonged by about 20% and the threshold for 
excitation elevated by about 60%. Repetitive activity evoked by short high-frequency 
trains was reduced by chlordiazepoxide at about 2 x 10 - 4 mol· 1- 1; the potency of 
chlordiazepoxide in the single node of Ranvier was similar to that of phenobarbitone. 
In the isolated frog sciatic nerve trunk, chlordiazepoxide at 3.4 x 10- 3 mol·l- 1 re­
duced the conduction velocity by about 20% (PRUETT and WILLIAMS, 1966). In the iso­
lated rat sciatic nerve trunk, midazolam had about one-tenth the local anesthetic 
potency of procaine (PIERI et aI., 1981). In high concentrations, chlordiazepoxide 
(> 10 - 3 mol·l- 1) and diazepam (0.5 x 10- 3 mol· 1- 1) produced conduction failure in 
the isolated giant axon of the earth-worm ventral cord by elevating the threshold for 
spike initiation, decreasing the rate of rise of the extracellularly recorded action poten­
tial, while having little effect on spike amplitude (TOMAN and SABELLI, 1968). The 
elevation of threshold could be transiently restored in the presence of diazepam by re­
petitive high-voltage stimulation. Chlordiazepoxide (3 x 10- 5_10- 4 mol·I- 1) in­
creased the threshold for spike initiation in the crayfish giant axon also (WANG and 
JAMES, 1979). Amplitude and maximum rate of rise of the action potential were re­
duced, whereas the resting membrane potential remained unaltered. In the squid giant 
axon, the same authors observed with diazepam a suppression of two components of 
the membrane current, the transient Na + current being more affected than the steady 
state K + current. 

II. Spontaneous and Evoked Activity in Sympathetic and Parasympathetic Nerves 

In curarized cats, SIGG and SIGG (1969) observed a decrease of the spontaneous firing 
rate in splanchnic nerves and some attenuation of the activity in the preganglionic cer­
vical sympathetic and the vagus nerve after diazepam (0.3 and 3 mg' kg- 1 i.v.). The 
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spontaneous excitatory episodes recorded from the cervical sympathetic nerve were 
clearly reduced after estazolam (0.25 mg· kg- 1 i.v.) and nitrazepam (2 mg· kg- 1 i.v.), 
but less markedly after diazepam (4 mg· kg- 1 i.v., FUKUDA et aI., 1974). The spon­
taneous activity in the cervical sympathetic of anesthetized rabbits was reduced by 
8 mg· kg -1 diazepam and chlordiazepoxide i. v. in about half of the experiments 
(CLUBLEyand ELLIOT, 1977); the effect, when present, developed slowly and reached 
a peak about 60 min after the injection. Diazepam (0.1 mg· kg- 1 i. v.) only slightly de­
pressed a somatovisceral reflex, consisting of discharges in the preganglionic splanch­
nic nerve fibers in response to stimulation of forelimb cutaneous afferents in the cat 
(SCHLOSSER et aI., 1975b). 

Diazepam 0.3 mg· kg -1 i. v. markedly reduced the hypothalamically evoked dis­
charge in the splanchnic nerve in curarized cats (SIGG and SIGG, 1969); a slight or mod­
erate depression of discharges was observed in cervical sympathetic and vagal nerves. 
Nitrazepam and estazolam 2 mg· kg - 1 i. v. elevated the stimulation threshold in the 
posterior hypothalamus, midbrain reticular formation, and sciatic nerve to evoke re­
sponses in the preganglionic cervical sympathetic nerve (FUKUDA et aI., 1974). The 
same authors also found that estazolam inhibited discharges in the cervical sympa­
thetic nerve in response to sciatic nerve stimulation in the cerveau isole cat. Evoked 
activity in renal sympathetic nerves of anesthetized cats in response to stimulation of 
the sciatic or vagal nerve was inhibited by diazepam, when stimulation was at high 
frequency, but enhanced when low frequency stimulation was used (P6RszAsz and GI­
BISZER, 1970). Nictitating membrane contractions evoked in curarized cats by stimu­
lation of the posterior hypothalamus or the midbrain reticular formation or in re­
sponse to sciatic nerve stimulation were inhibited by 2 mg· kg- 1 of estazolam and ni­
trazepam i.v. (FUKUDA et aI., 1974). However, using a similar preparation, SIGG et aI. 
(1971) and CARROLL et aI. (1961) failed to observe any effect of diazepam (3 mg· kg- 1 

i.v.) and chlordiazepoxide (20 mg· kg- 1 i.v.) on nictitating membrane contractions 
evoked by hypothalamic stimulation. An attenuation by 1 mg· kg- 1 diazepam i.v. of 
such responses was found in anesthetized cats by CHINN and BARNES (1978). A corre­
late of the cat nictitating membrane in the rat is the eyelid, whose contraction is sym­
pathetically mediated; the response to hypothalamic stimulation was reduced by 
5 mg· kg - 1 diazepam i. p. (MORPURGO, 1968). 

An attenuation by benzodiazepines of the stress-induced activation of the sym­
pathoadrenal system was also found by measuring plasma and urinary catecholami­
nes. Chlordiazepoxide (20 mg· kg- 1 p.o.) abolished the increase of urinary catechol­
amine excretion induced by electric foot shock stress in rats (MICHALOYA et aI., 1966). 
Also in the rat, 5 mg· kg- 1 midazolam i.v. almost completely prevented the tremend­
ous increase in plasma noradrenaline and adrenaline produced by exposure of the ani­
mals to a I-min period of inescapable electric foot shock (DA PRADA et aI., 1980). 

III. Synaptic Transmission in Sympathetic Ganglia 

The eyelid contraction in the rat in response to preganglionic cervical stimulation was 
unaffected by 5 mg· kg- 1 diazepam i.p. (MORPURGO, 1968). Nictitating membrane 
contractions in chloralose-urethane anesthetized cats induced by electrical stimula­
tion of the preganglionic nerves at 15· s -1 were reduced dose-dependently by diaze­
pam in doses higher than 1 mg· kg- 1 i.v. (CHAI and WANG, 1966); responses to post­
ganglionic stimulation were unaffected. THEOBALD et aI. (1965) found no consistent 



96 w. HAEFELY et al. 

effect of chlordiazepoxide up to 3 mg· kg - 1 in intact anesthetized cats. Estazolam 
(5 mg· kg- 1 i.v.) moderately depressed the contractile response of the nictitating 
membrane to preganglionic stimulation in spinal cats; the response to postganglionic 
stimulation was unaltered (SAJI et aI., 1972). No effect of clobazam (10 mg· kg- 1 i.p., 
BARZAGID et aI., 1973) or of me daze pam (up to 16mg·kg- 1 i.v.; RANDALL et aI., 
1968) was seen on nictitating membrane contractions evoked by preganglionic 
stimulation. 

Using ganglionic surface recording, SCHLOSSER et ai. (1977) observed a depolariz­
ation and transmission block in the cat superior cervical ganglion after injection of 
flurazepam in high doses between 3 x 10- 7 and 5 x 10-6 mol into the arterial supply 
of the ganglion. Transmission block, but not depolarization, was antagonized by the 
GABA antagonists, bicuculline and picrotoxin. In doses below 3 x 10- 7 mol, fluraze­
pam and midazolam increased the amplitude and duration of ganglionic depolariz­
ation induced by GABA (SCHLOSSER and FRANCO, 1979 a); higher doses decreased the 
amplitude but still prolonged the duration of GAB A-induced depolarization (SCHLOS­
SER et aI., 1977; SCHLOSSER and FRANCO, 1979a). An inconsistent and extremely weak 
potentiation of GAB A-induced depolarization ofthe superfused isolated rat superior 
cervical ganglion was observed with 1O-6-10-4 mol·l- 1 chlordiazepoxide 
(STRAUGHAN, 1977; BOWERY and DRAY, 1978), diazepam, flurazepam, and nitraze­
pam (STRAUGHAN 1977). However, chlordiazepoxide and diazepam consistently, al­
though slightly, attenuated the blocking effect ofbicuculline on GABA-induced depo­
larization (STRAUGHAN, 1977; BOWERY and DRAY, 1978). The atypical, convulsant 
benzodiazepine Ro 5-3663 (1 ~ol), antagonized ganglionic depolarization induced 
by GABA and muscimol in the in situ superior cervical ganglion of the cat (FRANCO 
and SCHLOSSER, 1978); this antagonism was ofthe mixed competitive-noncompetitive 
type in the isolated rat superior cervical ganglion (SCHAFFNER et aI., 1979). 

A series of studies were performed with diazepam (~ 10 - 8 mol·l- 1) on the iso­
lated bullfrog paravertebral sympathetic ganglion. No effects on the resting mem­
brane potential or acetylcholine-induced effects were observed (SURIA and COSTA, 
1974b). EPSPs and IPSPs evoked by isolated single preganglionic stimuli were unaf­
fected (SURIA and CoSTA, 1973; SURIA et aI., 1975). However, posttetanic potentiation 
of EPSPs was inhibited by diazepam (10- 8 mol. 1-1) and chlordiazepoxide (10- 6 

mol· 1- 1), while posttetanic potentiation of IPSPs was enhanced. The effect of diaze­
pam on posttetanic potentiation of IPSPs was mimicked by dibutyryl cyclic 3',5'­
adenosine monophosphate and that on EPSPs by prostaglandins El and E2, arachi­
donic acid, and cyclic 3',5'-guanosine monophosphate and blocked by SC 19220, a 
prostaglandin receptor blocker (SURIA and COSTA, 1974a, 1974b). Diazepam 10- 6 

mol· 1- 1 as well as GABA and dibutyryl cyclic 3',5'-guanosine monophosphate pro­
duced a depolarization of presynaptic nerve terminals within the ganglion (SURIA and 
COSTA, 1975; SURIA, 1976). During this depolarization the amplitude of antidromic 
spikes induced by stimulation of presynaptic nerve endings was reduced. The effects 
of diazepam and GABA an presynaptic nerve endings were blocked by picrotoxin. 
The inhibitors of glutamic acid decarboxylase, isoniazid and thiosemicarbazide, pre­
vented the depolarization of the presynaptic terminals by diazepam, but not that pro­
duced by GABA (COSTA et aI., 1975 c). The authors suggested that the depression of 
posttetanic potentiation of EPSPs observed after diazepam could be due to a presyn­
aptic effect on transmitter release. 



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 91 

IV. Dorsal Root Ganglia 

Diazepam 10- 5 mol '1- 1, applied by superfusion to rat dorsal root ganglia in situ, did 
not influence the resting membrane potential and membrane conductance, but re­
duced the amplitude and the time course of the depolarization of ganglion cells pro­
duced by short GABA pulses. The amplitude of the depolarization induced by longer 
pulses of GABA was only minimally affected, whereas the very prolonged depolariz­
ation, which is seen after longer GABA pulses, was diminished by diazepam (LAMOUR, 

1979; DESARMENIEN et aI., 1980). 

V. Conclusions 

Direct effects ofbenzodiazepines on peripheral neuronal elements were only observed 
in concentrations that are well above those occurring after therapeutic doses. It is not 
surprising that drugs with high liposolubility affect neuronal membrane properties, 
when incorporated in sufficient amounts in hydrophobic phases of the membrane. 
These effects may be called "nonspecific" because they occur at much higher concen­
trations than required to produce the characteristic pharmacologic effects. They may, 
however, still be somehow specific in the sense that they may differ from those of other 
agents at comparable high concentrations because of unique structural properties. 

Centrally induced changes of the activity of autonomic nervous fibers are to be ex­
pected with drugs which, like benzodiazepines, act on diencephalic structures involved 
in the control and integration of autonomic functions. 

Q. Effects on Invertebrate Neurons 

The effects ofbenzodiazepines on spike generation and conduction in invertebrate ax­
ons were described in the preceding chapter. A series of papers dealing with the effects 
of benzodiazepines on neurons of the marine snail, Aplysia cali/ornica will be briefly 
discussed. 

The R2-cell, the giant cell of the pleural ganglion which has a very stable mem­
brane potential, developed transient membrane potential oscillations in the presence 
of chlordiazepoxide (MURPHY et aI., 1976), flurazepam, and medazepam in concen­
trations between 10-4 and 10- 3 mol·I- 1 (HOYER et aI., 1976, 1978; HOYER, 1977). 
This effect on the membrane potential was accompanied either by a facilitation of the 
synaptic input from the right connective nerve or a suppression of the input from the 
genital pericardial nerve (MURPHY et aI., 1976), which resulted in a firing pattern rem­
iniscent of a bursting pacemaker cell (HoYER et aI., 1976, 1978). In the bursting pace­
maker cell (RI5), chlordiazepoxide induced interburst hyperpolarization, an in­
creased interburst interval, and a recruitment of an inhibitory input. A slight depolar­
ization and a subsequent increase in firing rate, followed later by the appearance of 
inhibitory periods, was observed in the beating pacemaker cell, RI4 (MURPHY et aI., 
1976). In L3 cells flurazepam (5 x 10-4 mol· 1-1) increased the duration and ampli­
tude of the normal membrane potential oscillations. As a consequence of the increased 
duration of the depolarizing waves more action potentials were triggered per burst 
(HOYER et aI., 1978). 10-4-5 x 10-4 mol· 1-1 reduced the firing rate, induced oscil­
lations of the resting membrane potential, and sometimes induced double discharges 
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(HOYER et al., 1976). Regular cells (e.g., R3) became irregular in their firing pattern, 
whereas irregular cells (e.g., L7) showed a tendency to form bursts or multiple dis­
charges (HOYER et al., 1978). The antidromic spike in R2 or R15 cells was markedly 
influenced by 10-4 mol·l- 1-lo- 3 mol· 1-1 chlordiazepoxide, diazepam, flurazepam, 
medazepam, and oxazepam (HOYER et al., 1976; HOYER, 1977; MURPHY and KREIS­
MAN, 1977). Overshoot and rate of rise were reduced and the rate of fall was de­
creased, which resulted in a prolonged action potential of reduced amplitude (HOYER 
et al., 1976; HOYER, 1977). In the R2 cell, MURPHY and KREISMAN (1977) found these 
effects of diazepam 10 - 4 mol· 1- 1 to be restricted to the soma spike; Ro 5-4864, a 
benzodiazepine with no central nervous system effects, was ineffective. The conduc­
tion velocity along the axon was reduced under diazepam (10-4 mol· 1-1 ) and fluraze­
pam (5 x 10 - 4 mol· 1- 1), which led to a conduction block after protracted exposure 
to flurazepam (HOYER, 1977; MURPHY and KREISMAN, 1977). 

The EPSP ofR15 cells, evoked by stimulation of the right connective (cholinergic) 
input, was reduced after 5 x 10-4 mol· 1-1 flurazepam (HOYER et al., 1976; TREMBLAY 
and GRENON, 1977). Both benzodiazepines reduced the initial synaptic depression in 
a train of impulses at 1 Hz; the frequency-dependent facilitation was increased (TREM­
BLAY and GRENON, 1977; HoYER, personal communication). Posttetanic potentiation 
(PTP) was reduced, according to TREMBLAY and GRENON (1977). HOYER (personal 
communication) reported an enhancement and prolongation of posttetanic potenti­
ation after 5 x 10 - 4 mol· 1- 1 flurazepam. In the same cell (R 15) TREMBLAY and 
GRENON (1977) observed a weak depolarization and a slight reduction of the mem­
brane resistance after flurazepam. IPSPs evoked in L5 or L12 cells after activation of 
the interneuron L8 were abolished within 10 min after 10-4 mol· 1-1 flurazepam. This 
effect was irreversible after prolonged exposure (HOYER et al., 1976). 

Iontophoretic application of acetylcholine to cells of the abdominal or pleural 
ganglion evokes a depolarization or hyperpolarization of the cell, which is accom­
panied by an increased or reduced activity in spontaneously active cells. The facilita­
tion of cell firing was usually inhibited by benzodiazepines, whereas the reduction of 
spontaneous activity was only slightly affected (HOYER et al., 1976; HOYER, 1977). 
Some cells show a hyperpolarization in response to acetylcholine, consisting of two 
components: one with a short latency and a reversal potential corresponding to the 
equilibrium potential of Cl- (~ - 60 m V) and the other with a longer latency and a 
reversal potential corresponding to that of K + (~ - 80 m V). Flurazepam, medaze­
pam, oxazepam, and chlordiazepoxide at 2.5 x 10 - 4_5 x 10 - 4 mol· 1- 1 blocked the 
short latency Cl- -dependent acetylcholine hyperpolarization but left the longer laten­
cy response virtually unaffected (HOYER et al., 1976; HOYER, 1977). 

Aplysia neurons show different types of responses to iontophoretic GABA. The 
most common response is a fast hyperpolarization produced by a Cl- -conductance 
increase which is sensitive to bicuculline or picrotoxin (Y AROWSKY and CARPENTER, 
1978). This Cl- -dependent hyperpolarization was reversibly antagonized by 5 x 10-4 

mol· 1 - 1 flurazepam, whereas Na + -dependent GABA depolarization was unaffected 
(HOYER, personal communication). 

HOYER etal. (1976,1978) studied the effects offlurazepam (2.5 x 10-4 and 5 x 10-4 

mol· 1 - 1) under voltage clamp conditions on the current-voltage relationship of slow 
currents determining the resting membrane potential and of the more transient and 
much larger currents that flow during the action potential or during the depolariz-
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ation. In R2 cells, a negative slope ofthe I-V curve for the slow current was observed 
under flurazepam. In cells with this negative slope under control conditions, such as 
R15, this property was accentuated under flurazepam. The much larger inward and 
outward currents flowing during an action potential or a membrane depolarization 
were reduced during the exposure to flurazepam, the Ca2+ -dependent K + -outward 
current being more depressed. The inward current was shifted to more positive volt­
ages. A fast inactivation of the outward current occurred in the presence of fluraze­
pam. 

Exposure of leeches to 1 mmol· 1- 1 flurazepam or 5 mmol· 1- 1 chlorazepate in­
duced initial agitation followed by reduced activity, unresponsiveness to tactile stim­
uli, and complete anesthesia; all effects were easily reversible in drug-free solution 
(CORRADETTI et aI., 1980). No specific 3H-diazepam binding could be found in leech 
ganglia. 

The relatively simple nervous systems of invertebrates are favoured models for the 
study of drug effects on neuronal membranes. Indeed, they have provided a great deal 
of useful detailed information on drug actions on passive and active properties of 
membranes and on the interaction of agents with specific neurotransmitters. In the 
case ofbenzodiazepines, however, the results obtained in invertebrate systems should 
be extrapolated with great caution to central neurons of higher animals and man. 
First, the concentrations that affected invertrebrate neurons were 10-1,000 times 
higher than the concentration of benzodiazepines determined in the brain of animals 
after pharmacologic doses. Second, the specific receptors, to which benzodiazepines 
bind with high affinity to induce their characteristic effects, are absent in invertebrates 
(NIELSEN et aI., 1978). It seems, therefore, that the effects observed on invertebrate 
neurons are related rather to the effects of sublethal and lethal doses of benzo­
diazepines and not to their pharmacologic effects. 

R. Effects of Spinal Cord Functions 
The effects ofbenzodiazepines on spinal cord functions have been studied intensively 
for several reasons. One was to compare the effects of benzodiazepines with those of 
older muscle relaxant anxiolytics represented by meprobamate, which had been 
claimed to be an "interneuron blocking agent" (BERGER, 1954). The spinal cord is a 
favorite object of neuropharmacologists, because the rather advanced knowledge of 
its neuronal circuitry, the relative ease with which defined excitatory and inhibitory 
pathways can be stimulated and input-output relations studied, permit one to charac­
terize a drug with respect to its actions on certain types of synapses or certain types 
of neuronal activity. A further advantage of spinal cord pharmacology is the possibil­
ity of isolating the cord at will from peripheral and/or central influences, which helps 
considerably in defining the site of action of a compound. It is not surprising, there­
fore, that the first evidence for a selective action of benzodiazepines on GABAergic 
synapses was obtained in spinal cord preparations. Whereas a great number of data 
are available on the effects of these drugs on motor functions of the spinal cord, little 
is known about their possible effects on sensory functions in the cord. 

Early studies on benzodiazepines had already revealed their potent actions on 
spinal cord activities. In chloralose-anesthetized cats, polysynaptic flexor reflex con­
tractions of the tibialis anterior muscle evoked by stimulation of the sciatic nerve were 



100 W. HAEFEL y et al. 

blocked by 2-3 mg· kg- 1 chlordiazepoxide i.v. (RANDALL, 1960; RANDALL et ai., 
1961) and diazepam (0.4 mg· kg - 1) (RANDALL et aI., 1961). These early findings were 
confirmed and extended in many laboratories. A drug may modulate synaptic trans­
mission in the spinal cord of intact animals either by a primary action on supraspinal 
structures controlling spinal cord activities, or by a primary action within the spinal 
cord, or by a combination of both. We first discuss results which suggest or demon­
strate a supraspinal site of action of benzodiazepines in modulating spinal cord ac­
tivities. 

I. Effects on Spinal Cord Activities Through a Supraspinal Site of Action 

The finding that diazepam and nitrazepam (1-10mg·kg- 1 p.o., i.p. or i.v.) clearly 
diminished muscle tone in unrestrained freely moving cats without inducing somno­
lence or sleep (HERNANDEZ-PE6N et aI., 1964; HERNANDEZ-POON and ROJAS-RAMiREZ, 
1966; GHELARDUCCI et aI., 1966) led to the hypothesis that benzodiazepines depress 
spinal cord activities by reducing a tonic facilitatory influence exerted by the brain 
stem on spinal y-motoneurons (GHELARDUCCI et aI., 1966). These authors found in 
freely moving as well as in unanesthetized decerebrate and spinal cats that neither 
monosynaptic reflexes nor dorsal root potentials (DRPs) were affected by 1 mg· kg- 1 

nitrazepam i.v., a dose inducing marked hypotonia. Furthermore, the same dose of 
nitrazepam abolished the so-called y-rigidity following precollicular decerebration, 
while leaving unaffected the a-rigidity produced by ablation of the cerebellum. The 
suggested supraspinal site of action received strong support from the study of NGAI 
et al. (1966). In decerebrate unanesthetized cats, they consistently observed that the 
marked depressant effect oflow doses of diazepam (0.05 mg· kg- 1 i.v.) on polysynap­
tic crossed extensor reflexes disappeared after subsequent spinal cord transection and 
that further injections of the drug had little additional effect on this reflex. The mono­
synaptic knee jerk was unaffected in decerebrate as well as in spinal cats (NGAI et aI., 
1966). On the other hand, facilitation and inhibition of the knee jerk induced by stim­
ulation ofthe mesencephalic and bulbar reticular formation, respectively, were mark­
edly reduced by diazepam (0.1 mg·kg- 1 i.v.). The same dose of diazepam also de­
pressed polysynaptic segmental reflexes and spontaneous activity of mesencephalic re­
ticular neurons in decerebrate cats (PRZYBYLA and WANG, 1968), but was much less 
effective on polysynaptic reflexes and spontaneous firing of spinal intemeurons in 
spinal animals (TSENG and WANG, 1971 b). Depressant effects on the polysynaptic re­
flexes similar to those found after diazepam were observed in decerebrate cats with 
other benzodiazepines. In this respect clonazepam was the most potent compound 
(0.05mg·kg- 1 i.v.), followed by nitrazepam (0.1 mg·kg- 1), bromazepam 
(0.2 mg· kg- 1), and flurazepam (1 mg· kg-I, TSENG and WANG, 1971 a). Additional 
evidence for a site of action of benzodiazepines in the brain stem was provided by 
studies in the rat. Diazepam (0.3 mg·kg- 1 i.v.) diminished monosynaptic and poly­
synaptic spinal reflexes in intact anesthetized and decerebrate rats, but not in spinal 
rats (NAKANISm and NORRIS, 1971). Similarly, mono- and polysynaptic reflexes were 
reduced by oral administration of diazepam (10 mg· kg- 1), chlordiazepoxide 
(50 mg· kg -1), and medazepam (50 mg· kg -1) in decerebrate, but not in spinal rats 
(KIDO et aI., 1972). SCHLOSSER et aI. (1975 a, b) studied long latency spino-bulbospinal 
reflexes recorded in the ventral roots, elicited in chloralose-anesthetized cats by stim-
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ulation of the hind- and forelimb muscle as well as cutaneous afferents. These reflexes 
were depressed by diazepam in extremely small doses (0.01 mg· kg- l i.v.), whereas a 
higher dose (0.1 mg· kg - I) was required to reduce segmental mono- and polysynaptic 
ventral root reflexes in the same cat. A reflex response of the efferent nerve fibres to 
the posterior biceps muscle to stimulation of preganglionic fibres in the splanchnic 
nerve afferents ("viscerosomatic" reflex) was also very sensitive to the depressant ef­
fect of diazepam (0.001 mg· kg-I). Conversely, diazepam (0.1 mg· kg- l i.v.) was less 
potent in depressing efferent discharges of the preganglionic splanchnic nerve elicited 
by stimulation ofthe forelimb cutaneous afferents in the same intact anesthetized cats 
("somatovisceral" reflex). 

II. Effects Within the Spinal Cord 

1. Mono- and Polysynaptic Reflexes 

More recent studies have shown that in addition to a supraspinal site, benzodiazepines 
undoubtedly have a direct action on the spinal cord. HUDSON and WOLPERT (1970) 
used intact anesthetized, decerebrate, and spinal cats. While confirming the resistance 
to these drugs of the knee jerk in spinal as opposed to decerebrate animals, they found 
a depression of the facilitatory and inhibitory reticular effect on the knee jerk to be 
exerted by the same doses of diazepam (0.125-0.25 mg· kg- l i.v.) which reduced fa­
cilitation of the knee jerk induced by sciatic nerve stimulation in spinal cats. Since fa­
cilitation of the knee jerk induced by stimulation of cervical spinal cord segments in 
spinal cats was also depressed by diazepam, the authors assumed that the drug was 
acting within the spinal cord, possibly in the region where supraspinal descending 
pathways impinge on the spinal cord neurons. 

The finding that the knee jerk was not affected by benzodiazepines in intact anes­
thetized cats but that the monosynaptic reflex responses recorded in the ventral roots 
were depressed led CRANKSHAW and RAPER (1970) to propose that the mechanically 
evoked and recorded knee jerk with its asynchronous afferent input was more resis­
tant to diazepam than the electrically evoked monosynaptic ventral root potentials, 
which are caused by synchronous volleys in afferents induced by single electrical 
shocks. Interestingly, SWINYARD and CASTELLION (1966) found monosynaptic ventral 
root reflexes elicited by single shocks applied to the dorsal roots to be unaltered in 
spinal cats after clonazepam. In contrast, small doses of this drug (0.05 mg· kg- l i.v.) 
markedly reduced monosynaptic ventral root reflexes evoked by repetitive dorsal root 
stimulation. 

Apart from this study, however, most investigators observed a depression by ben­
zodiazepines of monosynaptic and polysynaptic ventral root reflexes induced by 
single shock afferent stimuli in spinal cats (SCHMIDT et aI., 1967; CHANELET and LON­
CHAMPT, 1971; BLUM et aI., 1973; POLC et aI., 1974; MURAYAMA et aI., 1972; POLC, un­
published observations). 

2. y-Motoneuron Activity 

y-Motoneurons, which discharge tonically in decerebrate and, to a smaller extent, in 
spinal cats, were markedly depressed by benzodiazepines in decerebrate cats (diaze­
pam 1 mg· kg- l i.v. in BALTZER and BEIN, 1973; doses of 0.2 mg· kg- l of nit raze pam, 
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diazepam, and estazolam Lv. in CHIBA and NAGAWA, 1973; 0.1 mg·kg- 1 diazepam 
i.v. in POLC et aI., 1974; 0.01-0.05 mg· kg- 1 diazepam i.v. in TAKANO and STUDENT, 
1978). Similar doses of diazepam (0.1 mg· kg- 1 Lv.) were necessary to reduce the y­
activity in spinal cats (POLC et aI., 1974). This remarkably strong action of benzo­
diazepines on the y-system, which is probably overactive in spasticity, would in part 
explain the alleviation by diazepam of spastic symptoms in patients with complete 
spinal cord transection (COOK and NATHAN, 1967). Indirect (POLC et aI., 1974) and 
more direct evidence (TAKANO and STUDENT, 1978) suggests that diazepam reduces 
the activity of both dynamic and static y-motoneurons. 

3. Posttetanic Potentiation, Reciprocal and Recurrent Inhibition and Excitability of 
Motoneurons and Primary Afferents 

Investigations including tests for posttetanic potentiation of monosynaptic ventral 
root reflexes, disynaptic reciprocal and recurrent inhibition as well as direct excitabil­
ity of motoneurons and primary afferent endings, failed to demonstrate any effects 
ofbenzodiazepines on these parameters (SWINYARD and CASTELLlON, 1966; SCHMIDT 
et aI., 1967; SCHLOSSER, 1971; STRATTEN and BARNES, 1971; CHANELET and LONG­
CHAMPT, 1971; POLC, 1978; NISTRI et aI., 1980). 

4. Presynaptic Inhibition 

SCHMIDT et al. (1967) were the first to show that diazepam increased presynaptic in­
hibition of monosynaptic ventral root reflexes and enhanced depolarization of prima­
ry afferents recorded as dorsal root potentials (DRPs) in lightly anesthetized spinal 
cats (Fig. 1). Doses of diazepam as small as 0.05 mg· kg - 1 increased the two presyn­
aptic inhibitory phenomena, while larger doses (up to 0.5 mg· kg- 1 Lv.) were ineffec­
tive in postsynaptic inhibition, suggesting a selective action of diazepam on presynap­
tic inhibition in the spinal cord. This observation was later confirmed by all investi­
gators and extended to other benzodiazepines as well as to other mammalian species 
(SCHLOSSER and ZAVATSKI, 1969; SCHLOSSER, 1971; STRATTEN and BARNES, 1971; 
CHANELET and LONCHAMPT, 1971; CHIBA and NAGAWA, 1973; MENETREY et aI., 1973; 
BLUMet aI., 1973; POLC et aI., 1974; POLC, unpublished observations; CHIN et aI., 1974; 
BANNA et aI., 1974; HAEFELyet aI., 1975b; 1978; MURAYAMA et aI., 1972; MURAYAMA 
and SUZUKI, 1975; SUZUKI and MURAYAMA, 1976; POLZIN and BARNES, 1976; NICOT 
et aI., 1976; NAFTCHI and LOWMAN, 1977; NAFTCHI et aI., 1979). It is clear that the 
spinal cord itself is the primary site of action for this effect of benzodiazepines on pre­
synaptic inhibition, and some authors even believe that enhancement of presynaptic 
inhibition may be the only direct action ofbenzodiazepines on the spinal cord (STRAT­
TEN and BARNES, 1971; CHIBA and NAGAWA, 1973). 

In several studies, presynaptic inhibition in the spinal cord evoked by stimulation 
of supraspinal structures was also found to be affected by benzodiazepines. DRPs in­
duced by stimulation of the brain stem reticular formation were enhanced by doses 
of diazepam which were somewhat larger than those required to increase presynaptic 
inhibition evoked by peripheral stimulation (0.3 mg· kg -1 diazepam i. v. in POLC et aI., 
1974; 1 mg·kg- 1 diazepam i.v. in POLZIN and BARNES, 1976). In contrast, DRPs 
evoked by cortical stimulation or heterosensory (optic and acoustic) stimuli were de­
pressed by diazepam (MENETREY et aI., 1973), and it is reasonable to suggest that this 



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 103 

CON 23' 

T~ 
% 

I 10 
:~: t--
I I~ 

A 
160 

"" 150 

16 1m C 
1/\ :~: 

I 1/ '1>-0 I I 
I P--.n. nl~1 I 

/3 110 10' -0- I I I 
I I I I 

110 100'~ :.......-.......: : : 

/I 90 CON! i ! ! 
10 ..... ~ '0.05mg/kg !O.lmg/k9 t,5mg/kg 12,omg'kg DIAZEPAM 

90 ~'---"~'---""1~---:'-;O--''''''0--5'!::~---:6'::-0 ---:70'--min 

Fig. 1 A-C. Effect of diazepam on dorsal root potentials (DRP) in a cat under light pentobar­
bitone anesthesia. A shows averaged DRP at different times corresponding to the graphic pre­
sentation in C. DRP were elicited by mechanical deformation of the palmar skin of a hindleg 
(700 !lm for 5 ms) and recorded from a L7 dorsal rootlet as indicated schematically in B. In C 
are plotted the amplitude (filled circles) and the time for half-life (open circles) ofDRP at times 
indicated on the abscissa. Diazepam was injected intravenously at the times indicated by arrows. 
The ordinate has a left-hand scale for the amplitude and a right-hand scale for the time to half­
life of the DRP. (From SCHMIDT et ai., 1967) 

reduction was due to an effect of diazepam on supraspinal structures, and not at the 
axo-axonal synapses in the spinal cord. With accumulating evidence in the early 1970s 
that presynaptic inhibition in the spinal cord was mediated by a GABAergic inter­
neuron (see CURTIS and JOHNSTON, 1974; LEVY, 1977), the early finding ofa potentiat­
ing effect of benzodiazepines on this inhibition by SCHMIDT et aI. (1967) and sub­
sequent investigators appeared in a new light. Indeed, the possibility had to be con­
sidered that the action ofbenzodiazepines was closely related with GABAergic func­
tion. POLC et aI. (1974) showed that the GABA antagonist, bicuculline, and benzo­
diazepines behaved as mutual surmountable antagonists in their effect on presynaptic 
inhibition, i.e. depression by bicuculline of presynaptic inhibition could be overcome 
by benzodiazepines and the benzodiazepine-induced potentiation reversed by the con­
vulsant. Inhibition of GABA synthesis by thiosemicarbazide (POLC et aI., 1974) or 
semicarbazide (BANNA et aI., 1974) depressed presynaptic inhibition, but this de­
pression could not be overcome with diazepam. These findings clearly indicated that 
the effect of benzodiazepines depended on the availability of GABA for release onto 
primary afferent endings but, of course, could not specify the exact locus of action of 
this drug in the pathway mediating presynaptic inhibition. 
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Attempts to answer the question of whether enhancement of presynaptic inhibi­
tion could account for all direct effects of benzodiazepines on the spinal cord went 
along two lines. CHANELET and LONCHAMPT (1971) studied the effect oflocal microin­
jection of diazepam (0.2-0.8 ~, 3.5 x 10 - 3 mol·l- 1) into different regions of the lum­
bosacral spinal cord of the cat. Diazepam reduced mono- and polysynaptic ventral 
root reflexes when injected into the ventral hom (lamina VII), but augmented DRP 
only if applied to the dorsal part of the dorsal hom (laminae I, II, and III). These find­
ings are, however, no proofthat reflex depression and enhancement of primary affer­
ent depolarization are caused by two different effects of diazepam. Indeed, the con­
centration of the drug was rather high and might have affected ventral root reflexes 
in a nonspecific way; moreover, benzodiazepines might potentiate presynaptic inhibi­
tion at a site remote from the axo-axonal synapses on primary afferent endings, e.g., 
on GABergic cell bodies. A different approach for analyzing a possible causal con­
nection between enhanced presynaptic inhibition and depression of reflex activity and 
y-motoneuron discharge rates was used by POLC et aI. (1974). They studied the effects 
of diazepam on various spinal cord activities after pharmacologically manipulating 
GABA synthesis and catabolism as well as receptor functions. On the one hand, 
thiosemicarbazide-induced augmentation of mono- and polysynaptic reflexes and de­
pression of presynaptic inhibition were not antagonized by diazepam, indicating that 
the effectiveness of presynaptic inhibition could be responsible for the effect of diaze­
pam on spinal reflexes. On the other hand, reflexes and y-motoneuron activity were 
unaffected by aminooxyacetic acid (AOAA), a GABA-transaminase inhibitor. Hence, 
the important question of whether benzodiazepines have different, unrelated actions 
in the spinal cord, remains open. However, there is little doubt that presynaptic inhibi­
tion plays an important part in the central muscle relaxant action of benzodiazepines; 
in conditions of reduced presynaptic inhibition, such as in chronic spinal dogs and cats 
(NAFfCHI and LoWMAN, 1977; NAFfCHI et aI., 1979), as well as in patients with incom­
plete cord transections (VERRIER et aI., 1975) and multiple sclerosis (DELWAIDE, 1970) 
diazepam (10-20 mg i.v.) concurrently increased presynaptic inhibition and reduced 
spasticity. In contrast, in cats made spastic by a temporary occlusion of the thoracic 
aorta, which preferentially destroys spinal intemeurons, the virtually abolished DRPs 
were no longer enhanced by diazepam (MURAYAMA and SUZUKI, 1974). 

5. Positive Dorsal Root Potentials 

A more complex phenomenon, the so-called positive or hyperpolarizing DRPs, which 
is believed to represent disinhibition of primary afferent endings from a tonic depo­
larization (MENDELL and WALL, 1964) and which can be elicited by stimulation of the 
bulbar and/or pontine reticular formation, was found to be inconsistently enhanced 
or depressed by diazepam (POLZIN and BARNES, 1976). 

6. Isolated Hemisected Frog Spinal Cord 

While ventral root potentials evoked by dorsal root stimulation were slightly de­
pressed (PIXNER, 1966; PADJEN and BLOOM, 1975) or abolished (EVANS et aI., 1977) af­
ter addition of diazepam (0.5 mmol·l- 1) or chlordiazepoxide (1 mmol·I- 1) to the 
bath, DR -D RPs were either unaffected (P ADJEN and BLOOM, 1975) or prolonged after 
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diazepam (PIXNER, 1966) and flurazepam (2.5 !lmol·l-l, NISTRI and CONSTANTI, 
1978 a, b). If tetrodotoxin (TTX) was given before benzodiazepines to block the 
propagated impulse activity, diazepam (0.5 mmol·l- i ) had no direct effect on mo­
toneurons, but antagonized motoneuronal depolarization induced by the excitatory 
amino acid analogue, N-methyl-d-aspartate, without influencing depolarizations by 
glutamic and quiscalic acid (EVANS et aI., 1977). Also in the isolated hemisected spinal 
cord of the frog exposed to TTX, flurazepam (2.5-5 !lmol·l- i) had no consistent di­
rect action on primary afferent endings, but depressed glutamate-induced depolariz­
ation of primary afferents. Flurazepam enhanced primary afferent depolarization in­
duced by GABA at 2.5 !lmol·l- i ; however, it depressed the effect of GABA with 
5 !lmol·l- i (NISTRI and CONSTANTI, 1978 a, b). In the frog hemisected spinal cord 
bathed in a medium containing high magnesium to block indirect synaptic effects, 
chlordiazepoxide (10 -4 mol· 1-1) selectively enhanced GABA-induced hyperpolariz­
ation of motoneurons without affecting hyperpolarizing responses to p-alanine and 
depolarization by glutamate (NICOLL and WOJTOWICZ, 1980). The drug had no direct 
GABA-mimetic action in contrast to barbiturates, which had a direct hyperpolarizing 
effect on motoneurons and reduced glutamate depolarization. 

7. Isolated Hemisected Spinal Cord of the Immature Rat 

In this preparation, diazepam (50 !lmol· 1- 1) potentiated the responses of mo­
toneurons to I-homocysteate and to a lesser extent to I-glutamate, but depressed the 
GABA-induced primary afferent depolarization (EVANS, 1977). 

8. Activity of Single Interneurons 

In unanesthetized spinal cats, diazepam (0.05-0.1 mg· kg- 1 i.v.) slightly depressed the 
spontaneous firing of unidentified interneurons (TSENG and WANG, 1971 b). In anes­
thetized intact cats, the iontophoretic application of the thienotriazolodiazepine de­
rivative, Ro 11-7800, on unidentified interneurons slightly reduced the amplitude of 
extracellularly recorded action potentials, suggesting a local anesthetic activity of this 
drug (CURTIS et aI., 1976b). In anesthetized spinal cats, DAVIES and POLC (1978) ob­
served no decrease of the spontaneous firing of Renshaw cells and other, unidentified 
interneurons after iontophoretic application ofmidazolam. However, midazolam re­
duced the excitation of Renshaw cells by iontophoretic acetylcholine more than exci­
tation by kainic acid (a potent, rigid analogue of glutamate) and N-methyl-d-aspar­
tate (a potent analogue of aspartate). After intravenous injection, midazolam 
(I mg· kg-i) depressed the activation of Renshaw cells elicited by submaximal ortho­
dromic stimuli in dorsal roots, but not the stimulation evoked by ventral root stim­
ulation. In unanesthetized spinal cats, 0.1 mg· kg- 1 diazepam i.v. depressed Renshaw 
cell spontaneous activity and discharges in response to submaximal ventral root vol­
leys (POLC, unpublished). 

9. Intracellular Studies on Spinal Motoneurons 

Lumbosacral motoneurons of dial-anesthetized cats were recorded with a KCl-con­
taining microelectrode, which increased the intracellular CI-concentration and 
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thereby reversed the usually hyperpolarizing effect of GAB A and muscimol into a de­
polarizing one. Iontophoretic application offlurazepam had no GABA-mimetic depo­
larizing action but selectively potentiated the effect of GAB A and muscimol, but not of 
glycine. Intracellularly injected flurazepam and midazolam failed to affect the weak 
hyperpolarizing effect of intracellularly injected GABA, which is thought to result 
from the electrogenic Na + -coupled transport of GABA (CONSTANT! et aI., 1980; NI­
STRI et aI., 1980). 

10. Cultured Spinal Cord 

In neurons of chick spinal cord in culture the pressure ejection of chlordiazepoxide 
in concentrations up to 10 - 4 mol· I-I did not alter membrane potential or membrane 
conductance (CHOI et aI., 1977). In a smaller concentration (10- 7 mol· I-I) the drug 
selectively augmented the depolarization produced by iontophorized GABA without 
affecting the response to glycine. Inhibitory synaptic potentials elicited by electrical 
stimulation of the culture were enhanced by chlordiazepoxide (10 -7 mol· 1- I) and 
blocked by bicuculline (10- 4 mol· I-I). Very similar results were obtained by MAC­
DONALD and BARKER (1978) in spinal cord cultures of the mouse with small amounts 
of iontophorized chlordiazepoxide. However, higher amounts of the drug depressed 
GABA-induced depolarizations and occasionally produced depolarization and con­
ductance increase by themselves. In a recent study on cultured mouse spinal neurons, 
MACDONALD et aI. (1979) observed a depolarizing response to flurazepam and desen­
sitization to this effect upon repeated iontophoretic application of the drug. 

ill. Conclusions 

It is well documented that benzodiazepines affect various neuronal activities in the 
spinal cord by both a supraspinal and a spinal site of action. At the supraspinal level, 
descending reticulospinal pathways, in particular those with a facilitatory influence 
on y-motoneurons, appear to be very sensitive to benzodiazepines. At the spinal level, 
the most prominent effect ofbenzodiazepines is their marked enhancement of primary 
afferent depolarization subserving presynaptic inhibition. Whether the drugs depress 
spontaneous y-motoneuron activity and mono- and polysynaptic reflexes by an addi­
tional mechanism independent of supraspinal control systems and intraspinal presyn­
aptic inhibition, remains to be clarified. Most important, benzodiazepines lack any di­
rect action on the excitability of motoneurons and primary afferent endings, and they 
fail to affect postsynaptic inhibition and posttetanic potentiation of ventral root re­
flexes in the spinal cord. Benzodiazepines in low concentration selectively enhance the 
synaptic effects of GABA. In marked contrast to the mechanisms sub serving motor 
functions in the spinal cord, those involved in sensory processing have so far not been 
studied under the effect of benzodiazepines. 

S. Effects on Dorsal Column Nuclei 

The results obtained by POLC and HAEFELY (1976) with benzodiazepines in the cat dor­
sal column nuclei were crucial for the proposal (HAEFELY et aI., 1975b, 1978) that 
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Fig.2A, B. Effect of diazepam on pre- and postsynaptic inhibition in the cuneate nucleus of a 
decerebrate cat and the interaction between diazepam and picrotoxin. A Schematic diagram of 
the pathways studied and of the sites of stimulation and recording. B Single cuneate surface poten­
tials in stabilleft vertical row; the N-wave (downward deflections) reflects monosynaptic exci­
tation of cuneothalamic relay cells, the P-wave (upward wave) the depolarization of dorsal col­
umn fiber endings induced by orthodromic stimulation ofthe ipsilateral median nerve. The four 
pairs of potentials in the second vertical row are lemniscal potentials (upper trace) and the anti­
dromic potential followed by the dorsal column reflex in the ulnar nerve (lower trace) .. both 
potentials in each pair of traces were evoked by single shocks through an electrode within the 
nucleus ("cuneate stimulation" in A). The third vertical row shows the same potentials as the 
second row, but now elicited in intervals of 4,7, 10,20,30,50, 70, and 90 ms following a con­
ditioning volley in the median nerve. The four horizontal rows are records in the control period 
a), after 0.3 mg· kg - I diazepam i.v. b), following I mg· kg-I picrotoxin i.v. after the first dose 
of diazepam c), and after a second dose of 1 mg· kg-I diazepam d). Diazepam did not alter the 
N-wave but increased the P-wave of the cuneate surface potential; it did not affect the excitabil­
ity of cuneothalamic relay cells or of dorsal column fiber endings in the absence of conditioning 
stimuli (second vertical row), but clearly enhanced the depression of cuneo thalamic cells (due 
to postsynaptic inhibition) as well as the increase of excitability of primary afferents (due to 
depolarization of the endings of dorsal column fibers). Picrotoxin abolished the effect of the 
first dose of diazepam, but this blockade was overcome by a second, larger dose of diazepam. 
(From POLe and HAEFELY, 1976) 
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these drugs acted specifically as enhancers of GABAergic synaptic transmission. In 
fact, the clear-cut enhancement of presynaptic inhibition in the spinal cord and even 
the demonstration that this effect of benzodiazepines was entirely dependent on en­
dogenous GABA (PoLe et aI., 1974; BANNA et aI., 1974) did not permit one to decide 
whether these drugs selectively interacted with GABAergic synaptic transmission or 
with the special mechanism underlying primary afferent depolarization. POLe and 
HAEFELY (1976), therefore, decided to study the effect ofbenzodiazepines on a struc­
ture where GABA had been demonstrated to mediate both presynaptic and postsyn­
aptic inhibition, and for this end the dorsal column nuclei offered themselves, with the 
additional advantage of relatively simple experimental accessibility. Impulses con­
ducted in dorsal column fibers not only impinge on relay cells in the cuneate nucleus, 
which further project to the thalamus via the lemniscal pathway but, through colI at­
erals, also excite GABA interneurons in this nucleus that produce primary afferent 
depolarization in much the same way as in the spinal cord, and, in addition, induce 
IPSPs in the relay cells, thus producing postsynaptic inhibition (CURTIS and JOHN­
STON, 1974). Various benzodiazepines were found to simultaneously enhance presyn­
aptic and postsynaptic inhibition in the cat cuneate nucleus (Fig. 2) and the same in­
teractions of these drugs with GABA antagonists and inhibitors of GABA synthesis 
were found as were observed earlier in the spinal cord (PoLe et aI., 1974). These results 
made it clear that benzodiazepines were able to enhance the two types of synaptic in­
hibition which differ fundamentally in their mechanisms and functional conse­
quences, but which in common had to be mediated by GABAergic interneurons. An 
important aspect of these interneurons is that they can be excited by inputs from both 
the periphery and higher forebrain structures. The functional consequence of en­
hanced presynaptic and postsynaptic inhibition after benzodiazepines in the dorsal 
column nuclei is not yet clear; it could depress overall sensory input and/or sharpen 
afferent signals from the periphery through increased lateral inhibition. The studies 
in the cuneate nucleus also showed that even high doses of benzodiazepines did not 
depress excitatory transmission in this structure, measured as the N-wave, according 
to ANDERSEN et aI. (1964), in contrast to, e.g., barbiturates which dose-dependently 
depressed the synaptic excitatory transmission in the cuneate nucleus (PoLe and HAE­
FELY, 1976). Unlike muscimol, the most potent GABA-mimetic drug, benzodiazepines 
did not affect the resting excitability of primary afferents and cuneo-thalamic relay 
cells (PoLe and HAEFELY, 1978). Therefore, as in the spinal cord, enhancement 
of the GABAergic pre- and postsynaptic inhibition in the cuneate nucleus by 
benzodiazepines cannot be related to a direct activation of GABA receptors or a re­
lease of GABA from resting interneurons, but rather to some as yet unknown mech­
anism. 

T. Benzodiazepines and Evoked Potentials in the Brain 
A number of investigators have explored the action of benzodiazepines on potentials 
evoked in different brain regions by either sensory (visual, auditory) stimuli or elec­
trical stimulation of the peripheral nerves or the brain itself. This technique, which 
contributed considerably to the identification of cerebral pathways, has also proved 
to be useful in studying sites of action of drugs. 
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I. Limbic Structures 

In unanesthetized cerveau isole cats, chlordiazepoxide (2-5 mg· kg- 1 i.v.) reduced the 
amplitude of potentials evoked in the hippocampus by single shocks applied to the 
ipsilateral amygdala (MORILLO et aI., 1962). Another study, using unanesthetized cer­
veau isole and encephale isole cats, extended these observations to diazepam 
(2 mg· kg- 1 i.v.), which clearly depressed the amygdalo-hippocampal evoked po­
tentials and responses evoked in the amygdala by stimulation of the thalamic an­
teroventral nucleus, but failed to consistently affect the interhippocampal response 
evoked by contralateral hippocampal stimulation (MORILLO, 1962). Since the same 
dose of diazepam was ineffective on the cortical arousal response to high-frequency 
stimulation of the reticular formation, MORILLO (1962) concluded that benzo­
diazepines selectively depressed amygdalohippocampal connections, in particular in 
the amygdala. Similar results to those obtained by MORILLO et al. (1962) were later 
found by other investigators. In a systematic study in unanesthetized, immobilized 
cats, JALFRE et al. (1971) and HAEFELY (1978) observed a significant depression ofthe 
amplitude and, to a smaller extent, an increase in the latency of the amygdalo-hippo­
campal evoked potential after a dose as small as 0.003 mg· kg- 1 flunitrazepam i.v. 
Diazepam (0.2 mg· kg -1), chlordiazepoxide (0.8 mg· kg - 1), and medazepam 
(5.4 mg· kg- 1) were also effective, but less potent than flunitrazepam. In a series of 
experiments on unrestrained, freely moving cats and monkeys, GUERRERO-FIGUEROA 

et al. (1969 a) recorded local evoked potentials from several subcortical and cortical 
structures, which were elicited by stimuli applied by an electrode located at a distance 
of 0.2-0.5 mm from the recording electrodes. Clonazepam (1 mg· kg- 1 i.p.) and 
diazepam depressed local evoked potentials not only in the septum, amygdala, and 
hippocampus, but also in the mesencephalic reticular formation, posterior and lateral 
hypothalamus, intralaminar thalamus, and preoptic area. In contrast, after oral ad­
ministration of a much higher dose of clonazepam (15 mg· kg- 1), local evoked po­
tentials in the subcortical substrates, assumed to be responsible for "anxiety" (poste­
rior hypothalamus, reticular formation, amygdala), were depressed, whereas those in 
the intralaminar thalamus and cortex were unaffected. Local evoked potentials in sep­
tum, preoptic area, hippocampus, and lateral hypothalamus (substrates supposed to 
be responsible for "reward") were even enhanced (GUERRERO-FIGUEROA et aI., 
1969 b). Qualitatively similar effects were found with bromazepam and chlordiazep­
oxide (GUERRERO-FIGUEROA et aI., 1973), triflubazam, a 1,5-benzodiazepine (GUER­

RERO-FIGUEROA and GALLANT, 1971) and lorazepam (GUERRERO-FIGUEROA et aI., 
1974). Since the same augmenting effects upon locally evoked potentials in the "re­
ward" structures were observed after chronic administration of flurazepam as well as 
after oral administration of diazepam, bromazepam, chlordiazepoxide, and triflu­
bazam, GUERRERO-FIGUEROA et aI. (1973, 1974) postulated that a shift in the balance 
of activities from the "anxiety" -producing substrates to the "reward" system is rele­
vant for the anxiolytic action of benzodiazepines. 

Using multiple recording from different parts of the limbic system and dienceph­
alon in unanesthetized immobilized cats, TSUCHIYA and KITAGAWA (1976) and 
TSUCHIYA (1977) observed a depression of hippocampal potentials evoked by stimu­
lation of the amygdala, hypothalamus, and the central gray matter after several ben­
zodiazepines (diazepam and fludiazepam). 
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The septohippocampal evoked potentials, however, were not affected by chlordi­
azepoxide in curarized cats (SCHAFFNER et aI., 1974). Rather high doses of nitrazepam 
(7.5 mg' kg- 1 i.v.; 20-50 mg' kg- 1 p.o.) were used by VIETH et ai. (1968) in their es­
timation of the threshold voltage needed to induce intracerebral evoked responses in 
unrestrained cats. Whereas interamygdaloid evoked potentials remained unaltered, 
nitrazepam markedly raised the stimulation threshold in the reticular formation and 
the hypothalamus for evoked responses in septum, amygdala, and hippocampus. In 
another study on immobilized encephale iso!e cats (HOLM, 1969), somewhat lower 
doses of nit raze pam (3 mg' kg- 1 i.v.) elevated the stimulation threshold in the amyg­
dala to evoke responses in all brain structures studied. However, only evoked po­
tentials recorded in the hippocampus on stimulation of the reticular formation were 
clearly depressed after nitrazepam, while there was a slight elevation of the stimulus 
threshold in the reticular formation for evoked responses in the amygdala, centrum 
medianum thalami, ventroanterior thalamic nucleus, lateral hypothalamus, midbrain 
reticular formation, caudate nucleus, and pallidum. Opposite results to those ob­
tained by HOLM (1969) were found by HEINEMANN et ai. (1970) in unrestrained cats 
with slow intravenous infusion of me daze pam. The stimulation thresholds for evoked 
responses in amygdaloid central nucleus to stimulation of septum and medial thala­
mus and vice versa, i.e., evoked responses in septum and medial thalamus to stimu­
lation of the amygdala, were lowered during medazepam infusion. On the other hand, 
the connections between hippocampus and amygdala as well as between hippocampus 
and septum and thalamus were depressed, i.e., the thresholds for evoked potentials 
elicited and recorded within the amygdala, hippocampus, septum, and thalamus were 
elevated. In spite of marked divergence between the results of HOLM (1969) and HEINE­
MANN et ai. (1970) as well as the difficulty of interpretation because of the complexity 
of the results, the amygdala seemed to be the area most susceptible to the effect of ben­
zodiazepines in both studies. In urethane-anesthetized rats, diazepam (5 mg' kg- 1 

i.v.) reduced posttetanic potentiation of the field potentials recorded from the pyra­
midal cells of the contralateral hippocampus upon stimulation of the dorsal hippo­
campal surface, but failed to affect the posttetanic potentiation of the granule cells or 
the responses to single stimuli (MATTHEWS and CONNOR, 1976). In contrast, evoked 
potentials in the hippocampal dentate area, elicited by single shocks applied to the ip­
silateral entorhinal cortex and interpreted as synchronous excitation of granule cells, 
were markedly depressed by nitrazepam (5 mg' kg - 1 i. p.) medazepam (10 mg' kg - 1), 
and chlordiazepoxide (30 mg' kg -1) in unanesthetized rats (ANDREAS, 1978). Ko­
BAYASm et al. (1980) investigated the effect ofbenzodiazepines on amygdalo-cortical 
pathways. Short-latency negative responses in the gyrus proreus in response to stim­
ulation of the magnocellular basal nucleus of the amygdala were depressed by 0.1-
0.2 mg' kg -1 physostigmine i. v., 10 mg' kg -1 diazepam p.o., and 5-10 mg' kg- 1 

chlordiazepoxide i.v. The authors suggested that benzodiazepines depressed the gyrus 
proreus responses by interacting with cholinergic inhibitory mechanisms. 

II. Hypothalamus and Thalamus 

The importance of the hypothalamus as a site of action of benzodiazepines was em­
phasized by MIYAKE (1965), who found a depression after chlordiazepoxide 
(20 mg' kg - 1 i. p.) of the potential in the posterior hypothalamus evoked by single 
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shocks in the sciatic nerve and of the facilitated hippocampal response to paired hy­
pothalamic stimuli. In contrast, the same dose of chlordiazepoxide did not affect the 
evoked potentials elicited by sciatic nerve stimulation in the cortex, medial thalamus, 
reticular formation, hippocampus, and amygdala or the facilitation of the hypotha­
lamic response evoked by paired stimuli in the limbic system. In anesthetized intact 
cats, diazepam (1 mg· kg- 1 i.v.) depressed the excitability and elevated the threshold 
for evoked responses in the sensorimotor cortex induced by paired pulses applied to 
the ipsilateral ventrolateral thalamus (ENGLANDER et aI., 1977). In unrestrained cats 
and unanesthetized encl!phale isoll! rabbits, chlordiazepoxide (to mg· kg- 1 i.v.), diaze­
pam (2 mg· kg- 1 i.v.) and the oxazolobenzodiazepine CS 370 (2 mg· kg- 1 i.v.) re­
duced the evoked potentials in the central gray matter and, to a smaller degree, re­
sponses in the red nucleus and substantia nigra evoked by sciatic nerve stimuli. But 
even with much higher doses of the benzodiazepines the cortical recruiting response 
to thalamic stimuli was not affected (MORI et aI., 1972). In unrestrained rabbits a high 
dose of chlordiazepoxide (30 mg· kg- 1 i.v.) which was without effect on the recruiting 
cortical response to thalamic stimuli, increased the cortical responses evoked by hip­
pocampal and reticular stimulation (MONNIER and GRABER, 1962). An enhancement 
of cortical evoked potentials in response to a stimulation of the unspecific thalamus 
and medial hypothalamus, and a diminution of the cortical response to a stimulation 
of the amygdala, was observed after chlordiazepoxide in unrestrained rabbits (SOL­
LERTINSKAYA and BALONOV, 1972). 

ITI. Substantia Nigra 

Single shocks in the caudate nucleus of the unanesthetized curarized cat evoke simple 
potentials in the ipsilateral substantia nigra pars compacta, which most probably rep­
resent the mass of IPSPs induced in nigral dopamine neurons mediated by the 
striatonigral GABAergic pathway, since the evoked response was dose-dependently 
depressed by picrotoxin and bicuculline, but resistant to strychnine (SCHAFFNER and 
HAEFELY, 1975; HAEFELY et aI., 1975 b, 1978). Various benzodiazepines failed to affect 
the striatonigral evoked response, although they very potently prevented the de­
pressant effect of bicuculline (HAEFELY et aI., 1978). 

IV. Brain Stem Reticular Formation 

On the one hand, HERNANDEZ-PEON et ai. (1964) and HERNANDEZ-PEON and ROJAS­
RAMIREZ (1966) found a clear-cut reduction by diazepam (5 mg· kg- 1 i.p.) and ni­
trazepam (1 mg· kg- 1 i.p.) of click-evoked potentials in the mesencephalic reticular 
formation in unrestrained cats, which showed no somnolence or sleep. On the other 
hand, chlordiazepoxide (2 mg· kg -1 i. v.) slightly enhanced the response evoked in the 
midbrain reticular formation by a stimulation of the sciatic nerve and the bulbopon­
tine reticular formation in unanesthetized rabbits (WHITE et aI., 1965). 

V. Lateral Vestibular Nucleus 

In the lateral vestibular nucleus of Deiters of unanesthetized curarized cats, single 
stimuli administered to Purkinje cell axons in the cerebellar white matter elicited a 
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complex evoked field potential (HAEFELY et aI., 1978). One component of this evoked 
potential was readily abolished by bicuculline and picrotoxin, but not by strychnine. 
As observed in the substantia nigra, various benzodiazepines prevented the depressant 
effect of bicuculline. Their order of potency was the same as in the usual pharmaco­
logic screening tests for benzodiazepines. 

VI. Visual System 

Chlordiazepoxide produced a reversible diminution of the f3-wave of the electroretino­
gram of the isolated rabbit retina when applied in a very high concentration (10- 3 

mol· 1-1) (HOMMER, 1968). A high dose of diazepam (4 mg· kg- 1 i.v.) increased the 
latency of the visual cortical evoked potentials induced by light flashes (HEISS et aI., 
1969) in unanesthetized immobilized cats. In fact, much smaller doses of oxazepam 
(1-10 mg' kg- 1 i.v. or i.p.) and clobazam (1.25 mg' kg- 1 i.p.) reduced the amplitude 
of the late negative phase of the visual evoked responses in the retina, lateral genicu­
late body and cortex to light flashes in unanesthetized cats and chronically implanted 
rabbits (DOLCE and KAEMMERER, 1967; GOLDBERG et aI., 1974; GERHARDS, 1978). 
Within the same line of evidence, in midpontine pretrigeminal unanesthetized cats, 
BARNES and MOOLENAAR (1971) observed a depression by diazepam (1 mg' kg- 1 i.v.) 
of the post-primary cortical evoked response to optic tract stimulation. In addition, 
these authors found a facilitation of the light-induced changes of the cortical response 
to the optic tract stimulation and an inhibition ofthe flash-produced enhancement of 
the cortical evoked potential in response to retinal stimulation after diazepam. Both 
picrotoxin-sensitive effects were attributed by BARNES and MOOLENAAR (1971) to an 
increase by diazepam of the presynaptic inhibition of neurons in the lateral geniculate 
body and the retina, respectively. A depression of cortical evoked responses to light 
flashes was also found by SHERWIN (1971) after diazepam (0.5 mg' kg- 1 i.v.) in unan­
esthetized immobilized cats. Similarly, the visual evoked responses to light flashes in 
the tectotegmental midbrain area of unrestrained rats were reduced by chlordiazepox­
ide and diazepam (5 mg' kg- 1 i.p.) (OLDS and BALDRIGHI, 1968). 

VII. Cerebral Cortex 

In addition to the cortical visual evoked potentials just discussed, rather recent evi­
dence points to an action of benzodiazepines on nonvisually evoked responses at the 
cortical level. FRANK and JHAMANDAS (1970), using slabs of neuron ally isolated cortex 
in decerebrate cats, observed a depression by diazepam (1-2 mg' kg- 1 i.v.) of the sur­
face-negative and surface-positive responses to a cortical surface stimulation. In un­
anesthetized immobilized cats, transcallosal evoked potentials were not consistently 
altered by chlordiazepoxide (10-30 mg' kg- 1 i.v.), whereas polysynaptic cortical 
evoked responses to sciatic nerve stimulation were reduced and their latency increased 
(GIURGEA and MOYERSOONS, 1972). On the other hand, potentials in the contralateral 
sensory-motor cortex elicited by tooth pulp stimulation were unaffected by chlordiaz­
epoxide (10 mg' kg- 1 i.p.), nitrazepam (10 mg' kg-I), or clonazepam (1 mg' kg-I). 
The same doses of the benzodiazepines, however, markedly diminished posttetanic 
potentiation of the tooth pulp-induced cortical evoked potentials in unanesthetized 
rabbits (BANSI et aI., 1976). A discrete reduction of the amplitude and of the peak in 
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the secondary complex of the somesthetic potential in the cortex evoked by sciatic 
nerve stimulation was found after diazepam and medazepam (5 mg· kg- 1 s.c.) in the 
unanesthetized rat (LEHMANN and SCHMIDT, 1979). Further direct evidence for the 
cortical site of action of benzodiazepines was provided by ZAKUSOV et al. (1975, 1977). 
In the functionally isolated cortex of unanesthetized cats, diazepam (0.5 mg· kg- 1 

i.v.) depressed the early facilitation of the intracortical test response to paired cortical 
stimuli. In intact unanesthetized cats and rats diazepam also increased the early de­
pression of the primary cortical test response to stimulation of the forepaw skin, in­
duced by conditioning stimulation of the somatosensory cortex. All these effects of 
diazepam were reversibly antagonized by bicuculline, pentetrazole, and thiosemicar­
bazide. Since the dose of diazepam (0.5 mg· kg- 1), which increased the inhibition of 
the primary cortical response was virtually ineffective on the hippocampal evoked re­
sponse to forepaw stimulation as well as on the interhippocampal potential, ZAKUSOV 
et aI. (1975) assumed that benzodiazepines influenced neuronal circuitry in the 
neocortex more readily than in the hippocampus. Another investigation in unanesthe­
tized immobilized cats confirmed and extended these observations to other benzo­
diazepines (ZAKUSOV et aI., 1977). Clonazepam and lorazepam (0.1 mg· kg- 1 i.v.) 
were more potent than diazepam (0.5 mg· kg -1 i. v.) and medazepam (20 mg· kg- 1 

i.v.) in depressing the early facilitation of the intracortical test response to paired stim­
uli applied to the somatosensory cortex. 

VIII. Conclusions 

From the numerous studies of evoked potentials in the brain no very clear picture of 
the effects of benzodiazepines emerges. The reasons for this are manifold. Few of the 
studies were systematic enough with respect to, e.g., the doses used. Dose-effect rela­
tions were only rarely examined; in many cases, the unique dose deliberately chosen 
was well above the therapeutic range. Moreover, an assessment of the significance of 
a given alteration of a distinct evoked potential by benzodiazepines requires that the 
effect of other centrally active agents in the same experimental situation be known. 
The interpretation of drug-induced changes in evoked potentials is not as simple as 
is often believed. Theoretically, drugs can affect an evoked potential by altering the 
excitability of the neuronal structures that are stimulated; such an alteration may re­
sult from a direct effect of drugs on the stimulated structures although this excitability 
may also be changed by influences from other structures that are primarily affected 
by a drug. Drugs may affect the neuronal pathway connecting the site of stimulation 
to the site of recording either directly or indirectly through other structures control­
ling the pathway. In evoked potential studies performed with benzodiazepines, con­
stant (and deliberately chosen) intensities of stimulation were used; in only a few stud­
ies was the threshold of stimulation for a defined response measured. But even in the 
latter case, the exact site of a drug-induced alteration of the threshold cannot be de­
duced with certainty. In conclusion, considering the complex nature of evoked po­
tentials in the brain and the many ways by which drugs may alter these responses, the 
available literature suggests that benzodiazepines affect many central structures. It 
seems, nevertheless, that certain brain areas are particularly sensitive to the effect of 
benzodiazepines, among them limbic cortical and subcortical structures; indeed, affer­
ent and efferent connections of limbic areas were generally affected by smaller doses 
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than were other pathways. However, the neocortex also appears to be an important 
target structure for benzodiazepines. It is probably more than mere coincidence that 
limbic structures and neocortex are among the brain areas containing the highest den­
sity of GABAergic synapses and of high-affinity binding sites for benzodiazepines. 
Future studies of evoked potentials with benzodiazepines should attempt to establish 
the role of GABAergic mechanisms in these responses. 

U. Effects on Cortical and Subcortical Electroencephalogram (EEG) 

Under this heading we discuss the effects of benzodiazepines on the animal EEG in 
the widest sense, i.e., on the electrical brain activity as it is recorded with macroelec­
trodes from the surface of the cerebral cortex (electrocorticogram, ECoG) as well as 
from subcortical structures considering drug-induced changes (a) in the composition 
of the spontaneous EEG in qualitative and quantitative terms; (b) in the EEG re­
sponse to various natural or artificial stimuli (arousal reaction, recruiting and aug­
menting response, caudate spindles); (c) in the paroxysmal EEG pattern that is induc­
ed by and outlasts the repetitive stimulation within the same or other brain structures. 
Not included in this paragraph is the effect ofbenzodiazepines on the amount and or­
ganization of sleep, although these studies, of course, are based on the recording of 
EEG (see next section). 

I. Spontaneous EEG 

Studies in the early 1960s, performed by visual analysis in unanesthetized and unre­
strained freely moving animals revealed a characteristic increase after benzo­
diazepines of a fast burst of spindle-like activity in the p-range, i.e., a pattern with 
high-frequency waves of high amplitude in the EEG. 

In unanesthetized immobilized cats, chlordiazepoxide (1.5 mg· kg- 1 i.v.) and 
diazepam (0.5 mg· kg- 1 i.v.) induced rapid waves in the neocortex and hippocampus, 
which were grouped as spindle-like bursts (REQUIN et aI., 1963). Virtually the same 
effects as after diazepam were found with nitrazepam (0.5 mg· kg- 1 i.v.) in unanesthe­
tized curarized cats (LANOIR et aI., 1965); in freely moving cats with chronically im­
planted cortical and subcortical electrodes, nitrazepam (0.5 mg· kg -1 i.m.) led to the 
appearance of rapid high voltage waves in the neocortex, hippocampus, and amyg­
dala, the latter structure exhibiting paroxysmal bursts of fast EEG-activity (LANOIR 
et aI., 1965). A shift to higher frequencies in the spontaneous EEG was also observed 
in the neocortex of unrestrained freely moving cats after oral administration of chlor­
diazepoxide (10 mg· kg-1) and diazepam (5 mg· kg- 1) (SCHALLEK and KUEHN, 1965). 
WINTERS and KOTT (1979) studied the effect of various doses of diazepam on EEG 
and behavior offreely moving cats with chronically implanted cortical and subcortical 
electrodes. Low doses of diazepam (0.2-0.6 mg· kg- 1 i.p.) induced a so-called relaxed 
behavior characterized by an oscillation between wakefulness and sedation and pre­
dominance of 12-13 Hz waves in the EEG. Higher doses (1-5 mg· kg- 1 i.p.) produced 
a transient period of sedation followed by activation and ataxia for 20-30 min. The 
EEG was dominated by high-frequency low-amplitude activity. About 30 min after 
the injection the phase of activation was followed by a phase of oscillation between 
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activation and a prehypnotic state characterized by the cat's lying on one side and be­
ing unresponsive to noise (but responsive to noxious stimuli); the EEG had a mixed 
pattern of slow 7-9 Hz waves intermingled with high-frequency low-amplitude activ­
ity. The highest doses of diazepam used (10-15 mg' kg- 1 i.p.) produced brief periods 
of sedation and activation, and, within 15 min after the injection, a hypnotic state be­
haviorally similar to the prehypnotic state but with reduced responsiveness to noxious 
stimuli. The EEG had a mixed pattern of 12-13 Hz bursts on a background of 3--4 Hz 
waves. Multiunit activity in the reticular formation was unaffected after the lowest 
doses of diazepam but depressed during the prehypnotic and hypnotic states. Rather 
high doses of chlordiazepoxide (30-40 mg' kg - 1 i. v.) elicited in unanesthetized re­
strained rabbits slow waves and spindles in the neocortex, hippocampus, caudate nu­
cleus, and medial thalamus for 30-60 min; this activity was then replaced by an EEG 
of small amplitude with the exception of the hippocampus, where both the frequency 
and amplitude of EEG-waves were increased (MONNIER and GRABER, 1962). In the 
same animal preparation, similar high intravenous doses of chlordiazepoxide (20-
40 mg' kg -1) and diazepam (5-10 mg' kg -1) induced a mixed pattern of slow EEG 
waves intermingled with fast activity in the neocortex, whereas a general slowing of 
the EEG was found in subcortical structures (ARRIGO et aI., 1965). In freely moving 
rabbits, the EEG during sleep induced by chlordiazepoxide (50 mg' kg- 1 p.o.) was 
characterized by regular periodic bursts offast activity (14-15 Hz) superimposed on 
slow waves in the motor cortex and caudate nucleus, an effect which was even more 
pronounced after nitrazepam (20 mg' kg- 1 p.o.) (SOULAIRAC et aI., 1965). Very simi­
lar effects were observed in more recent studies with diazepam, a new 1,4-benzo­
diazepine (ID690; WATANABE et aI., 1974) and flurazepam (OHMORI, 1977). 
Triazolam (0.2-0.5 mg' kg- 1 Lv.) altered the EEG to a "drowsy pattern" (UEKI et aI., 
1978). 

An interesting phenomenon appeared in a drug interaction study in freely moving 
rabbits (SCOTTI DE CAROLIS et aI., 1969): the potent GABA agonist, muscimol 
(2 mg' kg -1 i. v.) produced tremor and ataxia, along with an EEG pattern consisting 
of slow (1-2 Hz) high amplitude waves intermingled with spikes in the cortex. Addi­
tional injection of diazepam (0.5-1 mg'kg- 1 Lv.) dramatically changed the EEG, 
which became isoelectric with some interspersed spikes. This peculiar EEG effect, ac­
companied by a flaccid paralysis of the animal's musculature, was also observed to 
a smaller extent with pentobarbitone (10 mg' kg- 1 Lv.) given after muscimoI. In 
unrestrained rats, nitrazepam (10 mg' kg- 1 p.o.) evoked a mixed pattern with fast 
waves superimposed on slow EEG activity in the neocortex and hippocampus during 
behavioral sleep, whereas EEG activity in the reticular formation and the olfactory 
bulb was virtually unaltered (SOULAIRAC et aI., 1965). An intraperitoneal injection of 
chlordiazepoxide (10 mg' kg -1) induced two types of fast spindle-like activity, one at 
12-15 Hz and the other, burst-like, at 25-30 Hz in the neocortex of unrestrained rats. 
The simultaneous appearance of large slow waves characterized the EEG of subcor­
tical structures (SZEKELY et aI., 1974). In curarized rats, clonazepam (0.1 mg·kg- 1 

i.p.) induced slow high voltage waves (1-3 Hz) intermingled with spindle-like 10-
13 Hz waves of high amplitude in the neocortex (HEIDLER et aI., 1979). In baboons 
restrained in a chair, diazepam (2 mg' kg - 1 L p.) induced a fast electrocorticogram 
(ECoG) and attentive behavior; in the absence of drugs the monkeys were drowsy 
with an EEG pattern of synchronized 8-13 Hz rhythm (BOUYER et aI., 1978). The 
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authors ascribed the effect of diazepam to normalization of behavior altered by the 
stress of restraint, because the same pattern of fast activity (13-18 Hz) which was seen 
after diazepam in the restrained monkeys, also characterized the EEG of unrestrained, 
undrugged animals. 

The first study of benzodiazepines using computer-assisted analysis of the EEG 
was done by EIDELBERG et al. (1965). By measuring the distribution of the spectral 
density of EEG, these authors observed in freely moving cats a clear-cut depression 
of the high-voltage spindling peak (40 Hz) in the amygdala without consistent changes 
in other subcortical and cortical structures after intraperitoneal injections of diaze­
pam (5 mg· kg-i), nitrazepam (2 mg· kg-i), and flunitrazepam (1 mg· kg-i). Power 
spectral analysis of the EEG in immobilized unanesthetized cats revealed an enhanced 
relative power in the frequency of 9-30 Hz in the cortex, hippocampus, and caudate 
nucleus after diazepam (10-20 mg· kg- 1 i.v.), medazepam (20 mg· kg-i), and chlor­
diazepoxide (10-20 mg· kg-i), (SCHALLEK et al., 1968; SCHALLEK et aI., 1970; SCHAL­
LEK and THOMAS, 1971). In the squirrel monkey after diazepam (1 mg· kg- 1 p.o.) and 
flurazepam (10-20 mg· kg- 1 p.o.), two peaks in the power spectrum were observed 
in the ECoG, one in frequencies below 8 Hz and the other in the 20-50 Hz range, 
whereas the frequencies between 8 and 20 Hz were depressed (SCHALLEK and JOHN­
SON, 1976). JOY et al. (1971), using Macaca nemestrina, obtained results essentially 
similar to those obtained by SCHALLEK and JOHNSON (1976), although some subtle dif­
ferences were apparent between various benzodiazepines. Low intramuscular doses of 
diazepam (0.1-1 mg . kg - 1), nitrazepam (1 mg· kg - 1), chlordiazepoxide (15 mg . kg - 1), 
clonazepam (0.1 mg· kg-i), and flunitrazepam (0.1 mg· kg-i) enhanced the spindle­
like cortical activity in the p-frequency band (15-30 Hz) and at the same time 
reduced the aggressiveness without inducing sedation or ataxia. On the other hand, 
sedation occurred simultaneously with diminished aggressivity after a low intra­
muscular dose of medazepam (1 mg· kg -1), which induced a slowing in the (J(-band 
and increased spindles. Finally, prazepam (up to 2 mg· kg- 1 i.m.) did not increase 
spindle activity, even at doses producing ataxia. Higher doses of most benzo­
diazepines, however, decreased a-activity (8-13 Hz) and increased the activity in a low 
frequency band ( < 5 Hz) in the neocortex and hippocampus, accompanied by seda­
tion and ataxia. In Macaca muiatta, long-term ECoG recordings made it possible to 
evaluate the temporal changes in the spectral density after administration of various 
benzodiazepines and meprobamate. GEHRMANN and KILLAM (1978) observed interest­
ing differences between meprobamate, which increased power and induced temporal 
stability at higher frequency bands (1~64 Hz) only with sedative doses (100 mg· kg- 1 

p.o.), benzodiazepine derivatives, which produced little sedation with doses (chlordi­
azepoxide, 20 mg· kg- 1 p.o.; clonazepam, 0.04 mg· kg- 1 i.m.) producing moderate 
energy increases at medium frequency (8-32 Hz) bands, and a benzodiazepine deriv­
ative with more sedative properties (chlorazepate, 7.5 mg· kg- 1 p.o.) showing interme­
diate effects with more pronounced energy increases and a marked temporal fluctu­
ation. In a study on unanesthetized restrained rabbits and decerebrate cats, diazepam 
and clobazam (3-10 mg· kg -1 i. p.) decreased the spectral density in the theta (5-8 Hz) 
and a-band, but increased power in the p-frequency band (> 15 Hz) (GERHARDS, 
1978). Most recent experiments, performed on freely moving cats using telemetric 
EEG recording, revealed an enhanced fast activity (20-60 Hz) in the neocortex, mid­
brain reticular formation, medial amygdala and, especially, hippocampus after a low 
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oral dose of diazepam (0.5 mg· kg- 1). A simultaneous suppression of the hippocam­
pal theta-rhythm as well as a decrease of the slower (5-20 Hz) and very fast 
frequencies (70-100 Hz) was noticed in all brain regions studied: cortex, hippocam­
pus, amygdala, and mesencephalic reticular formation (HALLER, 1979). 

In a few studies the effects of benzodiazepines on the spontaneous EEG activity 
of some particular structures were studied. In unanesthetized, immobilized, and 
chronically prepared rabbits, the spontaneous EEG of the red nucleus changed from 
predominant high frequency waves of small amplitude, observed also in adjacent 
brain regions of the alert rabbit, to a regular rhythm of 20-25 Hz after intravenous 
injections of high doses of chlordiazepoxide (50 mg· kg-I), diazepam (8 mg· kg-I), 
and oxazepam (150 mg· kg-I), but not nitrazepam (8 mg· kg-I) (GOGOLAK et aI., 
1969). A similar, but somewhat slower, regular EEG pattern (6-20 Hz) was found af­
ter medazepam (50 mg· kg-I i.v.) and clonazepam (2 mg· kg-I i.v.) in the anterior 
cerebellar lobe of unanesthetized curarized rabbits (GOGOLAK et aI., 1972). The signif­
icance of this drug-induced rhythmic EEG activity in the cerebellorubral system re­
mains unclear, although the abolition of this rhythm in the red nucleus after bilateral 
lesions of the brachium conjunctivum indicated that the rhythm originated in the cer­
ebellum (GOGOLAK et aI., 1970). In curarized rabbits, strychnine (0.1-0.5 mg· kg-I 
i.v.) also induced a rhythmic activity in the cerebellorubral system, which was charac­
terized by waves of higher amplitude than those seen with benzodiazepines. Interest­
ingly, this strychnine effect was blocked by a rather low dose of clonazepam 
(0.2 mg· kg-I i.v.; GOGOLAK et aI., 1974). DE TRUJILLO et ai. (1977) recorded the elec­
trical activity of the cerebellar vermis and lumbar spinal cord in unanesthetized immo­
bilized rabbits. Diazepam (1 mg· kg-I i.v.) markedly augmented cerebellar 25 Hz 
waves without affecting the electrospinogram. The same dose of diazepam did not af­
fect bursts of the high voltage spikes at 8-12 Hz induced by harmine (2 mg· kg - I i. v.) 
in the cerebellum, although it abolished the same paroxysmal activity occurring after 
harmine in the spinal cord. 

II. Arousal Reaction 

Since the classic study of MORUZZI and MAGOUN (1949), demonstrating that high­
frequency electrical stimulation of the brain stem reticular formation reproduced all 
electrocortical phenomena observed in the EEG arousal reaction associated with nat­
ural wakefulness, many studies have shown that the same pattern of low-voltage fast 
activity can be elicited in the cortex and hippocampus by stimulation of afferent path­
ways, posterior hypothalamus, and nonspecific thalamic nuclei (references in 
MAGOUN, 1963). In particular, changes of the electrical current or voltage required to 
induce EEG arousal by high frequency reticular stimulation were used to detect a drug 
effect on the ascending activating reticular system, assuming this to be a measure of 
drug effect on the excitability of the nonspecific reticular system and, hence, on vig­
ilance. 

The original finding of MORILLO (1962) that diazepam (2 mg· kg - I i. v.) did not 
consistently affect the cortical arousal elicited by stimulation of the mesencephalic re­
ticular formation in unanesthetized encephale isole cats at a dose that induced changes 
in the electrical activity of the limbic system, was later frequently observed in unan­
esthetized immobilized, and, unrestrained cats with various benzodiazepines. Chlor-
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diazepoxide (1.5mg·kg- 1 i.v.) and diazepam (0.5mg·kg- 1 i.v.) did not alter the 
stimulus threshold for cortical EEG arousal in the reticular formation in unanesthe­
tized immobilized cats (REQUIN et aI., 1963). Similarly, nitrazepam up to a dose of 
4mg·kg- 1 i.v. did not alter the arousal threshold, although the EEG waves were 
higher and slower than during the control EEG arousal reaction (LANOIR et aI., 1965) 
in unanesthetized curarized cats. In the same preparation, doses of clonazepam as low 
as 0.08-0.l mg' kg-I i.v. markedly elevated the threshold for cortical arousal in the 
midbrain reticular formation, in contrast to chlordiazepoxide, diazepam, and nitraze­
pam (VUILLON-CACCIUTTOLO et aI., 1970). In unrestrained cats, a depression of the 
EEG arousal reaction in the olfactory bulbs to hypothalamic stimuli was observed af­
ter nitrazepam (1 mg' kg-I i.p.; HERNANDEZ-PE6N and ROJAS-RAMIREZ, 1966). Also 
in unrestrained cats, Kmo et ai. (1966) found an interesting difference in the action 
of chlordiazepoxide (20 mg' kg-I p.o.) on the EEG arousal reaction induced by stim­
ulation of reticular formation and central gray matter. While chlordiazepoxide was 
without effect on the threshold in the reticular formation for cortical arousal, it mark­
edly elevated the threshold in the central gray matter for hippocampal arousal. DOLCE 
and KAEMMERER (1967) observed a slight increase in the EEG arousal threshold in the 
reticular formation after oxazepam (1-10 mg' kg-I i.v., p.o., i.p., i.m.) in unanesthe­
tized immobilized cats. In unanesthetized encephale isole cats, nitrazepam 
(0.5 mg' kg-I i.v.) did not clearly affect the threshold of stimulation in the pontine 
reticular formation for cortical arousal, but raised the threshold of hypothalamic 
stimulation for cortical arousal (VIETH et aI., 1968). No change in the threshold 
stimulus in the reticular formation for cortical arousal was found in unrestrained as 
well as unanesthetized immobilized cats after flurazepam 1 mg' kg -I p.o. (RANDALL 
et aI., 1969) and medazepam 12 mg' kg-I p.o. (SCHALLEK et aI., 1970). The latter 
drug, however, elevated the threshold in the amygdala for cortical arousal (SCHALLEK 
et aI., 1970). Similarly, chlordiazepoxide (10-40 mg' kg-I p.o.), diazepam (2-40 
mg' kg-I p.o.), and a new 1,4-benzodiazepine (CS 370, 10-40 mg' kg-I p.o.) failed 
to affect the cortical arousal to reticular and hypothalamic stimuli in experiments of 
MORI et aI. (1972) on unrestrained cats. Estazolam, which was ineffective on the cor­
tical arousal response to reticular and sciatic nerve stimulation, raised the threshold 
of hypothalamic stimulation for cortical arousal in unanesthetized immobilized cats 
(FUKUDA et aI., 1974). The same authors furthermore observed an elevated threshold 
in the hypothalamus and thalamus for hippocampal arousal in cerveau isole cats after 
the same doses (0.25--0.5 mg· kg- 1 i.v.) of estazolam. In unanesthetized immobilized 
cats the cortical arousal response to sciatic nerve stimulation was depressed by diaze­
pam (0.5 mg' kg-I i.v., ITO and SHIMIZU, 1976). 

Rather inconsistent results were obtained in unanesthetized restrained, and, unre­
strained rabbits with various benzodiazepines on the EEG arousal response in cortex 
and hippocampus to brain and/or peripheral afferent stimulation. High intravenous 
doses of chlordiazepoxide (30-40 mg' kg -I) elevated the threshold in the reticular for­
mation and posterior hypothalamus for cortical arousal (MONNIER and GRABER, 
1962) in restrained unanesthetized rabbits. In the same preparation, lower intravenous 
doses of diazepam (1.25mg·kg- l ) and nitrazepam (0.8mg·kg- l ) also raised the 
threshold for cortical arousal in the midbrain reticular formation and proprioceptive 
afferents (GOGOLAK and PILLAT, 1965). However, as in cats, no effects of an oxazolo­
benzodiazepine (CS370) (2mg·kg- 1 i.v., 10-40 mg'kg- I p.o.), chlordiazepoxide 
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(10-40 mg· kg-I p.o.), or diazepam (2-40 mg· kg-I p.o.) were found in unanesthe­
tized encephale iso!e rabbits upon the cortical arousal reaction to reticular and hypo­
thalamic stimulation (MORI et aI., 1972). In unrestrained rabbits, diazepam (0.1-1 
mg· kg-I i.p.) and fludiazepam (0.1-1 mg· kg-I) as well as flurazepam (0.5 mg· kg-I 
i.v.) elevated the threshold for hippocampal arousal in the hypothalamus (OTSUKA et 
aI., 1975) and for cortical arousal in reticular formation, hypothalamus, and auditory 
system (OHMORI, 1977), respectively. Similarly, triazolam (0.2-0.5 mg· kg-I i.v.) sup­
pressed the EEG arousal response to auditory stimuli and electrical stimulation of the 
mesencephalic reticular formation and posterior hypothalamus (UEKI et aI., 1978). 

In unanesthetized immobilized, and, unrestrained rats benzodiazepines did not 
seem to induce clear-cut changes in the EEG arousal reaction to stimulation of the 
reticular formation (TAKAGI et aI. 1967, with chlordiazepoxide 40 mg· kg - I i.p.; Sou­
LAlRAC et aI., 1965, with nitrazepam 20 mg· kg-I p.o.). However, the threshold for 
hippocampal arousal in the reticular formation and, particularly, in the hypothalamus 
was elevated by chlordiazepoxide (40 mg· kg-I i.p., TAKAGI et aI., 1967). 

III. Hippocampal Theta-Rhythm 

The regular rhythm oflarge amplitude slow EEG waves (5-7 Hz), the so-called theta­
rhythm, was recognized by GREEN and ARDUINI (1954) to be a pattern of hippocampal 
activation, associated frequently with the low-voltage fast activity of the cortical EEG 
arousal described above. Most characteristically, benzodiazepines were found to de­
press the theta-activity of the hippocampus, both occurring spontaneously in attentive 
animals and during REM sleep and induced by brain stem stimulation, in unre­
strained and restrained cats, rabbits and rats. Some of the effects of benzodiazepines 
on the spontaneous hippocampal theta-activity were described in the subheading 
under spontaneous EEG. Additional observations revealed a shift of the theta-rhythm 
to lower frequencies (3-4 Hz) during the REM sleep and wakefulness after diazepam 
(2 mg· kg-I p.o.), nitrazepam (1 mg· kg-I p.o.), and lorazepam (1 mg· kg-I p.o.) 
(BORENSTEIN et aI., 1973), as well as after flunitrazepam (0.1 mg·kg- I i.p.) in unre­
strained cats (POLC and HAEFELY, 1975) and with chlordiazepoxide (20 mg· kg-I i.p.) 
in unrestrained rats (IWAHARA et aI., 1972). A reduction of hippocampal theta-activity 
was also found with flurazepam and a new 1,4-benzodiazepine (ID 690) in unre­
strained rabbits (HASHIMOTO et aI., 1973; OHMORI, 1977; WATANABE et aI., 1974) as 
well as with diazepam and fludiazepam in unrestrained cats (OTSUKA et aI., 1975) dur­
ing wakefulness. Different benzodiazepines (diazepam, nitrazepam, flurazepam, and 
estazolam) diminished the frequency of the hippocampal theta-rhythm from 5 to 3 Hz 
during REM sleep as well as wakefulness in unrestrained cats (YAMAGUCHI et aI., 
1979). 

The theta-rhythm occurring as the hippocampal arousal response to peripheral af­
ferent and brain stimulation was depressed in unanesthetized rabbits by diazepam 
(1.25 mg· kg-I i.v.) and nitrazepam (0.8 mg· kg-I i.v.) (GOGOLAK and PILLAT, 1965). 
In unanesthetized encephale isole cats, a disappearance of the theta-rhythm induced 
by stimulation of pontine reticular formation was found after 0.5 mg· kg-I nitraze­
pam i.v. (VIETH et aI., 1968). Similarly, in unanesthetized immobilized cats clonaze­
pam (0.08-1 mg· kg -I i. v.) reduced the theta-activity elicited by nociceptive stimula­
tion (VUILLON-CACCIUTTOLO et aI., 1970). The stimulation threshold for inducing hip-
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pocampal theta-rhythm in the thalamus and hypothalamus was elevated after es­
tazolam (0.25-0.5 mg· kg-I i.v.) in unanesthetized cerveau isole cats (FUKUDA et aI., 
1974) as well as with diazepam (0.1 mg· kg-I i.p.) and fludiazepam (0.1 mg· kg-I) in 
unrestrained rabbits (OTSUKA et aI., 1975), and with nitrazepam (1 mg· kg-I i.p.) and 
nimetazepam (1 mg· kg -I) in unrestrained cats (OTSUKA et aI., 1973). In an attempt 
to elucidate the mechanisms underlying the effects of benzodiazepines on the theta­
rhythm, GRAY et aI. (1975) found that chlordiazepoxide (4 mg· kg-I i.p.) elevated the 
threshold for driving the theta-frequency at 7.7 Hz in the hippocampus by septal stim­
ulation in freely moving rats. Since similar effects were obtained after the suppression 
of activity in the noradrenergic neuronal system arising from the locus coeruleus, 
GRAY et aI. (1975) proposed that an inhibition by benzodiazepines of noradrenergic 
tone in hippocampus may be the cause of their pronounced depressant effect on the 
theta-rhythm. In another study on freely moving rabbits, where an operant condition­
ing test was combined with the EEG recording, diazepam (2 mg· kg - I i.m.) shifted 
the hippocampal theta-rhythm to lower frequencies and simultaneously reduced the 
cortical arousal reaction during a conditioned avoidance response (BONFITTO et aI., 
1975). 

IV. Cortical Recruiting and Augmenting Response 

MORISON and DEMPSEY (1942) first described the progressively increasing wave-like re­
sponse of the cortical EEG to low-frequency electrical stimulation of the medial thala­
mus. This cortical recruiting response resembles spontaneous spindle bursts, and both 
phenomena were thought to originate in the nonspecific thalamic nuclei which are in­
volved in sleep mechanisms (references in MORUZZI, 1972). Effects of drugs on corti­
cal recruiting were most frequently interpreted as alterations in thalamocortical mech­
anisms for internal inhibition and light sleep. A similar "waxing and waning" cortical 
response, the so-called augmenting response, can be elicited by low frequency stim­
ulation of specific thalamic nuclei and is limited to the corresponding projection area 
of the cortex (MORISON and DEMPSEY, 1942). 

The cortical recruiting response was not affected by high intravenous doses of 
chlordiazepoxide (30-40 mg· kg - I) in restrained rabbits (MONNIER and GRABER, 
1962) and by lower intravenous doses (2-5 mg· kg-I) of the same compound in un­
anesthetized cerveau isole cats (MORILLO et aI., 1962). No consistent effect on the cor­
tical recruiting was also observed after chlordiazepoxide (1.5 mg· kg-I i.v.), diazepam 
(0.5 mg· kg -I), or clonazepam (0.8-1 mg· kg -I) in unanesthetized curarized cats (RE­
QUINetal., 1963;VUILLON-CAcCIUTToLOetal., 1970). While diazepam (0.5-1 mg· kg- 1 

i.v.) was without effect on the recruiting response to stimulation of the central medial 
thalamic nucleus, the same doses of the benzodiazepine markedly depressed the late 
negative component ofthe augmenting response elicited by stimulation of the ventro­
lateral thalamic nucleus in unanesthetized immobilized cats (SHERWIN, 1971). A simi­
lar differentiation of benzodiazepine effects was demonstrated in unrestrained rab­
bits, where flurazepam (0.5-5mg·kg- 1 i.v.) reduced the augmenting response but 
slightly enhanced the recruiting response (OHMORI, 1977). However, in restrained rab­
bits diazepam (20mg·kg- 1 p.o.) and an oxazolobenzodiazepine (CS 370) enhanced 
the augmenting response without influencing the recruiting response (MORI et aI., 
1972). 



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 121 

V. Caudate Spindles 

Low-frequency stimulation of the caudate nucleus triggers spindle bursts in the 
ECoG, which seem to be mediated by the nonspecific thalamocortical system related 
to drowsiness and sleep (BUCHWALD et aI., 1961). The only study dealing with the ef­
fect of benzodiazepines on this phenomenon showed an increased amplitude of the 
spindles recorded in the cortex upon stimulation of the head of the caudate nucleus 
after diazepam (0.5 mg' kg-I Lv.) in unanesthetized immobilized cats (ITO and SHIMI­
ZU, 1976). 

VI. Ponto-geniculo-occipital (PGO) Waves 

The effects ofbenzodiazepines on the PGO waves occurring during NREM and REM 
sleep as well as on the PGOs induced during wakefulness by pretreatment with reser­
pine, reserpine-like benzoquinolizine Ro 4-1284, or pCP A will be discussed in Sect. V / 
V. 

VII. Afterdischarges 
High frequency repetitive stimulation of diencephalic and limbic structures often pro­
duces discharges in the EEG of the same or adjacent brain regions, which can prop­
agate to distant brain areas and, by inducing reverberating neuronal circuits, outlast 
the stimulation period (afterdischarges). A classic paper by HUNTER and JASPER (1949) 
described a behavioral arrest, accompanied by 3's- 1 spike and slow-wave pattern in 
the EEG induced by stimulation of the intralaminar thalamus in cats, a phenomenon 
bearing similarities to petit mal discharges in man. The current threshold for the in­
duction of "afterdischarges" is a rather constant parameter in individual cats and rab­
bits and is frequently used as a sensitive measure of drug effects on what is believed 
to be the excitability of a particular brain area. 

In several papers, SCHALLEK and associates described the marked depressant ef­
fects of various benzodiazepines on afterdischarges elicited in the cortex and limbic 
system upon stimulation of diencephalic and limbic brain structures. In unanesthe­
tized immobilized cats, chlordiazepoxide (10 mg' kg- 1 Lv.) decreased the duration of 
afterdischarges in the hippocampus and septum and reduced the amplitude of after­
discharges in the amygdala induced by stimulation of these limbic regions (SCHALLEK 
and KUEHN, 1960). In a later study on the same preparation, chlordiazepoxide 
(10 mg' kg- 1 Lv.) was found to elevate the threshold and to diminish the duration and 
amplitude of afterdischarges in the central lateral thalamic nucleus, which were induc­
ed by stimulation of the medio-dorsal thalamus, cortex, or hippocampus. Higher 
doses of chlordiazepoxide (40 mg' kg- 1 i.v.) also decreased the amplitude of the re­
sponses in cortex and hippocampus (SCHALLEK and KUEHN, 1963). The findings with 
chlordiazepoxide were confirmed and extended to other benzodiazepines in a study 
on unanesthetized, immobilized, and freely moving cats with chronically implanted 
electrodes (SCHALLEK et aI., 1964). The threshold for the induction of afterdischarges 
induced in thalamus, cortex, and amygdala by stimulation of the same structures was 
significantly elevated with diazepam (10 mg' kg- 1 i.v.), nitrazepam (10 mg' kg- 1 

i.v.), clonazepam (1 mg' kg- 1 i.v.), and flunitrazepam (1 mg' kg- 1 i.v.) in unanesthe­
tized immobilized cats. On the other hand, afterdischarges in the neocortex were only 
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slightly affected in freely moving cats. Stimulation of the amygdala and hippocampus 
in unrestrained cats induces staring, dilatation of pupils, and facial twitching resem­
bling psychomotor seizures in man (KAADA et aI., 1954). MORILLO et aI. (1962) ob­
served an increase of the threshold for eliciting these behavioral manifestations of 
afterdischarges after chlordiazepoxide (10 mg· kg- 1 i.m.). In freely moving cats 
SCHALLEK et aI. (1964) found an increase of the threshold for EEG afterdischarges in 
the amygdala and their behavioral correlates after chlordiazepoxide (10 mg· kg- 1 

p.o.), whereas diazepam (5 mg· kg- 1 p.o.) and nitrazepam (1 mg· kg- 1 p.o.) only 
shortened the duration of afterdischarges in amygdala and hippocampus. In other 
laboratories similar effects ofbenzodiazepines on afterdischarges in the limbic system 
were found. In unanesthetized curarized cats, chlordiazepoxide (3 mg· kg- 1 i.v.) and 
diazepam (0.35 mg· kg- 1 i.v.) depressed afterdischarges in the amygdala (REQuIN et 
aI., 1963). In unrestrained cats, minute crystals of acetylcholine placed through a can­
nula into the amygdala evoked complex seizures which propagated to hippocampus, 
entorhinal cortex and brain stem, accompanied by clonic and clonic-tonic convulsions 
resembling status epilepticus. Nitrazepam (10 mg total dose, ca. 3.5 mg· kg- 1 p.o. or 
i.p.) completely blocked electrographic and behavioral manifestations of seizures 
(HERNANDEZ-PE6N and ROJAS-RAMIREZ, 1966). In unanesthetized immobilized cats, 
diazepam (5 mg· kg - 1 i. v.) reduced the amplitude and duration of afterdischarges in 
amygdala and isocortex (DOLCE and KAEMMERER, 1967). The threshold for afterdis­
charges elicited by stimulation of amygdala and hippocampus was markedly raised 
after 20 mg· kg - 1 chlordiazepoxide i. p. (MIYAKE, 1965). An interesting observation 
was made by HERINK et ai. (1976), who found that midbrain reticular lesions enhanced 
the depressant effect of diazepam (2.5 mg· kg- 1 i.v.) on the afterdischarges in cortex, 
hippocampus, and midbrain elicited by stimulation of the septum in thiopentone-an­
esthetized rats. In restrained rabbits, the thienodiazepine, Y-6047, and diazepam did 
not affect the hippocampal afterdischarge in doses (40 mg· kg- 1 i.p.) that significantly 
shortened the duration of amygdaloid afterdischarges (NAKANISm et aI., 1972). In un­
restrained rats, diazepam and chlordiazepoxide shortened the afterdischarges in the 
amygdala induced by local stimulation (KAMEl et aI., 1975). 

In freely moving cats 1 mg· kg -1 nimetazepam and nitrazepam i. p. (OTSUKA et aI., 
1973) as well as fludiazepam and diazepam (1 mg· kg- 1 i.p.) shortened the duration 
of amygdaloid afterdischarges initially, but prolonged the afterdischarges 2-5 h after 
injection without clearly affecting the afterdischarges in the hippocampus (OTSUKA et 
aI., 1975). In the anesthetized rat the bicucuIIine- and pentetrazole-induced potenti­
ation of the photically evoked afterdischarge in the visual cortex was suppressed by 
15 mg· kg - 1 diazepam i. p. (BIGLER, 1977). 

By using microinjections of diazepam in different limbic and diencephalic areas as 
well as systemic administration of diazepam, NAGY and DECSI (1973, 1979) attempted 
to localize the site of tranquilizing and anticonvulsant action of diazepam. In the first 
study with freely moving cats, intraperitoneal administration of diazepam (1 mg· kg- 1) 
produced a slow, high amplitude EEG pattern in cortical and subcortical leads. The 
injection of 50 Jlg diazepam mimicked this effect only if injected into the amygdaloid 
nucleus complex and particularly into its anterobasal portion, whereas the injections 
in the hippocampus were fully ineffective and those into the hypothalamus slightly ef­
fective (NAGY and DECSI, 1973). Similarly, pentetrazole-induced seizures and afterdis­
charges in the hippocampus provoked by stimulation of the amygdala were depressed 
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in chronically implanted, slightly restrained rabbits only when diazepam (2 x 50 Ilg) 
was injected into the amygdala (anterior part), whereas injections into the dorsal hip­
pocampus and the basal amygdaloid nucleus were ineffective (NAGY and DECSI, 1979). 
STOCK et al. (1976) could reverse several effects of intravenously infused medazepam 
(hypersynchronous EEG in septum and hippocampus, suppression of rage reaction) 
by stimulating electrically the basolateral amygdala in freely moving cats. 

VIII. Conclusions 

In spite of a large number of experimental studies, it is difficult to characterize in a 
few words the EEG changes induced by benzodiazepines. The main reason is the vir­
tual lack of systematic dose-response studies (only exception: WINTERS and KOTT, 

1979) and the greatly varying experimental conditions (immobilized and unrestrained 
animals, cable recording, telemetric techniques, route of administration, postdrug pe­
riod, visual and computer-assisted analysis, statistical methods etc.). 

On the one hand the spontaneous bioelectrical activity of cortical and subcortical 
structures seems to be affected by benzodiazepines in a distinct way. Most benzo­
diazepines have a tendency to shift the basal EEG pattern to waves of higher 
frequency and higher amplitude, particularly in neocortex, hippocampus, and amyg­
dala. In addition, in pharmacologically relevant doses benzodiazepines depress the 
hippocampal theta-rhythm in the waking state and during REM sleep, as well as the 
theta-activity elicited by stimulation of subcortical areas. This depression is most fre­
quently recognized as a shift of the theta-rhythm from the regular 5-7 Hz waves to 
slower waves in the delta range (3-4 Hz). Although the significance ofbenzodiazepine 
effects on spontaneous EEG is not known, it is tempting to speculate that at least the 
depression of the hippocampal theta-activity, which is frequently associated with at­
tention and behavioral arousal, can be related to the sedative effects of benzo­
diazepines. 

On the other hand, the arousal reaction in the neocortex, in most cases evoked by 
stimulation of the brain stem reticular formation, was not consistently found to be al­
tered by benzodiazepines. This was often interpreted as being due to the absence of 
a pronounced direct action of benzodiazepines on the reticular formation, which 
would explain the absent or only slight sedation observed when benzodiazepines are 
given in the doses exhibiting selective antianxiety effects. The lack of marked effects 
ofbenzodiazepines on the cortical recruiting response, induced by stimulation of the 
nonspecific thalamic nuclei and associated with drowsiness, supports the above inter­
pretation of a low sensitivity of structures directly involved in the regulation of vig­
ilance states, i.e., reticular formation and thalamus, to the action of benzodiazepines. 

In contrast, benzodiazepines are extremely potent in reducing the afterdischarges 
elicited in different limbic and diencephalic areas by repetitive stimulation of the same 
structures. From the available experimental data, the structure most susceptible to the 
depressant effect ofbenzodiazepines on this EEG phenomenon seems to be the amyg­
daloid complex. In this respect, the finding that diazepam selectively reduces rage 
reactions in unrestrained cats and simultaneously alters the EEG pattern as well as 
diminishes limbic afterdischarges in rabbits only when microinjected into the amyg­
dala, supports a postulated "limbic site" of action of benzodiazepines for their 
antianxiety and, possibly, also anticonvulsant effects. 
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V. Benzodiazepines and Sleep 

A number of different benzodiazepines were studied in unanesthetized, mostly freely 
moving animals with chronically implanted electrodes in an attempt to reproduce 
their well-known sleep-inducing effect in man. However, since sleep is a particularly 
fragile behavioral manifestation, susceptible to many influences from the animal itself 
and from the experimenter, it is not surprising that rather inconsistent results were ob­
tained by various investigators who have used cats, rabbits, rats, and monkeys to de­
termine the effects of benzodiazepines on the three basic vigilance states, i.e., wake­
fulness, nonrapid eye movement (NREM) sleep, and rapid eye movement (REM) 
sleep. 

I. Cats 

Because the physiology of sleep has been studied most intensively in cats, this species 
has also been the most frequently used in pharmacology. Almost all possible com­
binations of changes in REM sleep, NREM sleep and wakefulness have been report­
ed. 

A reduction of both REM and NREM sleep and an increase of wakefulness were 
found by LANOIR and KILLAM (1968) after nitrazepam and diazepam (0.25 mg· kg- 1 

i.p.). Very similar results were reported by GOGERTY (1973) with flurazepam 
(10 mg· kg- 1 i.p.) and by SCHALLEK et al. (1972, 1973) with single oral doses of chlor­
diazepoxide (10 mg· kg - 1), clonazepam (4 mg· kg - 1), and flunitrazepam (4 mg. kg - 1). 

A reduction of REM sleep and an increase ofNREM sleep were observed by DOL­
CE and KAEMMERER (1967) after oxazepam (1-10 mg· kg- 1 p.o., i.p., or i.m.); frequent 
awakenings occurred accompanied by spindles (mixed sleep-wakefulness pattern). 
Clonazepam (0.08-1 mg· kg-' i.p.) slightly augmented NREM sleep and markedly 
depressed REM sleep in the study by VUILLON-CACCIUTTOLO et aI. (1970). A slight in­
crease of REM sleep as the only effect was observed by BORENSTEIN et aI. (1973) with 
diazepam (2mg·kg- 1 p.o.). 

No effect on the sleep-wakefulness cycle was reported by BORENSTEIN et aI. (1973) 
with nitrazepam (1 mg· kg-l p.o.). 

A selective increase of NREM sleep was found by BORENSTEIN et aI. (1973) with 
lorazepam (1 mg· kg- 1 p.o.), by STRAW (1975) with flurazepam (1 mg· kg- 1 p.o.), 
and by GRIAUZDE et al. (1979) with low doses of diazepam (0.3-0.9 mg· kg- 1 i.p.). 

A selective depression of NREM sleep occurred with intraperitoneal doses of 
diazepam above 1 mg· kg- 1 (GRIAUZDE et aI., 1979) as well as after oral administra­
tion of diazepam (0.25mg·kg- 1 p.o.) and chlordiazepoxide (4mg·kg- 1 p.o.) 
(STRAW, 1975). 

An increase of both sleep stages and a decrease of wakefulness was seen by SCHAL­
LEK et al. (1973) when chlordiazepoxide (10 mg· kg- 1 p.o.), clonazepam (4 mg· kg- 1 

p.o.), and flunitrazepam (4 mg· kg- 1 p.o.) were administered on several consecutive 
days; the same doses of these benzodiazepines depressed both sleep stages after the 
first administration. The intravenous infusion of medazepam following a priming 
dose (total about 5mg·kg- 1) and chlordiazepoxide (total about 0.2mg·kg- 1) to 
achieve constant blood levels of the drugs over several hours, augmented both REM 
and NREM sleep and reduced the amount of wakefulness (HEINEMANN et aI., 1968; 
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HEINEMANN and STOCK, 1973). A very small dose offlunitrazepam (0.001 mg·kg- I 

i.p.) enhanced REM sleep and, to a lesser extent, NREM sleep in cats prepared for 
telemetric recording (POLC and HAEFELY, 1975), whereas a higher dose (0.1 mg· kg-I) 
had the opposite effect. 

The effect of benzodiazepines on disturbed sleep of cats is of particular interest 
since many laboratory cats spend much oftheir time asleep (up to 70% of the record­
ing time) and, hence, a hypnogenic effect of a drug cannot be easily demonstrated. 
When cats were made "insomniac" by small, otherwise behaviorally inactive doses of 
LSD or methylphenidate, flunitrazepam (0.003 mg· kg -I i. p.) partially reestablished 
normal sleep behavior (POLC and HAEFELY, 1975). Similar results were obtained on 
sleep depressed by small doses of morphine (SCHERSCHLICHT et al., 1979). Similarly, 
GOGERTY (1973) found an augmentation of both sleep stages with flurazepam 
(10 mg· kg-I i.p.) in cats whose sleep was disturbed by various arousing stimuli and 
electric foot shock. An attempt was undertaken in a recent study (GRIAUZDE et al., 
1979) to elucidate the mechanism of the sleep-inducing action of diazepam. Lower 
doses of diazepam (0.3-0.9 mg· kg-I i.p.) increased, whereas higher doses of the drug 
depressed NREM sleep without affecting REM sleep. Since the simultaneously mea­
sured levels in the cerebrospinal fluid of 5-hydroxyindolacetic acid (5-HIAA) or 
homovanillic acid (HV A), respective metabolites of 5-hydroxytryptamine (5-HT) and 
dopamine were not altered by diazepam, GRIAUZDE et al. (1979) suggested that diaze­
pam augmented NREM sleep by a mechanism unrelated to 5-HT, the monoamine im­
plicated in the initiation of NREM sleep (JOUVET, 1972). 

II. Rabbits 

More consistent effects of benzodiazepines on the sleep-wakefulness cycle were ob­
served in rabbits than in cats. The early report of an increased amount of sleep after 
oral administration of chlordiazepoxide (50 mg· kg-I) and nitrazepam (10 mg· kg-I) 
in partially restrained rabbits (SOULAIRAC et al., 1965) was confirmed by most inves­
tigators who have differentiated between NREM and REM sleep and who, in addi­
tion, administered smaller doses of benzodiazepines. KAWAKAMI et al. (1966) and 
GOLDSTEIN et al. (1967) found an augmentation of REM sleep in freely moving rabbits 
after oral administration of chlordiazepoxide (3 mg· kg - 1) or diazepam (0.2 mg· kg - 1) 
and after intravenous injection of chlordiazepoxide (1 mg· kg- 1), respectively. In 
another study, diazepam (1 mg· kg-I p.o.), but not nitrazepam (1 mg· kg-I p.o.), en­
hanced the amount of REM sleep, whereas NREM sleep was augmented by both ben­
zodiazepines (HOFFMEISTER, 1972). Frequent awakenings characterized the sleep in­
duced by both benzodiazepines in the latter study. In order to find an explanation for 
the discrepant effects of benzodiazepines in the various sleep studies, ZATTONI and 
ROSSI (1967) injected nitrazepam either systemically (intravenous) or into the carotid 
and vertebral artery of unanesthetized restrained rabbits. Administered intravenously 
or into the carotid artery, nitrazepam induced EEG synchronization with a sleep-like 
behavior, but when injected into the vertebral artery, the benzodiazepine elicited EEG 
arousal, accompanied by behavioral alertness. The authors suggested that nitrazepam 
depressed the neuronal structures responsible for wakefulness in the midbrain reticu­
lar formation and hypothalamus after the intracarotid administration, while depress­
ing the sleep-promoting regions of the lower brain stem after intravertebral injection, 
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thus eliciting arousal. The fact that intravenous injection produced the same effect as 
intracarotid application, i.e., a sleep-like state, indicated that the arousal system may 
be tonically more active than the hypnogenic system and, therefore, more susceptible 
to the depressant action of the benzodiazepine. Interestingly, LOIZZO and LONGO 
(1968) produced a REM sleep-like phenomenon by injection of diazepam 
(0.2 mg· kg -I) into the vertebral artery in restrained rabbits, although an EEG syn­
chronization without REM sleep was found after intravenous injection of diazepam 
(0.5 mg· kg - I) in unrestrained rabbits. 

III. Rats 

Sleep-like behavior, accompanied by an unusual EEG pattern (fast spindles and high 
frequency waves), was induced by oral administration of nitrazepam (lO mg· kg-I) 
in freely moving rats (SOULAIRAC et aI., 1965). In general agreement with this early 
report, nitrazepam augmented NREM sleep after acute administration (1.1 mg· kg-I 
p.o.; GOGERTY, 1973) and enhanced both REM and NREM sleep after repeated dos­
ing (lOmg·kg-l·d- 1 i.p.; KLYGUL et aI., 1976); a rebound decrease of REM sleep 
was observed during withdrawal in the latter study. Low doses of nitrazepam 
(0.3 mg· kg-I i.p.), which did not produce side effects, reduced restlessness during 
sleep without significantly affecting different sleep states, whereas higher doses of the 
drug (1 mg· kg -I) tended to reduce REM sleep along with the appearance of ataxia 
(LOEW and SPIEGEL, 1976). A reduction of REM sleep and a slight increase ofNREM 
sleep were observed after nitrazepam and temazepam in rats (BUONAMICI and ROSSI, 
1979). Estazolam (5 mg· kg-I i.p.) reduced NREM sleep in normal laboratory rats, 
but augmented NREM and REM sleep in rats rendered insomniac by pretreatment 
with an inhibitor of 5-HT synthesis, parachlorophenylalanine (IKEDA et aI., 1973). If 
electric foot shock was used to induce insomnia, oral administration offlunitrazepam 
(4 mg· kg-I) and of the irnidazobenzodiazepine RU 31,158 (8 mg· kg-I) enhanced 
the amount ofNREM and REM sleep (PIPER, 1977; JAMES and PIPER, 1978) in freely 
moving rats. An interesting observation was made by MONTI et aI., (1979a, b), who 
found that the combined administration of otherwise noneffective doses of diazepam 
(1 mg· kg-I i.p.) and gamma-hydroxybutyrate (12.5 mg· kg-I i.p.) enhanced NREM 
sleep (in particular, slow waves) in rats. Since this effect was prevented by pretreat­
ment with a nonconvulsive dose of bicuculline (2.5 mg· kg-I i.p.), the authors sug­
gested that an activation of GAB A mechanisms could underlie the observed additive 
effect. 

IV. Monkeys 

Only few sleep studies with benzodiazepines were performed in monkeys. Moderate 
doses ofclonazepam (lO mg· kg-I p.o.), flurazepam (10-20 mg· kg-I p.o.), and fluni­
trazepam (2,5-5 mg· kg-I p.o.) induced sedation without sleep in squirrel monkeys 
(SCHALLEK et aI., 1973). However, in Cebus monkeys flurazepam (3.75 mg· kg-I) and 
temazepam (3,75 mg· kg-I) increased the amount spent in NREM and REM sleep 
and correspondingly reduced the waking time (GOGERTY, 1973). In rhesus monkeys 
diazepam (0.3 and 1 mg· kg-I p.o.) and triazolam (l mg· kg-I p.o.) augmented 
NREM sleep and reduced the amount of wakefulness without significantly affecting 
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REM sleep (STRAW, 1975). In contrast, a single high oral dose of nitrazepam 
(25 mg' kg - I) markedly depressed REM sleep and reduced waking time while in­
creasing the amount spent in NREM sleep in rhesus monkeys (DAVID et aI., 1974). 
In the latter investigation the EEG recording was continued for some days after the 
acute administration; a strong rebound increase of REM sleep occurred after with­
drawal of nit raze pam, an effect also found in man (OSWALD and PRIEST, 1965). Thus, 
monkeys would seem to be a good model for evaluating the effects of hypnotics in sub­
human species. However, the necessity of restraining the monkey in a chair which 
creates an artificial situation, as well as high costs precluded a more extensive inves­
tigation of benzodiazepines on monkeys' sleep. 

V. Ponto-geniculo-occipital (PGO) Waves 

Ponto-geniculo-occipital waves are phasically occurring monophasic high amplitude 
waves, which characteristically have a burst-like appearance during REM sleep in 
cats, but which also occur as isolated waves during deeper periods of NREM sleep, 
in particular just preceding a REM sleep episode (JouVET, 1972). In freely moving cats 
with electrodes chronically implanted in the lateral geniculate body, BORENSTEIN et ai. 
(1973) and HARA et ai. (1975 b) found a marked increase ofPGO waves occurring in 
bursts during REM sleep episodes as well as PGO waves elicited by pretreatment with 
reserpine after various benzodiazepines (nitrazepam and lorazepam, 1 mg' kg- I p.o.; 
nitrazepam, 0.2 mg' kg- I i.v., and diazepam, 0.4 mg' kg- I i.v., respectively), whereas 
the same doses of the above benzodiazepines did not consistently alter the REM sleep 
itself. 

These results were confirmed in investigations performed in unanesthetized immo­
bilized cats, in which PGO waves were induced by the pretreatment either with p­
chlorophenylalanine or with Ro 4-1284, a reserpine-like benzoquinolizine compound 
which depletes the monoaminergic nerve endings from monoamines (RUCH-MoN­
ACHON et aI., 1976a). Since the facilitating effects of chlordiazepoxide (3 mg' kg- I 

i.v.) on these pharmacologically produced PGO waves were abolished by lesions of 
the septum, medial forebrain bundle, amygdala, or by administration of atropine 
(MoNAcHoNet aI., 1973, RucH-MoNAcHoNet aI., 1976b), it was assumed that a path­
way descending from the forebrain, with an intercalated cholinergic synapse, would 
be responsible for the effects ofbenzodiazepines. On the other hand, in a more recent 
study on freely moving cats with electrodes implanted in the lateral geniculate body 
for recording the PGO waves, and in the midbrain reticular formation for recording 
the multiple unit activity, TSUCHIYA and FUKUSHIMA (1977) were unable to detect any 
clear-cut effects of diazepam (I mg' kg- I i.p.) or fludiazepam (0.5 mg' kg- I i.p.) on 
PGO waves either during REM or NREM sleep, although the multiple unit activity 
in the midbrain reticular formatio!). was markedly depressed during both sleep stages. 

VI. Conclusions 

The effects ofbenzodiazepines on the sleep-wakefulness cycle of animals are extremely 
complex. The interpretation of available data is made very difficult in the absence of 
systematic dose-response studies. 
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At first sight, the most striking and apparently paradoxical observation is the re­
duction of sleep, which occurred after single administrations of most doses of benzo­
diazepines in cats. This result of EEG studies is in line with gross behavioral ob­
servations showing that even high, ataxic doses produce a state of excitation, at least 
initially, in cats and dogs. The reason for this behavioral stimulation is not fully 
understood; the effect is, however, not unique for benzodiazepines, but is also consis­
tently found with barbiturates in subanesthetic doses. It is also not known why the 
stimulant effect is virtually absent in rodents and only rarely seen in man. An impor­
tant similarity seems to exist;however, between man and cat, and this is the disturbing 
effect ofbenzodiazepines on normal sleep patterns and their ability to normalize sleep 
behavior disturbed by a variety of factors. In this respect, the sleep-reestablishing ef­
fect of benzodiazepines in cats made "insomniac" by small doses of LSD, methyl­
phenidate, or morphine or by electric foot shock, may simulate more accurately the 
sleep-inducing and -improving effect of benzodiazepines in insomniac patients. 

More investigations are required before specific effects ofbenzodiazepines on sleep 
mechanisms can be accepted or excluded. For the time being, it would appear safe to 
assume that these drugs improve sleep primarily by attenuating emotional factors 
which hinder the onset and maintained operation of normal sleep mechanisms. Tak­
ing into account the specific effect ofbenzodiazepines on GABAergic synapses, which 
are widely distributed within the central nervous system, as well as the numerous brain 
areas whose activity is affected by these drugs, one is inclined to suggest that benzo­
diazepines are able, in an essentially similar way, to affect various brain structures 
with opposite effects on sleep. The overall effect ofbenzodiazepines on the amount and 
organization of sleep may, then, depend primarily on the predrug level of activity in 
these various structures. 

W. Effects on Single- and Multiple-Unit Activity in the Brain 

The analysis of drug effects on the "spontaneous" and evoked electrical activity of 
single neurons as well as small neuronal populations in the central nervous system is 
one of the most important recent achievements in neuropharmacology. The recording 
of single neuron activity in different parts of the brain and spinal cord and the use of 
iontophoretic and pressure ejection methods to administer the drugs into the imme­
diate vicinity of neurons under study, provide information on possible direct effects 
of drugs on the pattern of spontaneous as well as electrically and chemically induced 
activity of identified neurons and on drug actions on the membrane properties of 
neurons. 

I. Limbic System 

In chloralose-anesthetized cats, a small intravenous dose of nitrazepam (0.15 mg· kg - 1) 
did not induce any consistent changes in the spontaneous activity of neurons in the 
hippocampus and lateral geniculate body (except for some bursting patterns), but 
markedly depressed the increase of hippocampal neuronal discharge evoked by visual 
stimuli (STEINER and HUMMEL, 1968). Since a visually evoked response of single 
neurons in the lateral geniculate body was unaffected by nitrazepam, the authors sug-
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gested a specific suppressant effect of the benzodiazepines on the visual afferent input 
to the hippocampus. However, in freely moving rats with chronically implanted 
semimicroelectrodes, OLDS and OLDS (1969) observed a strong depressant effect of in­
traperitoneal injections of chlordiazepoxide (10 mg . kg - 1) and diazepam (5 mg . kg - 1) 
on the spontaneous firing of hippocampal neurons, whereas meprobamate 
(80 mg· kg-) was ineffective. In contrast, the same dose of meprobamate clearly re­
duced the spontaneous activity of midbrain reticular neurons, which were rather in­
sensitive to diazepam (10 mg· kg-I). Multiple unit activity in the preoptic area was 
slightly depressed by the above doses of both meprobamate and diazepam. In a later 
study in unrestrained rats, a conflict situation provoked an increase of neuronal dis­
charges in the amygdala, and this effect was markedly diminished by chlordiazepoxide 
(5 mg· kg- 1 i.p.) and diazepam (2.5 mg· kg- 1 i.p.) (UMEMOTO and Ows, 1975). In 
partial agreement with these observations, GUERRERO-FIGUEROA et al. (1973, 1974) 
found in unrestrained cats and rhesus monkeys a reduction of multi-unit activity after 
parenteral administration of diazepam, chlordiazepoxide, bromazepam, lorazepam, 
and triflubazam in the amygdala, posterior hypothalamus, intralaminar thalamus, 
and midbrain reticular formation (structures assumed by the authors to be responsible 
for aversive behavioral responses) as well as in hippocampus, septum, lateral hypo­
thalamus, and preoptic area (structures considered to be parts of a "rewarding" sys­
tem). Repeated oral administration of the benzodiazepines also depressed the 
neuronal activity of the aversive system while augmenting the spontaneous activity of 
neurons in the rewarding system. These rather complex results led GUERRERO-FIG­
UEROA et al. (1973) to postulate a shift in balance from the "anxiety-inducing" to the 
"rewarding part" of the limbic system after benzodiazepines. More recent investi­
gations using small doses of systemic as well as iontophoretic injections of benzo­
diazepines from multibarreled micropipettes, confirmed these earlier observations on 
the marked sensitivity of the limbic structures to benzodiazepines. Doses as small as 
0.05-0.1 mg· kg- 1 diazepam i.v. clearly depressed the spontaneous neuronal activity 
in hippocampus, amygdala (CHOU and WANG, 1977), septum, cingulate gyrus, and lat­
eral hypothalamus (ROBINSON and WANG, 1979) of unanesthetized immobilized cats. 
In the same studies a marked antagonism was observed between the excitatory action 
of morphine and the inhibitory effects of benzodiazepines on amygdala neurons. In 
another study with anesthetized rats, MATTHEWS and CONNOR (1977) found the spon­
taneous firing of pyramidal and granular cells in the hippocampus to be depressed by 
iontophoretically ejected medazepam, which also blocked the excitations of hippo­
campal neurons induced by acetylcholine and glutamate. Working with unanesthe­
tized as well as anesthetized rats, WOLF and HAAS (1977) observed a clear-cut de­
pression of spontaneously active pyramidal cells after diazepam (0.5 mg· kg- 1 i.p.) 
and iontophoretically ejected Ro 11-7800 (a thieno-diazepine). Recurrent inhibition 
of pyramidal cells was prolonged by the two drugs. In urethane-anesthetized rats 
(MUNEKYIO and MESHI, 1979),0.1-1 mg· kg-l triazolam i.v. enhanced bicuculline­
sensitive recurrent inhibition of hippocampal pyramidal cells. Triazolam depressed 
spontaneous activity of pyramidal cells in normal, but not in thiosemicarbazide-pre­
treated animals. The inhibition by iontophoretic GABA, but not glycine, was potenti­
ated by triazolam. In unanesthetized immobilized cats, a similar enhancement of the 
bicucuIline-sensitive recurrent inhibition of pyramidal cells was found by TSUCffiYA 
and FUKUSffiMA (1978) with small doses of diazepam and fludiazepam (0.3 mg· kg- 1 
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i.v.), whereas higher doses (1 mg· kg- 1 i.v.) of both benzodiazepines were required to 
reduce the spontaneous firing of pyramidal cells. A depressant effect of iontophoresed 
chlordiazepoxide on the spontaneous activity of neurons in the corticomedial region 
of amygdala was reported by JAMES et ai. (1979). 

Only two intracellular studies of the benzodiazepine effects in hippocampal cells 
have been published. HAAS and SIEGFRIED (1978), recording from pyramidal cells of 
slices of rat and human hippocampus, observed a hyperpolarization and, less fre­
quently, an increase of membrane conductance, after adding diazepam, flurazepam, 
or the thienodiazepine, Ro 11-7800, to the bath. The amplitude of spontaneous and 
electrically induced action potentials was reduced, and the IPSPs elicited by alveus or 
fimbria stimulation were enhanced in some cells and reduced in others. In another 
paper, HAAS et ai. (1979) reported no change of the membrane potential ofCA 1 pyra­
midal cells in the presence of diazepam 2 x 10 - 6 mol· 1- 1. 

Thus, it has been shown in different laboratories that benzodiazepines admin­
istered systematically or locally reduce the spontaneous and evoked activity of prin­
cipal cells in amygdala and hippocampus. The most likely explanation for this effect 
is the potentiating action ofbenzodiazepines on GABA-mediated recurrent inhibition 
demonstrated in the hippocampus. 

II. Cerebellum 

It was an obvious step to investigate the effect of benzodiazepines on this structure 
because the neuronal circuitry of the cerebellum has been intensively studied, and the 
neurotransmitter released by inhibitory interneurons on the Purkinje cells has been 
identified as GABA (CURTIS and JOHNSTON, 1974). Moreover, motor side effects of 
benzodiazepines (ataxia, hypotonia) might be related to their action on the cerebel­
lum. The early observation that diazepam (1 mg· kg- 1 i.v.) augmented spontaneous 
Purkinje cell firing of decerebrate cats (JULIEN, 1972) seemed to find some support by 
GAHWILER (1976) and BEN-NERIA and LASS (1977), both later studies using an in vi­
tro technique. In one of these (GXHWILER, 1976) and in another investigation 
(BOAKES et aI., 1977), a bursting Purkinje cell activity with prolonged pauses was 
found, perhaps similar to that observed in the first single-unit study with benzo­
diazepines on hippocampal neurons (STEINER and HUMMEL, 1968). However, other in­
vestigators using continuous recording of spontaneous Purkinje cell activity found a 
consistent depression of Purkinje cell firing by various benzodiazepines (PIERI and 
HAEFELY, 1976; LIPPA et aI., 1977; MARIANI and DELHAYE-BoUCHAUD, 1978; LIPPA et 
aI., 1979). Depression ofPurkinje cell firing in anesthetized rats by iontophoretically 
administered flurazepam was antagonized by picrotoxin, but not by bicuculline (LIpPA 
et aI., 1979). Both the reduction of spontaneous discharge and the tendency of Pur­
kinje cells to built-up bursts separated by pauses can be accounted for by the increased 
GABAergic basket cell inhibition ofPurkinje cells, which was observed after systemic 
or iontophoretic application of benzodiazepines in unanesthetized and anesthetized 
cats and rats (CURTIS et aI., 1976 b; GELLER et aI., 1978; MONTAROLO et aI., 1979). 
Basket cell inhibition of Purkinje cells seems to be extremely sensitive to the influence 
by benzodiazepines, since even in a dose which had no apparent effect on spontaneous 
Purkinje cell activity, diazepam (0.2 mg· kg- 1 i.p.) augmented threshold basket cell 
inhibition (GELLER et aI., 1978). A depression of spontaneous Purkinje cell discharge 
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as well as increased basket cell inhibition was induced by GABA, and the same dose 
of diazepam (0.2 mg· kg- 1 i.p.), which did not affect the spontaneous discharge of 
Purkinje cells, potentiated the submaximal inhibition of Purkinje cell firing induced 
by iontophoresed GABA, but not that induced by noradrenaline. The effects of both 
GABA and benzodiazepines were suppressed in vivo and in vitro by GABA antagon­
ists bicuculline and picrotoxin, but not by the glycine antagonist strychnine (LIPPA et 
aI., 1977; GELLER et aI., 1978; OKAMOTO and SAKAI, 1979). Furthermore, the dose-re­
sponse curve for GABA-inhibition of the spontaneous cell activity in guinea-pig cer­
ebellar slices was shifted to the left by chlordiazepoxide (OKAMOTO and SAKAI, 1979). 
Thus, earlier results showing an antagonism between GABA and benzodiazepines on 
the Purkinje cell activity (GAHwrLER, 1976; STEINER and FELIX, 1976a, b) were not 
confirmed in recent investigations and could have been due either to a peculiarity of 
newborn rat cerebellar culture used by GAHWILER (1976) or to inadequate methods 
(STEINER and FELIX, 1976a, b). In a recent study, diazepam (0.1-1 mg· kg- 1 i.v.) 
potentiated the inhibition of Purkinje cell discharge induced by the stimulation of 
the raphe in chloralose-anesthetized cats (BARNES et aI., 1979), an effect which was 
reversed by bicuculline. 

Summarizing the effects of benzodiazepines on spontaneously active cerebellar 
Purkinje cells, it can be stated that the available evidence demonstrates a depressant 
effect of benzodiazepines on spontaneous activity and a potentiation of basket cell­
mediated inhibition. The reduction of spontaneous activity is restricted to so-called 
simple spikes induced by mossy fiber activation, whereas the complex spikes produced 
by climbing fiber activation were unaffected by benzodiazepines (MARIANI and DE­
LHAYE-BoUCHAUD, 1978; PIERI, 1978). 

III. Cerebral Cortex 

Spontaneous activity of cortical neurons in unanesthetized and anesthetized rabbits, 
cats, and rats was reduced after systemic injection of diazepam (1 mg· kg- 1 i.v., 
ZAKUSOV et aI., 1977; ZAKUSOV and KOZHECHKIN, 1978; PHILLIS, 1979), as well as by 
chlordiazepoxide, diazepam, and flurazepam applied iontophoretically (KOZHECHKIN 
and OSTROVSKAYA, 1977b; PHILLIS, 1979; LIpPA et aI., 1979). In addition, extremely 
small iontophoretic currents used to expel flurazepam from the micropipettes, which 
had no effect on ongoing activity of cortical neurons, clearly potentiated the small in­
hibition of neuronal firing elicited by a threshold stimulation of the nearby cortical 
surface (NESTOROS and NISTRI, 1978). Since pretreatment with the GABA synthesis 
inhibitor, thiosemicarbazide (35 mg· kg -1 i. v., 3 h before flurazepam) abolished the 
augmenting effect of flurazepam on cortical inhibition, but iontophoretically injected 
GABA still inhibited cortical neurons, NESTOROS and NISTRI (1978) suggested a pre­
synaptic site of action of flurazepam, probably by increasing the release of GABA. 
A potentiating effect of diazepam (1 mg· kg- 1 i.v.) and chlordiazepoxide on GABA­
and adenosine-induced neuronal depression in the cortex was shown in rats and rab­
bits (KOZHECHKIN andOsTROVSKAYA, 1977a;ZAKusOV et aI., 1977; PHILLIS, 1979). In­
terestingly, both the adenosine- and flurazepam-evoked inhibition of neuronal activ­
ity in the sensorimotor cortex of anesthetized rats were abolished by 50-100 mg· kg - 1 

theophylline i.v. (PHILLIS et aI., 1979). In unanesthetized curarized rats clonazepam 
(2 mg· kg- 1 i.m.) increased the inhibition of spontaneous firing of cells in the sen-
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sorimotor cortex produced by microiontophoretic application of GABA and reduced 
the activation on firing by iontophoresed acetylcholine and glutamate (SHMIDT et al., 
1978). In urethane-anesthetized rats iontophoretically administered chlordiazepoxide 
reduced glutamate- and aspartate-induced excitation of spontaneously active, uniden­
tified neurons in the sensorimotor cortex without consistently affecting acetylcholine­
induced excitation or GABA-induced inhibition (ASSUMP<;AO et aI., 1979). Such a se­
lective antagonism of excitatory amino acids by benzodiazepines was not observed in 
anesthetized cats by NESTOROS and NISTRI (1979), who found that iontophoretic 
flurazepam potentiated the inhibitory effects of GABA and antagonized those of 5-
hydroxytryptamine on pericruciate cortical neurons driven by glutamate. The ejecting 
currents required to result in potentiation of GABA and inhibition of 5-hydrotrypta­
mine were smaller than those required to reduce glutamate- and aspartate-induced ex­
citation of the same neurons. Even higher currents were necessary to eject amounts 
offlurazepam that antagonized acetylcholine excitation, and these currents obviously 
interfered with the spike-generating mechanisms. KOZHECHKIN (1978) observed an 
augmenting effect of diazepam (1 mg· kg- 1 i.v.) on the inhibition of spontaneously 
active cortical neurons evoked by direct cortical or sciatic nerve stimulation, as well 
as a depressant effect on the neuronal activation induced by sciatic nerve stimuli 
(KOZHECHKIN, 1978), effects which were reversibly antagonized by bicuculline 
(0.1 mg· kg- 1 i.v., ZAKUSOV et aI., 1977). In agreement with these observations, diaze­
pam (0.5 mg· kg- i.v.) was shown to prolong the postsynaptic recurrent inhibition of 
pyramidal tract cortical neurons in anesthetized and encephale isole cats (RAABE and 
GUMNIT, 1977). The finding of a decreased tonic and phasic multiple-unit activity of 
cortical pyramidal tract neurons after diazepam (3.5 mg· kg- 1 i.m.) can probably be 
explained in the same way (VELASCO et aI., 1977). 

IV. Brain Stem and Diencephalic Structures 

The effects of benzodiazepines on single neuronal activity in some brain stem and di­
encephalic regions have already been mentioned when discussing the descending retic­
ular influence on the spinal cord (PRZYBYLA and WANG, 1968; TSENG and WANG, 
1971 b) and the multiple-unit activity of the limbic midbrain area (OLDS and OLDS, 
1969; GUERRERO-FIGUEROA et aI., 1973). 

The spontaneous activity of single unidentified medullar brainstem neurons was 
studied by DRAY and STRAUGHAN (1976) and by BOWERY and DRAY (1978). In intact 
anesthetized rats, iontophoretically ejected chlordiazepoxide and flurazepam reduced 
spontaneous as well as acetylcholine- and glutamate-induced firing, but had no effect 
on GABA- or glycine-produced depressions of spontaneous activity. On the other 
hand, iontophoretically ejected bicuculline antagonized the reduction of neuronal fir­
ing induced by flurazepam and GABA, but not that produced by glycine. Accord­
ingly, strychnine selectively abolished the glycine effect without affecting GABA- or 
flurazepam-evoked depressions (DRAY and STRAUGHAN, 1976). Clonazepam 
(0.1 mg· kg -1 i. v.) reduced the spontaneous discharge of medullary neurons and par­
tially reversed the blockade by iontophoretic bicuculline of GABA-induced de­
pressions of spontaneous activity (BOWERY and DRAY, 1978). 

A diminished spontaneous activity of identified neurons of the vestibular nucleus 
was observed after diazepam (0.2 mg· kg- 1 i.v.) in decerebrate unanesthetized cats 
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(KIRSTEN and SCHOENER, 1972). In the same study diazepam prevented the short du­
ration increase of vestibular neuronal firing produced by pentetrazole (5 mg' kg - 1 
i.v.). Similar findings were obtained in a recent investigation by DEPOORTERE et al. 
(1978), who found a dose-dependent decrease of multi-unit activity in the lateral ves­
tibular nucleus of Deiters after chlordiazepoxide and diazepam (0.1-3 mg' kg- 1 i.v.) 
in unanesthetized curarized cats. Enhancement of the neuronal activity evoked by pic­
rotoxin (0.1 mg' kg -1 i. v.) was suppressed by chlordiazepoxide. In contrast, STEINER 
and FELIX (1976 a, b) observed in anesthetized cats a reduction by diazepam 
(0.5 mg' kg- 1 i.v.) of the Purkinje cell-evoked inhibition of antidromically activated 
Deiters' neurons. Since in this study diazepam blocked also the inhibition of anti­
dromic potentials induced by iontophoretic GABA, these findings are in obvious con­
tradiction with the wealth of studies dealing with the effect ofbenzodiazepines in post­
synaptic inhibition. BARMACK and PETTOROSSI (1980) reported that small intravenous 
doses of diazepam (0.02-0.1 mg' kg -1) reduced the sensitivity of secondary vestibular 
neurons of different vestibular nuclei to sinusoidal angular acceleration along vertical 
and longitudinal axes in unanesthetized, immobilized rabbits. 

In the dorsal raphe nucleus of anesthetized and unanesthetized rats iontophoreti­
cally ejected flurazepam and chlordiazepoxide as well as intravenously administered 
diazepam (up to 8 mg' kg - 1) had no effect upon spontaneous neuronal activity, but 
depressed the firing rate after pretreatment with the GABA-transaminase inhibitor, 
aminooxyacetic acid (AOAA, 50 mg' kg- 1 Lv., 1 h before benzodiazepines, 
GALLAGER, 1978). In the same study, the three benzodiazepines also selectively po­
tentiated the inhibitory effect of iontophoretically ejected GABA, whereas they were 
ineffective on depressions of the raphe cell activities produced by glycine and 5-hy­
droxytryptamine. In a later study in chloralhydrate anesthetized rats, GALLAGER et al. 
(1980) found no effect of 100 mg' kg- 1 diphenylhydantoin i.p. on the spontaneous ac­
tivity of dorsal raphe neurons, but after diphenylhydantoin a depressant effect of 
diazepam (0.5 mg' kg- 1 i.v.) appeared. This finding was related to the observation 
that diphenylhydantoin enhanced specific 3H-diazepam binding in the brain in vitro 
and in vivo. 

BUNNEY and AGHAJANIAN (1976) studied the effect of diazepam (0.8-20 mg' kg- 1 
i.v.) on the assumed dopamine neuron activity in the zona compacta of the substantia 
nigra and the ventral tegmental area in anesthetized rats. Diazepam reversed the de­
pression of dopamine neurons induced by amphetamine. On the other hand, WOLF 
and HAAS (1977) observed a depressant effect by benzodiazepines on the spontaneous 
firing of nigral neurons. The neuronal inhibition of the pars reticulata of the substantia 
nigra elicited in chloralose-anesthetized cats by stimuli applied to the nucleus 
accumbens was depressed by bicuculline (0.01-0.1 mg· kg- 1 i.v.), and this effect of 
bicuculline was reversed by diazepam 0.5 mg . kg- 1 i.v. (FUNG et aI., 1979). 

Additional evidence for an enhancement of inhibitory phenomena in the brain by 
benzodiazepines was provided by GELLER (1978) and GELLER et al. (1978) in ex­
periments on cell cultures of tuberal hypothalamus. Bath application of diazepam 
(2 x 10 - 6 mol. 1-1 ) prolonged the inhibition of spontaneous single cell discharge 
evoked by electrical stimulation and iontophoretic GABA, but not depressions pro­
duced by iontophoretic glycine. Picrotoxin (10- 5 mol .1- 1) blocked inhibitions 
elicited by electrical stimuli and GABA, glycine inhibitions being unaffected. In the 
same preparation flurazepam (10- 5 mol·I- 1) potentiated GABA-induced submaxi-
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mal inhibition of spontaneously active cells without affecting the depression induced 
by glycine. The convulsant benzodiazepine derivative Ro 5-3663 (10 - 4 mol·I- 1) an­
tagonized GABA-induced inhibition (GELLER, 1979). 

Two studies demonstrated a depression by benzodiazepines of spontaneous and 
evoked activity of neurons intercalated in the visual pathway. While HEISS et aI. (1969) 
observed a reduction of spontaneous and photically elicited firing of retinal neurons 
after diazepam (2-5 mg' kg-I i.v.) in cats, BIGLER (1976) noted a depression by diaze­
pam (2-5mg·kg- ' i.v.) of spontaneous and photically induced discharge of 
geniculocortical relay neurons as well as of spontaneous but not of evoked activity of 
inhibitory interneurons in the lateral geniculate body of anesthetized rats. Interest­
ingly, in both studies a bursting oscillatory pattern of neuronal activity was sometimes 
observed after these rather high doses of diazepam, thus confirming the observations 
in the hippocampus and cerebellum mentioned previously. 

In a most recent study in the cuneate nucleus of decerebrate cats, POLZIN and BAR­
NES (1979) found a reduction of spontaneously active and glutamate-excited cuneate 
neurons by iontophoretically applied diazepam and GABA. Both diazepam- and 
GABA-evoked depressions were antagonized by iontophoretically administered 
bicuculline or picrotoxin. 

V. Conclusions 

Benzodiazepines have been shown to depress the spontaneous and evoked activity of 
single principal neurons in various brain areas after both systemic and local admin­
istration. Although no direct comparison was made, it appears that the sensitivity of 
these neurons, which certainly subserve very dissimilar functions, was not essentially 
different in the cerebral and cerebellar cortex, in hippocampus and amygdala, in di­
encephalic structures, or in the lower brain stem. Convincing evidence supports the 
view that the effect of benzodiazepines on the neurons studied is due to an enhanced 
inhibitory control by local GABAergic interneurons. 

x. Effects on Specific Neurotransmitter and Mediator Systems 

In this section we discuss the effects of benzodiazepines on the functions of specific 
neurotransmitter and neuromediator (modulator) systems. We consider the available 
data on presynaptic and postsynaptic mechanisms obtained both with biochemical 
and neurophysiological methods. Some findings reported in this section have, of 
course, already been mentioned in other sections or will be commented on in Sect. Z. 

I. Acetylcholine (ACh) 

Several observations made over the past 2 decades suggest some kind of interaction 
of benzodiazepines with cholinergic mechanisms, e.g., the marked protective activity 
of these drugs against convulsions, muscular hyperactivity, and mortality produced 
by anticholinesterases (GATTI et aI., 1973; JOHNSON and LOWNDES, 1974; LIPP, 1973; 
RUMP et aI., 1973) or the finding that pentetrazole profoundly affects the dynamics 
of brain ACh (GIARMAN and PEPEU, 1962; LONGONI et aI., 1974; MITCHELL, 1963; BE­
LESLIN et aI., 1965; GARDNER and WEBSTER, 1973; HEMSWORTH and NEAL, 1968; 
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GREEN, 1964). Furthermore, anecdotal clinical reports indicate that cholinesterase in­
hibitors are able to almost immediately restitute full consciousness in comatose 
patients after overdoses ofbenzodiazepines and in postoperative patients anesthetized 
with intravenous benzodiazepines. NAGY and DECSI (1978) described the use of phy­
sostigmine as an antidote against sublethal or lethal doses of diazepam in rats, rabbits, 
and cats. This interaction between benzodiazepines and anticholinesterases cannot be 
localized at the benzodiazepine receptors, since physostigmine failed to significantly 
inhibit 3H-diazepam binding in concentrations up to 10- 4 mol·l- I [MOHLER and 
OKADA, 1977 a; BRAESTRUP and SQUIRES, 1978a; SPETH et aI., 1978; see, however, 
SPEEG et ai. (1979) for the effect of a commercially available injectable form of phy­
sostigmine]. 

1. Choline Acetyltransferase and Cholinesterases 

Diazepam up to high concentrations did not affect choline acetyltransferase or cho­
linesterase activity in the mouse whole brain and rat striatum in vitro or mouse whole 
brain choline acetyltransferase in vivo (CONSOLO et aI., 1972, 1974, 1975). HOLMES et 
ai. (1978) studied a number ofbenzodiazepines for their effect on human plasma and 
red cell cholinesterase activity in vitro. At 1 mmol·l- I concentration, compounds 
with an alkyl substituent on Nl were active on cholinesterase in plasma and, although 
to a much lesser degree, in red cells. Lower concentrations were not examined. Treat­
ment of rats with diazepam, nitrazepam, clonazepam, chlordiazepoxide, and medaze­
pam daily with 5 and 10 mg· kg - I s.c. on 5 consecutive days did not alter cholines­
terase activity in plasma and red cells (WIEZOREK et aI., 1977). 

2. ACh Content 

The elevation of brain ACh levels by benzodiazepines is well documented. CONSOLO 
et ai. (1972, 1974) and LADINSKI et ai. (1973) reported that diazepam in doses between 
5 and 40 mg· kg- 1 i.p., as well as pentobarbitone (55 mg· kg-I), increased ACh levels 
in the whole brain, the diencephalon, and the hemispheres of mice, but not in the cere­
bellum or mesencephalon. Choline levels were unaltered. After 5 mg . kg- 1 i.v., the 
effect of diazepam lasted only for 4 h in the hemispheres and for 30 min in the dien­
cephalon, whereas the protective effect against pentetrazole-induced seizures was long­
ger-Iasting. A similar increase of hemispheric ACh was found in rats and guinea pigs 
(CONSOLO et aI., 1975). Diazepam had no effect on the level of ACh or choline in rat 
atria (CONSOLO et aI., 1975). The same authors excluded hypothermia as a possible 
cause of the increased level of brain ACh after benzodiazepines. CHENEY et al. (1973) 
observed a 25% to 30% increase of whole brain ACh in the mouse after 2 mg· kg-I 
diazepam; the steady-state concentrations of choline were unaltered. An increased 
ACh content of the synaptic vesicle fraction of the cerebral cortex of guinea pigs was 
found after various intraperitoneal doses of chlordiazepoxide and the benzodiazepine 
SCH 12,041 (ESSMAN, 1973). No change in the level of brain ACh after 5 mg· kg-I 
chlordiazepoxide i.p. was found by DOMINO and OLDS (1972) in rats implanted with 
intracerebral electrodes for electrical self-stimulation; chlordiazepoxide also did not 
prevent the reduction of ACh produced by self-stimulation. A comparison of general 
anesthetics and benzodiazepines was made by SETHY (1978). Pentobarbitone 
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(30 mg· kg- 1 and 60 mg· kg- 1 i.p.) increased the ACh level in all rat brain areas stud­
ied, namely the cerebral cortex, the striatum, the hippocampus, and the brain stem. 
In contrast, diazepam and flurazepam at 100 mg· kg - 1 and triazolam at 30 mg· kg - 1 

increased ACh only in cerebral cortex and striatum. Alprazolam and ketazolam at 
100 mg· kg- 1 had no significant effect on brain ACh. There was a good correlation, 
on the one hand, between sedation and loss of righting reflex and, on the other hand, 
the increase in ACh level. In another study, diazepam (5 mg· kg- 1 i.p.) did not alter 
the ACh content of the striatum in rats, but prevented the increase of striatal ACh 
induced by picrotoxin (JAVOY et aI., 1977). The increase of striatal ACh was shown 
by these authors to be caused by an enhanced dopaminergic activity in the striatum 
consequent to a release of nigral dopaminergic neurons from GABAergic inhibitory 
control. Another drug-induced change of brain ACh could be prevented by a benzo­
diazepine: As shown by CONSOLO et al. (1975), pentetrazole selectively decreased the 
ACh content in the hippocampus of rats; when the convulsant was administered to­
gether with diazepam, the hippocampal ACh level was not significantly different from 
that in vehicle-treated control animals. 

3. ACh Turnover 

Diazepam 7J.lmol·kg- 1 (",2mg·kg- 1 i.p.) and muscimol 8.8J.lmol·kg- 1 

('" 1 mg· kg- 1 i.v.) decreased the rate of ACh turnover in the midbrain and cortex of 
the brain, but not in striatum and hippocampus (ZSILLA et aI., 1976). In the mouse, 
diazepam, chlordiazepoxide, and another benzodiazepine, Ro 5-5807, reduced the 
specific activity of ACh in the brain following intravenous injection of phosphoryl 
(Me-14C) choline (CHENEY et aI., 1973). 

4. ACh Release 

Potassium-induced release of ACh from rat midbrain slices was not affected by chlor­
diazepoxide up to concentrations of 10- 4 mol· I-I, in marked contrast to the concen­
tration-dependent inhibition of release observed with various barbiturates (RICHTER 
and WERLING, 1979). 

5. Firing Rate of Central Cholinergic Neurons 

So far no studies on identified central cholinergic neurones under the effect ofbenzo­
diazepines have been published. 

6. Conclusions 

The available data indicate that benzodiazepines, in pharmacologically relevant 
doses, produce an elevation of the ACh content of the brain, at least in some areas. 
These drugs do not affect the biosynthetic and catabolic enzymes and do not seem to 
inhibit the release of ACh at cholinergic nerve endings. The reduced turnover of ACh 
observed after benzodiazepines is therefore most likely due to a reduction of cholin­
ergic neuron activity. There is no evidence that benzodiazepines affect cholinergic 
neurons directly; it is more probable that their primary action is on structures that 
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control cholinergic neurons. This would also explain why the various cholinergic 
pathways in the brain do not seem to be uniformly affected by the drugs. It is not yet 
possible to correlate the changes in cholinergic systems with the pharmacologic effects 
ofbenzodiazepines. One hypothesis that can be tested is that the reduction of cholin­
ergic neuron activity in the hippocampus observed after high doses might be involved 
in the amnesic effect ofbenzodiazepines (GHONEIM and MEWALDT, 1977; JONES et aI., 
1979a). 

II. Dopamine (DA) 

1. Dopamine Receptors 

Diazepam did not inhibit the specific binding of 3H-haloperidol and 3H-DA in calf 
brain membranes (BURT et aI., 1976). 

2. Dopamine Uptake 

Uptake of 3H-DA into slices of the tuberculum olfactorium was moderately inhibited 
by diazepam in concentrations of 10- 7-10- 5 mol'l- I (Fwrn et aI., 1975). 

3. Dopamine Release 

Release of 3H-DA, previously taken up by pieces of rat striatum, in response to KCl 
(15 mmol·l- I ) was enhanced by about 50% by diazepam (10- 5 mol· 1-1), while the 
basal, unstimulated release was unaffected (MARTIN and MITCHELL, 1979). GABA did 
not enhance stimulated 3H-DA release. Although this finding made an involvement 
of GABA in the effect of diazepam unlikely, bicuculline (10 - 5 mol· 1- I), but not pic­
rotoxin (10 - 5 mol· 1- I), was able to partially antagonize the effect of diazepam on 
the stimulated DA release. 

4. Brain Level of Dopamine 

The DA level in the rat whole brain or in distinct brain areas was found to be either 
unaffected by benzodiazepines (CONSOLO et aI., 1975; FENESSY and LEE, 1972; TAYLOR, 
1969; TAYLOR and LAVERTY, 1973; PUGSLEY and LIPPMANN, 1975, 1976), slightly ele­
vated (CORRODI et aI., 1967; FENESSY and LEE, 1972; RASTOGI et aI., 1976), or reduced 
(RASTOGI et aI., 1977). 

5. Turnover of Dopamine 

Changes in the turnover of DA under the effect of benzodiazepines were studied by 
various methodological approaches. Measuring the decline of DA after inhibition of 
tyrosine hydroxylase (usually with oc-methyltyrosine) either biochemically or by fluo­
rescence microscopy, CORRODI et ai. (1971) and LIDBRINK (1972) observed a small but 
significant decrease ofDA turnover in the neostriatum and the limbic forebrain of rats 
after chlordiazepoxide and diazepam. The drugs potentiated the retardation of DA 
decline induced by immobilization stress. In contrast, both compounds slightly in-
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creased DA turnover in the median eminence of the hypothalamus and counteracted 
the stress-induced decrease of turnover (LIDBRINK, 1972). Effects similar to those of 
benzodiazepines were observed with three barbiturates and meprobamate (LIDBRINK, 
1972; LIDBRINK et aI., 1973); meprobamate (200 mg' kg-I) enhanced the decrease of 
DA induced by immobilization stress in the striatum and accelerated the increase of 
DA turnover in the median eminence. An alteration of iX-methyltyrosine-induced de­
crease ofDA in various rat brain areas was also found by SHIBUYA et al. (1976) after 
diazepam, triazolam, and prazepam at 10 mg' kg-I i.p. Diazepam, desmethyldiaze­
pam, and chlordiazepoxide partially counteracted the acceleration of DA turnover in­
duced in the rat striatum by exposure to an ambient temperature of 4 °C (DOTEUCHI 
and COSTA, 1973); no effect was seen with these drugs in the brain of animals kept at 
an ambient temperature of 22°C. The decline of dopamine fluorescence intensity in­
duced by H 44/68 in the nucleus caudatus, nucleus accumbens, tuberculum olfac­
torium, and entorhinal cortex was attenuated by diazepam and chlordiazepoxide 
10 mg' kg-I (FUXE et aI., 1975). In contrast, the decline ofDA fluororescence was en­
hanced by diazepam in the lateral external layer of the median eminence. The drug 
also partially counteracted the increase of DA turnover induced by pimozide. The ef­
fect of diazepam on DA turnover in striatum and limbic structures was not affected 
by maximal tolerated doses of strychnine, but by high doses of bicuculline. PUGSLEY 
and LIPPMANN (1975,1976) observed that the iX-methyltyrosine-induced decline ofDA 
was attenuated by immobilization stress; chlordiazepoxide did not alter this effect of 
stress, but reduced the turnover in nonstressed rats. 

Another way to assess DA turnover is to study the fate of 3H-DA in brain areas 
after its intracerebroventricular injection. Chlordiazepoxide (10 mg' kg -I) retarded 
the disappearance of 3H -DA in cerebellum and striatum and increased the level of 3H_ 
DA in the cerebellum already elevated by stress (PUGSLEY and LIPPMANN, 1975, 1976). 
Similar results in unstressed rats had been described by TAYLOR and LAVERTY (1969, 
1973) in the striatum. Decrease or increase of the DA level may indicate an enhanced 
or reduced utilization of the transmitter. Electroshock stress decreased DA level in the 
striatum of rats, and diazepam and nitrazepam, but not chlordiazepoxide, all given 
in two doses of 10 mg' kg-I s.c., 2 and 4 h before death, prevented this decrease (TAY­
LOR and LAVERTY, 1969, 1973). 

CHERAMY et al. (1977) measured the spontaneous release of 3H-DA in the caudate 
of encephale isole cats after biosynthesis from 3H-L-tyrosine using a push-pull cannu­
la. Picrotoxin 2.5 mg' kg-I increased the spontaneous release of 3H-DA; diazepam 
(10 mg' kg-I), which by itself did not affect the release, blocked the stimulating effect 
of picrotoxin. 

Homovanillic acid (HV A) and 3,4-dihydroxyphenylacetic acid (DOPAC) as me­
tabolites ofDA were used to study the effect ofbenzodiazepines on DA turnover. The 
earliest indication for a reduced turnover ofDA after benzodiazepines was the finding 
by DA PRADA and PLETSCHER (1966) that diazepam (10 mg' kg - I i.p.) significantly re­
duced HVA in the whole brain of rats. BARTHOLINI et al. (1973) confirmed this effect 
in rats kept at a room temperature of 22°C; this dose also produced consistent hypo­
thermia. When diazepam was given to rats kept at an ambient temperature of 32 DC, 
hypothermia was absent and the whole brain HV A level was not significantly different 
from those of untreated rats kept at 22°C room temperature. Since exposure of rats 
to 32 °C ambient temperature induced a slight increase in body temperature and in 
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HV A, benzodiazepines under these conditions did not fail to affect DA turnover, but 
rather inhibited the increase caused by hyperthermia. No change of whole brain HVA 
in rats was observed by CONSOLO et aI. (1975) 30 min after an intravenous injection 
of diazepam 5 mg· kg -I. Administration of diazepam and bromazepam for 22 days 
at a daily dose of 10 mg· kg - I s.c. to rats decreased locomotor activity to 39% and 
51 %, respectively, and decreased the level of HVA in the striatum, cerebral cortex, 
hypothalamus, pons-medulla, and midbrain by 5%-35% (RASTOGI et aI., 1976). After 
a withdrawal period of 48 h, the DA levels were decreased by 20%-40% and striatal 
HVA tended to increase. A single dose of diazepam and bromazepam (10 mg· kg-I 
s.c.) decreased spontaneous locomotor activity by about 70% and reduced striatal 
HVA by 28%, whereas striatal DOPAC was increased by 32% (RASTOGI et aI., 1977, 
1978). Clobazam, a 1,5-benzodiazepine, did not alter DA, HVA, or DOPAC, but de­
creased locomotor activity by 22%. HV A and DOPAC were found unaltered after 
diazepam and the thienodiazepine, Y-7131 (SETOGUCHI et aI., 1978). KELLER et aI. 
(1976) observed a 15% decrease in rat whole brain HV A after diazepam, chlordiaz­
epoxide, flunitrazepam, and clonazepam (10 mg· kg-I i.p.). The most marked effects 
ofbenzodiazepines on DA turnover were, however, found when DA turnover was ac­
celerated by neuroleptics. The neuroleptic-induced increase of HV A in the rat brain 
was markedly attenuated by the administration of benzodiazepines prior to the 
neuroleptics (KELLER et aI., 1976). Picrotoxin, at a dose which did not affect the HV A 
level by itself, reduced the effect of diazepam on haloperidol-induced elevation of 
HV A. The partial reversal of neuroleptic-induced rise of HV A by diazepam was seen 
in limbic structures as well as in the striatum. Various benzodiazepines potentiated the 
cataleptic effect ofneuroleptics. The interactions ofbenzodiazepines with neuroleptics 
were mimicked by aminooxyacetic acid (AOAA), an inhibitor of GAB A catabolism. 
FADDA et aI. (1978) reported that diazepam at 2 mg· kg- \ a dose which by itself did 
not affect rat brain DOPAC levels, prevented the increase of DO PAC induced in fron­
tal cortex and nucleus accumbens by electric footshock stress; pentobarbitone 
(25 mg· kg-I) was ineffective. Surprisingly, diazepam enhanced the increase of HVA 
in the striatum on the side of cortical spreading depression induced in rats with chroni­
cally implanted cannulas by the unilateral application of KCl on the surface of the 
cerebral cortex (BARTHOLINI et aI., 1973). The complex and poorly understood inter­
actions of neuronal pathways in cortical spreading depression do not permit a simple 
explanation of the effect of diazepam in this particular functional state. 

In cats with a permanent cannula in the cisterna magna, diazepam (0.3-
1.5 mg· kg-I i.p.) failed to alter the concentration ofHVA in the cisternal cerebrospi­
nal fluid (GRIAUZDE et aI., 1979). 

The allosteric activation of striatal tyrosine hydroxylase occurring after adminis­
tration of haloperidol to rats was reduced by diazepam and muscimol, but enhanced 
by picrotoxin and isoniazid (GALE et aI., 1978). 

BISWAS and CARLSSON (1978) used the accumulation of endogenous L-DOPA after 
inhibition of aromatic L-aminoacid decarboxylase with 3-hydroxybenzylhydrazine 
(NSD 1015) to measure the effect of diazepam on the synthesis rate of catecholamines 
at the tyrosine hydroxylase step. Diazepam injected in doses of 1-10 mg· kg -I i.p. to 
rats caused a decrease in DOPA accumulation. With 1 mg· kg -I this decrease was sig­
nificant only in the limbic forebrain; 3 and 10 mg· kg - I caused a significant inhibition 
in both DA-rich limbic and striatal brain regions as well as in the portions of the hemi-
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sphere containing preferential noradrenaline nerve endings, whereas 3 mg· kg-I 
tended to be more effective than 10 mg· kg -I in reducing DOPA formation in DA­
rich limbic areas and striatum. Doses higher than 10 mg· kg - 1 were not tested, al­
though the difference in the effect of 3 and 10 mg· kg-I indicated the possibility that 
the effect of higher doses might reverse, i.e., lead to an increase of DOPA accumula­
tion, as did GABA at 100 mg· kg -I. Diazepam 3 mg· kg -I reduced the accelerating 
effect of GAB A on DOPA formation, which was interpreted by the authors as a GABA 
antagonistic effect. Taking the DOPAC/DA ratio in discrete areas of the rat brain 
as an index ofDA turnovers, LAVIELLE et al. (1978) found that mild electric foot shock 
produced a marked increase ofthe ratio selectively in frontal and cingulate cortex, two 
areas innervated by the mesocortical DA neuron system that originates in the ven­
trotegmental area of the midbrain (A 1O-cell group), but not in areas innervated by 
mesolimbic and nigro-striatal dopaminergic pathways. The doubling of this ratio by 
stress was completely suppressed by pretreatment with diazepam (5 mg . kg - 1 i. p.) 
and chlordiazepoxide (10 mg· kg -I i. p.), which did not significantly alter the DO­
PACjDA ratio in nonstressed rats. 

6. Firing Rate of DA Neurons 

The rather casual observations published so far contain conflicting data on the effect 
of benzodiazepines on single dopamine neurons in the mesencephalon. In rats anes­
thetized with urethane, diazepam in doses of 0.5-1.5 mg· kg-I i.p. reduced the firing 
rate of the three substantia nigra pars compacta cells studied (WOLF and HAAS, 1977). 
In rats anesthetized with chloral hydrate, diazepam in doses up to 8 mg· kg-I i.v. did 
not significantly alter the spontaneous firing rate of six substantia nigra cells, whereas 
in three other cells the firing rate was doubled after I mg· kg-I (GALLAGER, 1978). 
BUNNEY and AGHAJANIAN (1976) did not study the effect of diazepam alone on dopa­
minergic cells; however, in doses between 0.8 and 1.6 mg· kg-I i.v. the drug partially 
reversed the reduction of firing rate of zona compacta and ventral tegmental area cells 
produced by dexamphetamine in gallamine-immobilized rats. Pentobarbitone in a cu­
mulative dose of 20 mg· kg-I had a similar effect, however, depressed the firing rate 
in the absence of dexamphetamine. Since the effect of diazepam on dexamphetamine­
induced depression of firing resembled that obtained with the noncataleptic neurolep­
tic, clozapine, the authors suggested that diazepam might be active as an antipsychotic 
agent. LAURENT (personal communication) observed a dose-dependent decrease after 
midazolam of the spontaneous multiunit activity in the substantia nigra pars com­
pacta of unanaesthetized encephale isole rats; a 50% decrease was achieved between 
0.3 and 0.75 mg· kg- 1 i.v. 

7. Conclusions 

There is strong evidence that benzodiazepines reduce the turnover ofDA in the nigro­
striatal and mesolimbic system, whereas the reverse was found in the tuberoinfundi­
bular system. Since benzodiazepines do not interfere directly with DA receptors or the 
biosynthesis and metabolism ofDA and since the various DA systems are affected dif­
ferently by these drugs, there is good reason to believe that the site of action is at syn­
apses that modulate the activity of DA cells. The most likely candidate is a GABAer-
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gic synapse. The electrophysiologic correlate to the decreased turnover of DA after 
benzodiazepines, i.e., a reduction of the firing rate of dopaminergic neurons, requires 
further systematic investigation. How important the reduced activity ofDA turnover 
is for the pharmacologic effects of benzodiazepines cannot be assessed at present. It 
is also not known whether tolerance to the effect of these drugs on DA neurons de­
velops. While the effect ofbenzodiazepines on DA turnover was very small in animals 
kept under normal laboratory conditions, the depression of DA neuron activity was 
very pronounced under conditions of increased dopaminergic activity, such as in 
stress and after neuroleptic drugs. The increase of activity in the tuberoinfundibular 
DA system may explain, at least in part, the depressant effect of benzodiazepines on 
prolactin secretion (see Sect. H). 

III. Noradrenaline (NA) 

1. Noradrenaline Uptake 

Chlordiazepoxide and diazepam did not inhibit the uptake of 3H-NA into synapto­
somal fractions of rat brain (CORRODI et aI., 1971). A lack of uptake inhibition was 
also found by LIDBRINK and FARNEBO (1973) in cerebral cortex slices of rats with 
chlordiazepoxide, phenobarbitone, and pentobarbitone in a wide range of concen­
trations. Diazepam 1 mg· kg -I failed to significantly alter the uptake of intracere­
broventricularly injected 3H-NA (NAKAMURA and THOENEN, 1972). Benzodiazepines 
were very weak inhibitors of the uptake of 14C_NA by isolated membranes of bovine 
adrenal medulla (PLETSCHER, 1977); the IC50 were 7x 10- 5 mol·l- I and 5x 10-4 

mol·l- I for diazepam and chlordiazepoxide, respectively. TAYLOR and LAVERTY 
(1969, 1973) found the uptake or 3H-NA into synaptosomes of rat hypothalamus 
hardly affected by even high concentrations of benzodiazepines. 

2. Noradrenaline Release 

The spontaneous release and the field stimulation-induced release of NA from cere­
bral cortex slices of the rat were not affected by chlordiazepoxide (LIDBRINK and FAR­
NEBO, 1973). The release ofNA in the rat forebrain in response to electrical stimulation 
of ascending NA pathways was not decreased by chlordiazepoxide and diazepam. 

3. Noradrenaline Levels 

In the earliest report on the effect ofbenzodiazepines on endogenous NA levels, MOE 
et ai. (1962) found no significant changes of the NA content of the brain of rabbits 
given a single intraperitoneal injection of chlordiazepoxide 100 mg· kg -lor daily in­
jections of 25 mg· kg-I for 5 days; a small increase of cardiac NA was, however, ob­
served 1 and 3 h after injection. TAYLOR (1969) and TAYLOR and LAVERTY (1969,1973) 
also failed to find significant changes of the NA content in different brain areas of the 
rat after chlordiazepoxide and diazepam 10 mg· kg- 1 s.c. However, the drugs coun­
teracted the reduction of endogenous NA level induced by electroshock (TAYLOR and 
LAVERTY, 1969, 1973). Brain NA was unaltered in rats after 5 mg· kg-I diazepam i.v. 
(CONSOLO et aI., 1975). Of six benzodiazepines administered in doses corresponding 
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to the EDso in a rotarod test, only clonazepam, nitrazepam, and diazepam increased 
the NA level in the whole brain of mice (FENESSY and LEE, 1972), whereas chlordiaz­
epoxide, medazepam, and flurazepam produced no significant effect. A 5-day treat­
ment of rats with daily doses of 150 mg' kg- 1 diazepam or a 7-day treatment with 
25 mg' kg - 1 or 50 mg' kg - 1 did not result in any significant change of the N A level 
in the brain and heart (GASCON and LELORIER, 1975). A slight increase of the NA con­
tent in the brain stem of rats was reported by NAKAMURA and THOENEN (1972) after 
diazepam 1 mg'kg- I Lp. Chlordiazepoxide 20mg'kg- 1 i.p. did not alter the NA 
content of the whole brain of stressed and unstressed rats (PUGSLEY and LIPPMANN, 
1975, 1976). Diazepam and the thienodiazepine, Y-7131 at 10 mg' kg-I i.p. retarded 
the depletion of NA in the diencephalon induced by foot shock stress (SETOGUCm et 
aI., 1978). An increase of the NA content of the hippocampus, hypothalamus, and 
pons-medulla was observed by RASTOGI et aI. (1977) with a single dose of diazepam 
10 mg' kg - 1 s.c. in rats; this dose depressed spontaneous locomotor activity by 71 %. 
At the same dose, the 1,5-benzodiazepine, clobazam, which depressed locomotor ac­
tivity only by 22%, had no effect on NA levels. Bromazepam 10 mg' kg-I s.c. also 
increased the NA content (RASTOGI et aI., 1978a). Daily administration to rats of 
diazepam and bromazepam for 22 days with 10 mg' kg -I s.c. decreased spontaneous 
locomotor activity to 39% and 51 %, respectively, and elevated the NA content in the 
cerebral cortex, hypothalamus, pons-medulla, and midbrain by 20% to 50% (RASTO­
GI et aI., 1976); a withdrawal period of 48 h increased spontaneous locomotor activity 
and reduced NA levels by 10%-40%. Diazepam (1 mg'kg- I i.p.) prevented the de­
crease of brain NA level in rats submitted to craniocervical surgery (whiplash) 
(BOISMARE et aI., 1978). 

4. Noradrenaline Turnover 

The decline of NA levels after inhibition of tyrosine hydroxylase with Il(-methyl­
tyrosine or its methylester (H 44/68) was used by several workers to assess NA turn­
over after benzodiazepines. Measuring NA biochemically and by fluorescence micros­
copy in several brain regions of rats, CORRODI et aI. (1971) and LIDBRINK (1972) found 
that chlordiazepoxide and diazepam retarded the decline of NA in the cerebral and 
cerebellar cortex as well as in the hippocampus, but not in the hypothalamus and 
lower brain stem, suggesting a decrease of NA turnover in locus coeruleus neurons, 
most probably by a decreased neuronal activity. Even more marked was the blockade 
of immobilization stress-induced increase of NA turnover. Similar results were ob­
tained by SHIBUYA et al. (1976) after chlordiazepoxide, diazepam, triazolam, and 
prazepam at a dose of IOmg·kg- 1 i.p. Diazepam (10mg'kg- I) attenuated the in­
crease ofNA turnover induced by piperoxane, which is thought to block NA autore­
ceptors (FUXE et aI., 1975). The same dose decreased the time course ofNA depletion 
by H 44/68, as measured by the fluorescence of smear preparations of the cerebral cor­
tex and counteracted the stimulation of turnover produced by yohimbine. PUGSLEY 
and LIPPMANN (1975, 1976) failed to find an attenuation of Il(-methyl-tyrosine-induced 
decline of N A in the whole brain of unstressed rats by chlordiazepoxide (20 mg' kg - 1 

Lp.); the drug, however, prevented the accelerated depletion of noradrenaline in 
stressed animals. The increased turnover rate of NA in the cerebellum and hypothal­
amus of tats and mice exposed to cold was reduced by diazepam, desmethyldiazepam, 
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and chlordiazepoxide (DOTEUCHI and COSTA, 1973); no such effect was seen in animals 
kept at an ambient temperature of 22°C. In mice, chlordiazepoxide (10 mg· kg-I), 
diazepam (5mg·kg- I), but not flurazepam (IOmg·kg- l ) significantly attenuated 
the decrease of NA induced by a-methyl-tyrosine in the whole brain (DOMINIC et aI., 
1975). Three different barbiturates decreased the turnover ofNA in the cerebral cor­
tex of rats, but not in the hypothalamus (LIDBRINK, 1972; LIDBRINK et aI., 1973). Mep­
robamate (200 mg . kg - 1) under the same conditions was ineffective. Both barbitu­
rates and meprobamate, however, counteracted the increase of NA turnover in all 
brain parts induced by immobilization. 

The fate of 3H-NA injected intracerebroventricularly was also used to study the 
effect of benzodiazepines on NA turnover. The disappearance rate of 3H-NA from 
various brain regions except the pons-medulla was slowed down by chlordiazepoxide, 
diazepam and nitrazepam (TAYLOR and LAVERTY, 1969, 1973). These compounds also 
attenuated the accelerated disappearance of 3H-NA induced by electroconvulsive 
shock. Diazepam (1 mg· kg -I i. p.) prolonged the half-life of injected 3H -NA in the 
brain stem of rats (NAKAMURA and THOENEN, 1972). Chlordiazepoxide (10 mg· kg-I) 
increased the level of 3H-NA in cerebellum, thalamus-midbrain, and cerebral cortex 
(PUGSLEY and LIPPMANN, 1975, 1976); the stress-induced accelerated decline of 3H_ 
NA in these regions was prevented by the drug. WISE et aI. (1972) and STEIN et aI. 
(1973, 1975, 1977) proposed that the depressant effect of benzodiazepines on NA 
turnover was subject to tolerance upon repetitive administration. Indeed, they found 
that the fate of labeled NA and normetanephrine was clearly prolonged by a single 
dose of oxazepam (20 mg· kg- I i.p.), but no longer after six daily consecutive doses. 
Results opposite to these were obtained by COOK and SEPINWALL (1975), who found 
no effect of a single dose of chlordiazepoxide (10 mg· kg- 1 p.o.) on the fate of intra­
cisternally injected 3H-NA in the whole brain of rats. However, two or three identical 
doses, given either on consecutive days or at intervals of several days, markedly in­
creased the 3H-NA levels, suggesting a reduced utilization of this amine. 

3-Methoxy-4-hydroxyphenylethylglycol sulphate (MOPEG) is a metabolite of 
NA in the rat brain and changes of its content allow conclusions to be drawn on the 
utilization of the amine. No changes in the content of MOPEG were found by CON­
SOLO et aI. (1975) in the brain of rats injected intravenously with diazepam 5 mg· kg-I. 
RASTOGI et aI. (1978 a) reported a decrease of the MOPEG level after bromazepam 
(10 mg· kg-I). Similar results were obtained by SETOGUCHI et aI. (1978) with the 
thienodiazepine, Y-7131, but not with diazepam (25 mg· kg- I i.p.). 

The accumulation of DOPA in NA-rich brain areas after inhibition of the decar­
boxylase of aromatic amino acids is an indication of the rate of NA synthesis at the 
step of tyrosine hydroxylase. BISWAS and CARLSSON (1978) found that diazepam in 
doses of 1,3, and 10 mg· kg- I i.p. dose dependently depressed the rate of DOPA ac­
cumulation in the rat brain hemispheres induced by the inhibitor of decarboxylase, 
3-hydroxybenzylhydrazine (NSD 1015). 

5. Firing Rate of Noradrenaline Neurons 

Based on indirect evidence, MONACHON et aI. (1973) and HAEFELY et aI. (1975 a, 1976) 
arrived at the conclusion that benzodiazepines reduced the activity of noradrenergic 
locus coeruleus neurons. The increase of the density of ponto-geniculo-occipital 
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(PGO) waves in the lateral geniculate body of cats treated with the benzoquinolizine, 
Ro 4-1284, was assumed to be due to a reduced tonic activity of noradrenergic 
neurons that normally depress the activity of pontine generator cells for PGO waves. 
At present only preliminary data is available on the effect of benzodiazepines on the 
firing rate of individual noradrenergic neurons in the locus coeruleus. GALLAGER 

(1978) failed to find a significant change of the discharge rate of neurons in the locus 
coeruleus of rats after intravenous doses of diazepam up to 20 mg· kg - I. Whether this 
was due to the anesthetic state of the animals studied and whether physiologic activa­
tion ofthese neurons, e.g., by noxious stimuli, can be reduced by benzodiazepines, re­
mains to be studied. LAURENT (personal communication) observed a dose-dependent 
decrease of spontaneous multiunit activity in the locus coeruleus of encephale isole 
rats after i.v. injections ofmidazolam and chlordiazepoxide; locus coeruleus neurons 
were less sensitive to these benzodiazepines than neurons in the substantia nigra and 
the dorsal raphe nucleus. 

6. Benzodiazepine Actions and Destruction of Noradrenaline Neurons 

The depressant effect ofbenzodiazepines on central NA systems and the obvious hy­
pothesis that this may underly some of the actions of these drugs are in accord with 
the following two observations. Chlordiazepoxide raised the threshold for septal driv­
ing of the hippocampal theta-rhythm selectively at 7.7 Hz (GRAY et aI., 1975); a hip­
pocampal theta-rhythm of this frequency is seen in rats exposed to nonreward after 
training in a rewarded runway task. An effect similar to that of chlordiazepoxide was 
obtained by inhibition ofNA synthesis and selective chemical degeneration of the dor­
sal noradrenergic bundle. Chlordiazepoxide reversed the extinction of runway perfor­
mance induced by nonreward in rats with intact noradrenergic systems, but not in ani­
mals with a lesioned dorsal noradrenergic bundle (MORRIS et aI., 1979). 

7. Conclusions 

Although the literature on the interactions of benzodiazepines with central noradren­
ergic mechanisms is very heterogeneous in respect to drug, doses, methods, and spe­
cies, the general conclusions may be drawn that benzodiazepines reduce the activity 
of central noradrenergic neurons. The effect is unequivocally shown for those neurons 
that originate in the locus coeruleus and project to the neocortex, limbic structures, 
and the cerebellum. The doses required to depress the turnover of NA were higher 
than those that produce clear-cut behavioral effects. This may indicate that benzo­
diazepines affect the normal activity of noradrenergic neurons very little and only in 
higher pharmacologic doses, but that they are very effective in counteracting the in­
creased activity induced by stress. The concept that benzodiazepines lose their effect 
on the central noradrenergic tone upon repeated administration is based on ex­
perimental findings obtained in one laboratory and requires confirmation before it 
can be generally accepted. The problem is an important one because the reduction of 
activity or effectiveness of the ascending dorsal noradrenergic bundle is generally be­
lieved to account for sedation. Since the initial sedation seen with benzodiazepines 
both in man and in animals usually diminishes with repeated exposure to the drugs, 
it would be interesting to know whether the "tolerance" to the sedative effects is due 
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to an "escape" of noradrenergic neurons from the depressant effect of benzo­
diazepines or to a habituation of target structures to a persisting reduction in nor­
adrenergic tone. 

IV. Adrenaline 
No data are available on the effect of anxiolytics on the dynamics of adrenaline in the 
central nervous system. 

Treatment of rats for 5 days with daily doses of 150 mg' kg -1 diazepam or for 
7 days with daily doses of 25 or 50 mg' kg -1 increased the adrenaline content of 
adrenals by about 30% (GASCON and LELORIER, 1975; GASCON, 1977). Perhaps this 
finding should be related to the enhanced induction of tyrosine hydroxylase in rat ad­
renal medulla by multiple subcutaneous injections of isoprenaline or by intravenous 
injections of 6-hydroxydopamine, but not by reserpine or insulin after diazepam 
(SMITH et aL, 1974). f3-Adrenergic agonists release catecholamines from incubated rat 
adrenals, an effect which is accompanied by an increase of cAMP and enhanced by 
inhibitors of cAMP phosphodiesterase (GUTMAN and BOONYAVIROY, 1979). cAMP 
has also been postulated to be an essential step in the induction of tyrosine hy­
droxylase (GUIDOTTI et al., 1976). Benzodiazepines have been found to inhibit phos­
phodiesterase activity in various tissues (BEER et al., 1972; DALTON et al., 1974). 

V. Phenylethylamine 

Biosynthesis of 3H-phenylethylamine from 3H-L-phenylalanine in the brain of mice 
was markedly reduced by diazepam (75 mg . kg - 1) and chlordiazepoxide (75 mg . kg - 1) 
(HAVDALA et al., 1977). 

VI. 5-Hydroxytryptamine (5-HT) 
1. 5-HT-Receptors 

Diazepam did not inhibit the stereospecific binding of D-LSD to brain membranes 
suggested to represent binding to central 5-HT receptors (BENNETT and SNYDER, 
1975). 

2. 5-HT Uptake 

Diazepam did not affect the uptake of 14C-5-HT administered intracisternally in rats 
(CHASE et aL, 1970). In synaptosomes from the brain of rats administered a daily dose 
of 10 mg' kg- 1 diazepam s.c. on 22 consecutive days, the uptake of 3H-5-HT was en­
hanced by 31 % (RASTOGI et aL, 1978 b). After a 48-h withdrawal period, the synapto­
somal uptake of 3H-5-HT was decreased by 30%. The uptake of 14C-5_HT by isolated 
human blood platelets was inhibited by 50% on exposure to chlordiazepoxide 
10- 3 mol·I- 1 and medazepam 10-4 mol·I- 1 (LINGJAERDE, 1973). Clonazepam in­
hibited the uptake of 3H-5-HT by mouse brain synaptosomes by 23% at 10- 5 and 
by 43% at 1O-4 mol'I-1, but at 8mg·kg- 1 i.p. it did not affect ex vivo uptake 
(CHUNG HWANG and VAN WOERT, 1979). 
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3. 5-HT Release 

Incubation of isolated rabbit blood platelets for 2 h with 1 mmol·I- 1 chlordiazepox­
ide reduced their 5-HT content to nearly 50% (PLETSCHER et aI., 1967). Spontaneous 
release of 14C-5-HT from isolated human platelets was slightly inhibited by chlordi­
azepoxide 3x 1O-4 mol·I- 1 and medazepam 1O- 5-1O- 4 mol·I- 1. At 1 mmol·I- 1 
the drugs enhanced the spontaneous effiux of 14C-5-HT (LINGJAERDE, 1973). 

The potassium-induced release of 3H-5-HT from preloaded slices of rat amygdala, 
but not from hippocampal slices, was decreased by flurazepam 10 -7_10 - 5 mol· 1- 1 
whereas the spontaneous effiux was enhanced (JAMES et aI., 1979). ACTH, although 
it did not affect the 5-HT release by itself, antagonized the modulating effect of 
flurazepam. These findings were believed to support the hypothesis that ACTH might 
be an endogenous anxiogenic compound and were taken as an indication that the in­
teraction between ACTH and benzodiazepines in behavioral tests involved a 5-HT 
neuron system (FILE and VELLUCCI, 1978). Spontaneous release of 3H-5-HT from 
preloaded mouse brain synaptosomes was increased by 24% and 50% with 10- 5 and 
10-4 mol·I- 1 c1onazepam, respectively (CHUNG HWANG and VAN WOERT, 1979). 

4. 5-HT Levels 

Most investigators observed an increase of 5-HT level in the brain after benzo­
diazepines. In the rat, chlordiazepoxide, diazepam, and oxazepam (20 mg· kg- 1 i.p.) 
were found to significantly increase whole-brain 5-HT content (BOURGOIN et aI., 
1975). Elevated levels of 5-HT in the rat brain and the spinal cord were also observed 
by FERNSTROM et aI. (1974) between 1 and 2 h after 5-20 mg· kg- 1 diazepam i.p. A 
single dose of diazepam and c10bazam (10 mg· kg- 1 s.c.) increased the 5-HT content 
of rat hippocampus, hypothalamus, and midbrain (RASTOGI et ai., 1977, 1978b). Six 
hours after the last of 22 daily injections of diazepam (10 mg· kg- 1 s.c.) to rats the 
5-HT content was elevated by 26-74% in all brain areas studied, i.e., cerebral cortex, 
hypothalamus, pons-medulla, midbrain, and striatum (AGARWAL et aI., 1977). An 
identical treatment increased the 5-HT content of whole-brain synaptosomes by 50% 
(RASTOGI et aI., 1978b; RASTOGI and SINGHAL, 1978); after 48 h of withdrawal the 
5-HT content was reduced. In contrast to the above authors, CONSOLO et aI. (1975) 
did not find any changes in the whole rat brain 5-HT after diazepam (5 mg· kg- 1 i.v.), 
and c10nazepam (4 mg· kg- 1 i.p.) also failed to alter the 5-HT content (JENNER et aI., 
1978, CHUNG HWANG and VAN WOERT, 1979). FENESSEY and LEE (1972) found only 
c10nazepam out of six benzodiazepines active in elevating mouse whole-brain 5-HT 
at doses corresponding to ED50 in a rotarod test. JENNER et aI. (1975) and CHADWICK 
et aI. (1978), also working on the mouse, observed an elevation of whole-brain 5-HT 
by about 40% after acute administration of c10nazepam (4 mg· kg -1) and of diaze­
pam (32mg·kg- 1), whereas CHUNG HWANG and VAN WOERT (1979) found 5-HT un­
affected after 4 mg· kg -1 diazepam i.p. After eight daily doses of 4 mg· kg - 1 c1onaze­
pam i.p. the 5-HT level was normal (JENNER et aI., 1975). In guinea pigs given c1onaze­
pam in doses between 5 and 20 mg· kg- 1 i.p. the whole brain 5-HT content was al­
most doubled after 3 hours (WEINER et aI., 1977). The effects of acute and subchronic 
treatment of hooded rats with chlordiazepoxide on brain 5-HT (FILE and VELLUCCI, 
1978; VELLUCCI and FILE, 1979) is reported in the next section. 
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5. 5-HT Turnover 

5-Hydroxyindoleacetic Acid (5-HIAA). A method frequently used to estimate 5-HT 
turnover is the measurement of the main metabolite of 5-HT, 5-HIAA. 

An early study of DA PRADA and PLETSCHER (1966) showed that high intraperi­
toneal doses of diazepam (10 mg· kg-1) and chlordiazepoxide (50 mg· kg-1) elevated 
the whole brain level of 5-HIAA in rats by 24%-32%. Very similar results in the brain 
and spinal cord of rats were obtained by FERNSTROM et al. (1974) with diazepam. The 
effect of diazepam was influenced by prior food consumption. A protein-free carbo­
hydrate and fat diet elevated brain 5-HT and 5-HIAA, and this effect was enhanced 
by diazepam. In contrast, a meal consisting of neutral amino acids plus carbohydrates 
prevented the rise of 5-HIAA otherwise induced by diazepam. An increase of rat brain 
5-HIAA was also found by BOURGOIN et al. (1975) after 20 mg· kg - 1 of chlordiazep­
oxide, diazepam, and oxazepam. AGARWAL et al. (1977) observed a marked rise of the 
5-HIAA content in the cerebral cortex, hypothalamus, pons-medulla, midbrain, and 
striatum of rats 6 h after the last of 22 consecutive daily subcutaneous injections of 
diazepam and bromazepam (20 mg· kg- 1). The 5-HIAA levels were even higher after 
a withdrawal period of 3 days, although, at that time, the 5-HT content had fallen be­
low control values. RASTOGI et al. (1977, 1978 b) reported on elevated 5-HIAA in the 
hippocampus, hypothalamus, and midbrain after single doses of diazepam 
(10 mg· kg -1 s.c.), clobazam and bromazepam. The same authors obtained similar in­
creases in 5-HIAA in these three areas after 22 consecutive daily doses of diazepam 
(10 mg· kg- 1 s.c.). An increase of rat brain 5-HIAA was obtained by JENNER et al. 
(1975, 1978) with 4 mg· kg- 1 clonazepam i.p. acutely, but not after eight daily injec­
tions. In hooded rats, FILE and VELLUCCI (1978) assessed the turnover of brain 5-HT 
by measuring the 5-HIAA/5-HT ratio. A single dose of chlordiazepoxide (5 mg· kg- 1 
i.p.) did not significantly alter the 5-HT and 5-HIAA levels and, hence, the ratio in 
various brain regions. After five consecutive daily injections, however, the 5-HIAA/ 
5-HT ratios were markedly decreased in hypothalamus, hippocampus, midbrain, and 
cerebral cortex due to an increase of 5-HT and a slight decrease of 5-HIAA. Since 
ACTH had an opposite effect, namely accelerated 5-HT turnover, the decrease of 5-
HT turnover produced by chlordiazepoxide was proposed to be causally implicated 
in the anxiolytic action of benzodiazepines and the increase of 5-HT turnover in the 
anxiogenic action of ACTH (assessed in a social interaction model). The validity of 
the 5-HIAA/5-HT ratio as a measure of 5-HT turnover may be questioned in view 
of the effect ofbenzodiazepines on the effiux of 5-HIAA (see below). In a later study, 
the same authors (VELLUCCI and FILE, 1979) found no changes in the 5-HT and 5-
HIAA levels after 25 days of treatment with 5 mg· kg- 1 chlordiazepoxide i.p. Again, 
their conclusion that tolerance developed to the depressant effect of chlordiazepoxide 
on 5-HT turnover is not too convincing. Only two studies failed to find an increase 
of rat brain 5-HIAA after benzodiazepines, namely that of CONSOLO et al. (1975) using 
diazepam 5 mg· kg- 1 and that of PUGSLEY and LIPPMANN (1975) using 20 mg· kg- 1 
chlordiazepoxide i. p. 

SETOGUCm et al. (1978) found that diazepam and the thienodiazepine, Y-7131, de­
creased the accumulation of 5-HIAA induced by probenecid in the rat brain, indicat­
ing a reduced formation of 5-HIAA. Both compounds suppressed the increase of 
5-HIAA induced by foot shock stress. 
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In mice, chlordiazepoxide was found to decrease and nitrazepam to increase the 
brain level of 5-HIAA (FENNESSY and LEE, 1972); the doses corresponded to the EDso 
in a rotarod test. CHADWICK et ai. (1978) observed a dose-dependent rise of 5-HT and 
5-HIAA after single doses of diazepam and clonazepam. The levels of the amine and 
of its acidic metabolite were normal 24 h after the last of eight daily injections of 
clonazepam (4 mg' kg - I) and diazepam (32 mg' kg -I). A further dose of either ben­
zodiazepine, administered on the 9th day, produced a smaller increase of 5-HIAA 
than in drug-naive animals. Interestingly, diphenylhydantoin 20 mg' kg -I, once or on 
9 consecutive days, produced changes in 5-HT and 5-HIAA very similar to those seen 
after benzodiazepines. CHUNG HWANG and VAN WOERT (1979) found mouse brain 
5-HT and 5-HIAA unaffected after clonazepam (4 mg' kg-I), but significantly in­
creased after diazepam (32 mg' kg- I i.p.). In cats with a permanent cannula in the 
cisterna magna, diazepam (0.3-1.5 mg' kg- I i.p.) did not change the concentration of 
5-HIAA in the cisternal cerebrospinal fluid (GRIAUZDE et aI., 1979). 

Fate of In tracerebroventricularly Injected 14C-5-HT. Using the fate of intracere­
broventricularly injected labeled 5-HT, several authors obtained evidence for a re­
duced utilization of this amine after benzodiazepines. CHASE et ai. (1970) reported that 
diazepam markedly retarded the decline of 14C-5-HT and 14C-5-HIAA in the rat 
brain; in addition the efflux of intracisternally injected 14C-5-HIAA was retarded. 
Very similar results were obtained by LIPPMANN and PUGSLEY (1974) and PUGSLEY 
and LIPPMANN (1975,1976) with 20 mg' kg- I chlordiazepoxide i.p. STEIN et ai. (1973) 
injected rats with chronically indwelling cannulas in the lateral ventricle once or daily 
on 6 consecutive days with 20 mg' kg- I oxazepam i.p. 14C-5-HT was injected intra­
ventricularly 10 min before the single or the sixth dose of oxazepam; the animals were 
killed 3 h later. The concentrations of 14C-5-HT and 14C-5-HIAA in the midbrain­
hindbrain were significantly higher in rats given oxazepam than in control animals, 
and there was no significant difference between single and repeated doses of oxaze­
pam, suggesting the absence of tolerance to the depressant effect of benzodiazepines 
on 5-HT turnover. 

COOK and SEPINWALL (1975) also studied the effect ofa single dose and of multiple 
doses of chlordiazepoxide, given at various intervals, on the fate of intracisternally in­
jected 14C_5_HT in rats. Whereas a single oral dose of 10 mg' kg- I chlordiazepoxide 
produced no significant effect, two and three identical doses, administered either on 
consecutive days or at intervals of several days consistently increased the 14C-5-HT 
level in the whole brain, suggesting a reduced utilization of 5-HT. In mice, fludiaze­
pam retarded the disappearance of intracerebrally injected 14C-5-HT and 14C_5_ 
HIAA (NAKAMURA and FUKUSHIMA, 1977). 

5-HT Depletion by H 75/12. a-Ethyl-3-hydroxy-4-methylphenethylamine (H 75/ 
12) is an amine which is selectively taken up into 5-HT neurons and displaces 5-HT. 
Neither diazepam nor the thienodiazepine, Y-7131, prevented the 5-HT depletion in­
duced by H 75/12 (LIPPMANN and PUGSLEY, 1974). 

Time Course of 5-HT Depletion After Inhibition of Tryptophan Hydroxylase. p­
Chloropheny1a1anine blocks tryptophan hydroxylase; the time course of the depletion 
of 5-HT after this synthesis inhibitor depends on the rate of utilization of the amine. 
In rats, clonazepam (4 mg' kg- I Lp.) reduced the 5-HT depletion induced by p­
chlorophenylalanine (JENNER et aI., 1978). Using another inhibitor of tryptophan hy­
droxylase, a-propyldopacetamide (H 22/54), LIDBRINK et ai. (1973, 1974) found that 
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chlordiazepoxide in doses above 10 mg· kg - 1 and diazepam in doses above 
25 mg· kg-I reduced the 5-HT depletion in the cerebral cortex, but not in the rest of 
the brain. Chlordiazepoxide reduced the depletion of 5-HT induced by H 22/54 (LIPP­
MANN and PUGSLEY, 1974). 

Formation of 3 H-5-HT and 3 H-5-HIAA from 3 H-Tryptophan. Chlordiazepoxide, 
diazepam, and flurazepam reduced the formation of3H-5-HT and 3H-5-HIAA in the 
telencephalon of mice from intravenously injected 3H-tryptophan (DOMINIC, 1973; 
DOMINIC et aI., 1975). Only diazepam significantly reduced 5-HT synthesis in the brain 
stem. 

Accumulation of5-HT and Decline of5-HIAA After MAO Inhibition. Chlordiazep­
oxide decreased the elevation of 5-HT in the thalamus-hypothalamus induced by the 
MAO inhibitor pargyline and further reduced the level of 5-HIAA already diminished 
by pargyline (PUGSLEY and LIPPMANN, 1975). ANTKIEWICZ-MICHALUK et ai. (1975) 
studied the effect of chlordiazepoxide, oxazepam, temazepam, and nitrazepam 
(1 mg· kg-I p.o.) on the decline of 5-HIAA in the hypothalamus and brain stem of 
rats after inhibition of MAO by pargyline. All compounds reduced 5-HT turnover in 
both normal rats and in rats made aggressive by exposure in pairs to electric foot 
shock. Chlordiazepoxide was the most efficient drug. Interestingly, it reduced 5-HT 
turnover in the brain stem more markedly in unstressed than in stressed rats, while 
its depressant effect on hypothalamic 5-HT turnover was most marked in aggressive 
rats. CHUNG HWANG and VAN WOERT (1979) found the accumulation of 5-HT in 
mouse brain after pargyline unaffected by clonazepam, but reduced by diazepam. 

Accumulation of5-HTP after Inhibition of Decarboxylase. Accumulation of en dog­
enous 5-hydroxytryptophan (5-HTP) after inhibition of decarboxylase of aromatic 
amino acids is an index of the rate of synthesis of 5-HT at the step of tryptophan hy­
droxylase. Clonazepam was found by JENNER et ai. (1978) not to affect 5-HTP accu­
mulation after the inhibitor NSD 1034. In contrast, BISWAS and CARLSSON (1978), us­
ing 3-hydroxybenzyl-hydrazine (NSD 1015) as inhibitor, observed a significantly re­
duced accumulation of 5-HTP in limbic areas, the striatum, and the "hemispheres" 
after diazepam in doses of 1, 3 and 10 mg . kg - 1 i.p. Very similar results were obtained 
by SANER and PLETSCHER (1979) with diazepam, but not with phenobarbitone 
(100 mg· kg - I); the results were even more marked in reserpinized rats. The inhibitor 
of GABA transaminase, aminooxyacetic acid (AOAA, 25 mg· kg-I i.p.) produced a 
reduction of 5-HTP accumulation very similar to that seen after diazepam, 3 h after 
administration. AOAA and diazepam had an additive reducing effect on 5-HTP ac­
cumulation. Picrotoxin (4 mg· kg-I i.p.) and bicuculline (1 mg· kg-I i.p.) had no sig­
nificant effect by themselves on 5-HTP accumulation in reserpinized rats, but abol­
ished the effect of diazepam and AOAA. These results were considered to be compati­
ble with the view that benzodiazepines depressed 5-HT neuron activity by enhancing 
inhibitory GABAergic input. After reserpine, which increases 5-HT turnover, the in­
hibitory GABAergic influence on 5-HT neurons and, hence, the facilitating effect of 
diazepam, was more marked than in nonreserpinized animals. 

6. Effect on Brain and Plasma Tryptophan 

Treatment of rats for 22 days with 10 mg· kg -I diazepam and bromazepam s.c. in­
creased brain tryptophan concentration by 30% (AGARWAL et aI., 1977); this modi-
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fication disappeared after a withdrawal period of 2 days. A similar treatment with 
diazepam doubled the tryptophan content of rat brain synaptosomes (RASTOGI et aI., 
1978 b). A marked increase of brain tryptophan was also observed by BOURGOIN et 
aI. (1975) after treatment of rats with single doses of diazepam, chlordiazepoxide, and 
oxazepam. Chlordiazepoxide decreased total tryptophan in serum by 20% and in­
creased free tryptophan by 50%. Binding of 3H-tryptophan to rat serum albumin was 
inhibited by chlordiazepoxide and diazepam and, to a lesser degree, by oxazepam. 
While DOMINIC et aI. (1975) failed to find changes in brain tryptophan of mice after 
chlordiazepoxide, diazepam, and flurazepam, CHADWICK et aI. (1978) found increased 
tryptophan levels after clonazepam and diazepam. CHUNG HWANG and VAN WOERT 
(1979) observed an increase of plasma tryptophan by both clonazepam and diazepam 
in mice, whereas brain tryptophan was only elevated after diazepam. This rise was of 
shorter duration than the changes in 5-HT and 5-HIAA. After nine daily doses, 
whole-brain tryptophan was increased by diazepam, but not by clonazepam. HOCKEL 
et aI. (1979) observed an increase of L-tryptophan uptake into slices of various rat 
brain regions in the presence of diazepam; a half-maximal effect was obtained at 
10- 4 mol· 1-1. 

7. Efflux of 5-HIAA from the Brain 

Diazepam inhibited the efflux from the brain of intracisternally injected 14C-5-HIAA 
(CHASE et aI., 1970). This indicates that this drug, and probably other benzo­
diazepines, inhibit the active process by which acidic amine metabolites are transport­
ed out of the brain and the cerebrospinal fluid. Results of JENNER et aI. (1978) with 
probenecid blocking the active transport are consistent with this view. The demon­
stration of efflux inhibition by benzodiazepines casts doubts on the value of 5-HIAA 
determinations for estimating the turnover of brain 5-HT. 

8. 5-HT Behavioral Syndrome 

Stimulation of cerebral 5-HT receptors in mice with 5-hydroxytryptophan (5-HTP), 
tryptophan plus MAO inhibitors, with 5-HT intracerebrally, with lysergic acid dieth­
ylamide, mescaline, and 5-methoxytryptamine induces a characteristic syndrome with 
stereotyped head twitches. Similar head twitches were observed with low doses of flu­
diazepam, clonazepam, nitrazepam, and nimetazepam, whereas diazepam, chlordiaz­
epoxide, flurazepam, oxazepam, and medazepam were ineffective up to 60 mg· kg - I 
(NAKAMURA and FUKUSffiMA, 1976, 1977, 1978a, b); cyproheptadine, a supposed 
5-HT antagonist, blocked this syndrome. No tolerance to the induction of head 
twitches developed after repeated dosing. Fludiazepam-induced head twitches were 
reduced in mice in which 5-HT neurons had been previously destroyed by intracere­
bral 5,6-dihydroxytryptamine injections. On the other hand, fludiazepam enhanced 
the head twitching response to 5-methoxytryptamine. PUGSLEY and LIPPMANN (1976) 
could not increase the behavioral response to 5-HTP by 20 mg· kg - I chlordiazepox­
ide i.p., but the drug inhibited the occurrence of head twitches with an EDso of 
36 mg· kg-I s.c. (CORNE et aI., 1963). CHADWICK et aI. (1978) described abnormal 
head movements and a "wet-dog shake" response to pinna stimulation with clonaze­
pam. In the presence of MAO inhibitors, pargyline or tranylcypromine, smaller doses 
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of clonazepam were required for these motor phenomena. In guinea pigs, 5-HTP pro­
duces a characteristic myoclonic bouncing stereotypy progressing to discontinuous 
jerking movements of the entire body (WEINER et aI., 1977). Clonazepam, in doses up 
to 20 mg· kg - I, did not modify the effect of 5-HTP. 

9. Physicochemical Interaction Between 5-HT and Diazepam 

GALZIGNA (1969) reported that diazepam could form a stable complex with 5-HT, in 
which 5-HT must act as an electron donor. It is not known whether this test tube find­
ing is of any relevance to the in vivo situation. 

10. Electrical Activity of 5-HT Neurons 

The spontaneous firing rate of single cells in the dorsal raphe nucleus, an important 
site of origin for 5-HT neurons, was substantially decreased by doses of chlordiazep­
oxide below 1 mg· kg-I i.v. in rats anesthetized with chloral hydrate (DALSASS and 
STERN, 1976). Somewhat different results were obtained by GALLAGER (1978) under 
apparently identical experimental conditions. Intravenous injections of diazepam (up 
to 30 mg· kg-I), chlordiazepoxide (up to 12 mg· kg-I), and flurazepam (up to 
30 mg· kg-I), did not significantly affect the firing rate. However, diazepam 
1 mg· kg - I i. v. enhanced the depressant effect of iontophoretically administered GA­
BA without affecting the response to 5-HT. The potentiated response to ionto­
phoresed GABA was specifically blocked by picrotoxin but unaffected by strychnine. 
Diazepam did not affect the response to iontophoretically applied glycine. Ionto­
phoretic application of chlordiazepoxide and flurazepam did not alter the spon­
taneous firing rate of raphe neurons, although the depressant effect of simultaneously 
iontophoresed GABA was potentiated. In rats pretreated with the GABA transa­
minase inhibitor, aminooxyacetic acid (AOAA), the intravenous administration of 
diazepam partially or totally inhibited spontaneous raphe unit activity, an effect 
which was reversed by picrotoxin. In the dorsal raphe nucleus of un anaesthetized 
encephale isole rats midazolam i.v. dose-dependently reduced the spontaneous mul­
tiunit activity (LAURENT, personal communication). 

11. Conclusions 

From the already large experimental evidence it would seem probable that benzo­
diazepines, at least at medium and high pharmacological doses, reduce the synthesis 
and utilization of 5-HT in various central nervous structures. However, opposite con­
clusions were also drawn, e.g., by CHUNG HWANG and VAN WOERT (1979). 

This effect cannot be explained by a direct action of benzodiazepines on biosyn­
the tic or metabolizing steps or 5-HT receptors, on the uptake or on the release of 
5-HT. All the evidence indicates that the activity of 5-HT neurons is reduced under 
the effect of benzodiazepines, most probably by a modification of the input to 5-HT 
cells. The high glutamic acid decarboxylase activity in the nucleus dorsalis raphe 
(MASSARI et aI., 1976) indicates the functional importance of GABAergic mechanism 
in this area. One of the three studies, in which the firing rate of 5-HT neurons was 
investigated, failed to demonstrate an effect of benzodiazepines on the spontaneous 
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firing rate. Perhaps this failure is due to the special situation of the immobilized ani­
mal. This tentative explanation gains support from GALLAGER'S finding (1978) that 
GABA depressed the raphe neurons and that benzodiazepines, both after intravenous 
injection and iontophoretic application, selectively potentiated the inhibitory effect of 
GABA. However, diazepam markedly depressed the spontaneous firing in rats pre­
treated with AOAA, which may result in an increased release of accumulating GAB A. 
LAURENT (personal communication) found a dose-related depression of the spon­
taneous firing of raphe dorsalis neurons in encephale isole rats by midazolam. Besides 
reducing the activity of 5-HT neurons, benzodiazepines inhibit the active egress of 5-
HIAA from the brain, which makes the measurement of brain 5-HIAA a questionable 
method for evaluating 5-HT turnover. 

There is no indication that tolerance to the effect of benzodiazepines on 5-HT 
neuron activity occurs. Several observations are difficult to reconcile with the de­
pressant effect ofbenzodiazepines on central5-HT mechanisms. Indeed, higher doses 
of some benzodiazepines induced in mice a behavioral syndrome thought to be the 
result of 5-HT receptor stimulation. The nature of this phenomenon remains to be 
clarified. 

Several authors (STEIN et aI., 1973, 1975, 1977; WARBURTON, 1974; TYE et aI., 1977; 
FILE and VELLUCCI, 1978) postulated that the reduction of 5-HT activity induced by 
benzodiazepines is responsible for the behavioral disinhibition observed with these 
drugs in animal models believed to be relevant for the anxiolytic action. Recently, 
TmEBoT et al. (1980 a, b) obtained a reduction of punishment-suppressed behavior by 
local injections of chlordiazepoxide and GABA, but not of muscimol into the nucleus 
raphe dorsalis of rats. Surprisingly, not even an additive effect was seen on simulta­
neous injection of chlordiazepoxide and GABA. 

In the context of 5-HT mechanisms the specific interaction of benzodiazepines 
with the binding of L-tryptophan to plasma albumin has to be mentioned, although 
in quantitative terms it does not seem to be relevant. 

VII. Histamine 

Chlordiazepoxide and diazepam at 10 mg' kg - 1 s.c. did not alter the levels of hista­
mine and histidine or the activity of histidine decarboxylase and histamine methyl­
transferase in the hypothalamus of unstressed rats (TAYLOR and LAVERTY, 1973). 
However, exposure of rats to restraint boxes in a cold room at 4°C for 2 h markedly 
reduced the histamine content, and this effect of stress was completely prevented by 
the two benzodiazepines. 

VIII. Glutamate 

Glutamate-induced depolarization of primary afferents in the hemisected frog spinal 
cord was noncompetitively antagonized by flurazepam in concentrations of 2.5-
5Ilmol·l-l (NISTRI and CONSTANT!, 1978a, b). Likewise, flurazepam (50-
100 Ilmol'l-l) noncompetitively antagonized glutamate-induced depolarization of 
muscle fibers of the lobster claw-opener muscle, and enhanced desensitization to 
glutamate. The authors proposed that flurazepam reduced the effect of glutamate by 
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combining with the Na + channels regulated by glutamate receptors. Unfortunately, 
no other benzodiazepine has been examined in these studies; since flurazepam, due to 
its particular substitution (diethylaminoethyl on N 1), probably has more pronounced 
membrane stabilizing (Na + channel depressant) effects than congeners, its relatively 
potent glutamate-antagonistic action may not be representative ofbenzodiazepines in 
general. This view is supported by the failure of MACDONALD and BARKER (1978) to 
antagonize the depolarizing effect of glutamate in murine spinal cord neurons grown 
in dissociated cell culture with concentrations of diazepam and chlordiazepoxide that 
markedly potentiated the response to GABA, and by the absence of an effect of chlor­
diazepoxide 0.1 mmol '1- 1 on glutamate-induced depolarization of motoneurons in 
the frog hemisected spinal cord (NICOLL and WOJTOWICZ, 1980). In this respect, ben­
zodiazepines differed quite markedly from barbiturates, which depressed glutamate 
responses at the same concentrations as those required to enhance GABA responses. 

IX. Glycine 

1. Uptake and Release 

Chlordiazepoxide and diazepam at 10- 5 mol '1- 1 did not affect uptake and K + -in­
duced release of 14C-glycine in rat spinal cord synaptosomes (NELSON-KRAUSE and 
HOWARD, 1976). 

2. Glycine Content 

Ross et aI. (1978) reported that diazepam (5 mg' kg-I i.p.) produced highly signifi­
cant differences in the diurnal changes of glycine concentrations in the pons and cer­
ebellum of rats. 

3. Glycine Receptor 

Strychnine was proposed by YOUNG and SNYDER (1974) as a specific ligand for glycine 
receptor binding studies. These authors found that benzodiazepines were more potent 
than any other centrally active agent as inhibitors of 3H-strychnine binding to rat 
spinal cord membrane fraction (YOUNG et aI., 1974; SNYDER and ENNA, 1975; SNYDER 
et aI., 1977). The most potent benzodiazepines tested, flunitrazepam and bromaze­
pam, were active with a ICso of 19 Jlmol'l- t, which means that this affinity for the 
glycine receptor-like binding site is at best 1/10,000 of the affinity for benzodiazepine 
binding sites. The rank order of potency ofbenzodiazepines in displacing specific 3H_ 
strychnine binding was considered to correlate significantly with the rank order of 
pharmacologic potency in man and animals (SNYDER and ENNA, 1975; SNYDER et aI., 
1977), an opinion not shared by many pharmacologists. As an example, HUNT and 
RA YNAUD (1977) pointed to the small differences in the relative displacing potencies 
in the 3H-strychnine binding assay ofbenzodiazepines as opposed to their marked dif­
ferences in clinical potency. They also draw attention to the fact that displacement of 
3H-strychnine binding was rather well correlated with the liposolubility of the com­
pounds and that nonanxiolytic tricyclic compounds existed with higher affinity for the 
3H -strychnine binding site than benzodiazepines. Concentrations of benzodiazepines 
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required to displace 3H-strychnine binding in vitro are well above those occurring in 
the animal central nervous system after reasonable pharmacologic doses. 

CURTIS et al. (1976a) failed to find electrophysiologic support for the glycine hy­
pothesis. Indeed, diazepam did not diminish the reduction by strychnine of the inhibi­
tory action of glycine, both applied microiontophoretically on cat dorsal horn inter­
neurons. CURTIS et al. (1976a) also found, like many other investigators, that benzo­
diazepines were weak as antagonists of strychnine-induced seizures in contrast to their 
high potency against seizures induced by the convulsant GABA antagonists or gluta­
mate deca:rboxylase inhibitors. Studying single neurons in the dorsal raphe nucleus, 
GALLAGER (1978) found that diazepam, chlordiazepoxide, and flurazepam potenti­
ated the depressant effect of iontophoretically applied GABA, but that these benzo­
diazepines neither mimicked nor enhanced the effect of iontophoresed glycine. Simi­
larly, CHOI et al. (1977) observed in cultured chick spinal cord and MACDoNALD and 
BARKER (1978) in cultured murine spinal cord cells that chlordiazepoxide potentiated 
the effect of GABA, but failed to alter the response to exogenous glycine. In cat mo­
toneurons flurazepam enhanced the hyperpolarizing action of GABA, but not of gly­
cine (NISTRI et al., 1980). 

x. y-Aminobutyric Acid (GABA) 

The interaction of benzodiazepines with GABAergic mechanisms takes first place 
among recent studies on the mechanism of action of these drugs, since evidence from 
electrophysiologic (HAEFELY et a1., 1975b) and biochemical (COSTA et al., 1975b) ex­
periments for the potentiating effect on GABAergic synaptic transmission was pre­
sented at the first meeting concerned entirely with the mechanism of action of benzo­
diazepines (COSTA and GREENGARD, 1975). The explosive interest in benzodiazepines 
and GABA is the result of several concurrent developments, such as, e.g., the demon­
stration in the early 1970s of the neurotransmitter role of GABA in the mammalian 
central nervous system and the realization by pharmacologists of the role of GABAer­
gic mechanisms for drug actions, as exemplified by the discovery that several potent 
convulsants were either GABA antagonists or inhibitors of GAB A biosynthesis. 
Compared to the situation with monoamine transmitters, the electropharmacologic 
methods suited for the study of GABAergic inhibitory neurotransmission are simpler 
and biochemical indices of neuronal excitation and inhibition became available re­
cently. It seems appropriate to start the discussion ofbenzodiazepine-GABA interac­
tion with the findings on distinct GABAergic synapses. 

1. GABAergic Synaptic Inhibition 

Spinal Cord. SCHMIDT et al. (1967) were the first to describe a selective enhancement 
by diazepam of so-called presynaptic inhibition of spinal motoneurons in spinal cats; 
excitatory mechanisms and postsynaptic inhibition were found to be essentially unaf­
fected. 

These early findings were confirmed in many laboratories (SCHLOSSER and ZAVAT­
SKI, 1969; SCHLOSSER, 1971; STRATTEN and BARNES, 1971; CHANELET and LONCHAMPT, 
1971; PIXNER, 1966; NISTRI and CONSTANTI, 1978a, b; CHIBA and NAGAWA, 1973; 
MENETREY et al., 1973; BLUM et al., 1973; BANNA et al., 1974; MURAYAMA et al., 1972; 
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SUZUKI and MURAYAMA, 1976; NAFTCHI and LOWMAN, 1977; NAFTCHI et aI., 1979; 
CHIN et aI., 1974; POLC et aI., 1974; NIcoTet aI., 1976; POLZIN and BARNES, 1976). Ben­
zodiazepines seem to enhance presynaptic inhibition without significantly altering its 
time course, whereas barbiturates prolong presynaptic inhibition and have a moderate 
effect on the peak intensity of inhibition. As shown by POLC et ai. (1974), there is a 
reversible antagonism between benzodiazepines and bicuculline in their effect on pre­
synaptic inhibition. Bicuculline blocks the depolarization of Ia primary afferent end­
ings induced by GABA (SASTRY, 1979). Benzodiazepines lose their effect in animals 
in which GAB A biosynthesis has been blocked (POLC et aI., 1974; BANNA et aI., 1974). 
The effect of benzodiazepines on presynaptic inhibition is shared by inhibitors of 
GABA transaminase, and the combination of such inhibitors (particularly L-cycloser­
ine) with benzodiazepines produces a pronounced enhancement of presynaptic inhibi­
tion. In cultures of embryonic chick spinal cord, chlordiazepoxide enhanced bicucul­
line-sensitive synaptic inhibition induced by stimulation of neighboring cells or axons 
(CHOI et aI., 1977). The recorded cells in this study were not identified, and GABA­
ergic pathways mediating postsynaptic inhibition in the intact spinal cord are not 
known. In the frog hemisected spinal cord, flurazepam enhanced dorsal root po­
tentials and increased the "noise" in primary afferent endings (NISTRI and CONSTANTI, 
1978a, b). 

Dorsal Column Nuclei. The demonstration by POLC and HAEFELY (1976) that ben­
zodiazepines enhanced both presynaptic and postsynaptic inhibition in the cat 
cuneate nucleus was of crucial importance for associating these drugs with GABAer­
gic neurotransmission, because it showed that benzodiazepines did not specifically en­
hance the processes involved in primary afferent depolarization but also an essentially 
different type of inhibition in which GABA serves as mediator. In the cuneate nucleus, 
basically similar results were obtained as in the spinal cord with respect to interactions 
of benzodiazepines with GABA antagonists, inhibitors of GABA transaminase, and 
inhibitors of glutamic acid decarboxylase. Flurazepam enhanced the depolarizing ef­
fect of muscimol on primary afferents in slices of rat cuneate nucleus and markedly 
reduced the antagonistic effect of picrotoxin (SIMMONDS, 1980). 

Cerebral Cortex. Recurrent (feedback) and collateral (feed forward) inhibition of 
principal neurons, mediated by GABAergic interneurons, was found to be enhanced 
by benzodiazepines (RAABE and GUMNIT, 1977; ZAKUSOV et aI., 1977; NESTOROS, 
1979, Fig. 3), confirming previous results of ZAKUSOV et al. (1975) on inhibitory 
mechanisms in isolated cortex slabs. 

Hippocampus. Recurrent inhibition of hippocampal pyramidal cells, in which the 
GABAergic basket cells are involved, was intensified by diazepines in vivo (WOLF and 
HAAs, 1977; TSUCHIYA and FUKUSHIMA, 1978) and in tissue slices (LEE et aI., 1979). 
In the latter case, an increased firing rate of GABAergic basket cells was found in the 
presence of diazepam. 

Hypothalamus. In tissue culture, diazepam (10- 6-10- 5 mol·l- I ) enhanced pic­
rotoxin-sensitive recurrent inhibition of tuberal hypothalamic cells induced by focal 
electrical stimulation (GELLER, 1978; GELLER et aI., 1978). This inhibition has been 
shown to be GABA-mediated (GELLER and WOODWARD, 1979). 

Cerebellar Cortex. Inhibition of cerebellar Purkinje cells by GABAergic basket 
cells was enhanced by diazepam in the studies reported so far (CURTIS et aI., 1976a; 
GELLER et aI., 1978; MONTAROLO et aI., 1979). These findings are in excellent agree-
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Fig. 3. Potentiation by three different benzodiazepines of electrically evoked cortical inhibition 
in a cat in fluothane anesthesia. Shown are peri stimulus histograms from the same extracellu­
larly recorded neuron in the postcruciate cerebral cortex. Each histogram shows the number 
of spikes (ordinate) occurring during each of 25 20-ms intervals for 128 consecutive 500-ms 
periods. Background firing of the neuron was maintained throughout at a steady submaximal 
rate by continuous release of Na L-glutamate (14 nA). In each record the sequence of events 
from left to right is 1 the prestimulus control firing; 2 at the arrow the electric stimulus (8.0 V, 
2 Hz, 0.1 ms) to the surface of the cerebral cortex; 3 the reduced firing rate due to evoked in­
hibition; 4 the recovery of firing. The upper histogram is the predrug control. The three lower 
histograms were taken during the iontophoretic release of chlordiazepoxide, flurazepam, and 
midazolam (Ro 21-3981). Inhibition was allowed to return to control levels before each benzo­
diazepine was tested. (Courtesy of J. N. NESTOROS, unpublished) 

ment with the depressant effect of benzodiazepines on the spontaneous and evoked 
firing rate ofPurkinje cells (HAEFELY et aI., 1975 b; PIERI and HAEFELY, 1976; MARIANI 
and DELHAYE-BoUCHAUD, 1978). They also explain why cGMP levels in the cerebellar 
cortex, which seem to be an index of the activity ofPurkinje cells, are reduced by ben­
zodiazepines (COSTA et aI., 1975b; GUIDOTTI, 1978). 

Lateral Vestibular Nucleus of Deiters. The complex potential evoked in the nucleus 
of Deiters in response to single stimuli to cerebellar Purkinje cell axons in the parafas-
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tigial white matter contains a component that was easily blocked by bicuculline or pic­
rotoxin, but not by strychnine (HAEFELY et ai., 1978). This depressant effect of bicu­
cuHine was dose-dependently prevented by various benzodiazepines. The spontaneous 
multi-unit activity of Deiters' nucleus in cats was dose dependently reduced by chlor­
diazepoxide (EDso 0.8 mg· kg-I i.v.) (LLOYD et ai., 1979). 

Substantia Nigra. A GABAergic pathway is known to originate in the nucleus 
caudatus and to end in the substantia nigra on dopaminergic neurons projecting to 
the striatum. Electrical stimuli applied to the nucleus caudatus of immobilized cats 
evoked a potential in the substantia nigra. This simple evoked response was dose-de­
pendently reduced and eventually abolished by bicuculline and picrotoxin, but not by 
strychnine and, therefore, considered to represent the summed GABAergic inhibitory 
postsynaptic potentials in nigral cells (SCHAFFNER and HAEFELY, 1975; HAEFELY et ai., 
1975b, 1978). While various benzodiazepines had no significant effect on the 
striatonigral evoked potential itself, they very potently prevented the depressant effect 
of GAB A antagonists on this potentiai. These findings are probably related to the ob­
servation of WOLF and HAAS (1977) and LAURENT (personal communication) that 
diazepines reduced the spontaneous firing rate ofnigral cells. Biochemical data on the 
effect of benzodiazepines on dopamine turnover agree well with the assumption that 
the drugs enhance an inhibitory GABAergic input to dopamine neurons in the mes­
encephalon (see Sect. X.II.5). The existence in the substantia nigra ofGABAergic syn­
apses that subserve other functions than inhibition of dopaminergic neurons is be­
coming increasingly evident. Intninigral injections of agents that affect GABAergic 
mechanisms produce effects that are unrelated to efferent DA neurons but rather in­
volve different, yet unidentified, efferents. Benzodiazepines, injected into the pars re­
ticulata of the substantia nigra, mimicked the effects of GABA mimetics and of com­
pounds that elevate the nigral GABA content (WADDINGTON, 1976, 1977, 1978; 
WADDINGTON and LONGDEN, 1977; WADDINGTON and OWEN, 1978). 

Noradrenergic Locus Coeruleus Cells. Although these neurons are known to re­
ceive GABAergic input, GALLAGER (1978) in preliminary studies failed to find a sig­
nificant change in discharge rate of single locus coeruleus neurons of the rat with 
diazepam. Indirect evidence indicates that benzodiazepines might increase the tonic 
GABAergic input to locus coeruleus cells when these are in a state of hyperactivity 
due to amine depletion and, thereby, release the pontine generator cells for ponto­
geniculo-occipital waves from the inhibitory noradrenergic input (HAEFELY et ai., 
1975a, 1976; RUCH-MoNACHON et ai., 1976a, b, c). 

Serotoninergic Dorsalis Raphe Cells. In agreement with the postulated GABAergic 
input to the dorsal raphe nucleus, GABA depressed the raphe neurons and benzo­
diazepines potentiated the GABA-mediated inhibition of these neurons (GALLAGER, 
1978). The facilitation by benzodiazepines of the GABAergic inhibitory input to the 
serotoninergic raphe system is probably responsible for the reduction of 5-HT turn­
over being proposed to account for the anxiolytic action of benzodiazepines (STEIN 
et ai., 1973, 1975, 1977). 

In conclusion, benzodiazepines have been found to enhance transmission at all 
GABAergic synapses studied so far. However, this enhancement required different ex­
perimental procedures to become visible. In those experiments, in which afferents to 
a GABAergic interneuron were stimulated in order to activate a GABAergic synapse, 
an increased inhibition was immediately seen either as an increased amplitude of pri-
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mary afferent depolarization (in presynaptic inhibition in the spinal cord or the 
cuneate nucleus) or an increased IPSP or silent period (e.g., in postsynaptic inhibition 
in the hippocampus). In those experiments, in which the axons ofGABAergic neurons 
were stimulated, the ensuing field potential in the substantia nigra or vestibular nu­
cleus was not increased by benzodiazepines, unless it had been depressed by a GABA 
antagonist. In the former group of experiments, a single stimulus applied to input 
neurons induced a burst of action potentials in GABAergic interneurons. Benzo­
diazepines theoretically might enhance either excitation of GABAergic interneurons, 
GABA release by a train of impulses, or the response to released GABA. In the latter 
case, a single stimulus applied to a GABAergic axon elicits a single action potential; 
the failure ofbenzodiazepines to increase the effect of such a single impulse in the axon 
might be due to a high safety factor of transmission, i.e., to the possibility that GABA 
released by a single pulse produced the maximum achievable hyperpolarization of the 
target neurons. The exact site of action ofbenzodiazepines (receptive part or axon ter­
minal of the GABAergic neuron; subsynaptic membrane of GABAergic target cells) 
remains to be revealed. 

2. GABA Release 

In preloaded synaptosomes from mouse brain the release of 3H-GABA in response 
to high potassium in the absence of calcium was enhanced by 10-100 Jlmol ·1- I diaze­
pam; the same concentrations inhibited the Ca2+ -dependent K + -induced release (OL­
SEN et aI., 1977, 1978b). Barbiturates were ineffective on both types of release. NEL­
SON-KRAUSE and HOWARD (1976) did not observe any effect of 10 - 5 mol· 1- I diaze­
pam on K + -induced release of 14C-GABA from rat cerebral cortex synaptosomes. 
MITCHELL and MARTIN (1978) used a rather low concentration ofK + in the superfus­
ing fluid (15 mmol·l- I) to stimulate the release of 3H -GABA from preloaded small 
pieces of rat frontal cortex. At 10 - 6 mol· 1- I diazepam and flurazepam enhanced the 
K + -stimulated release by 31 % and 38%, respectively; at 10- 4 mol· I-I both benzo­
diazepines markedly reduced the evoked release. Neither compound affected the rest­
ing release of 3H-GABA. Surprisingly, the K + -stimulated release of 3H-GABA from 
striatal tissue was not affected by diazepam 10 - 5 mol· 1- I (MARTIN and MITCHELL, 
1979). The high-potassium (24 mmol· I-I) -induced release of 3H -GABA from 
preloaded slices of rat spinal cord was enhanced by diazepam in concentrations be­
tween 0.5 and 3 Jlmol'l- I , unaffected by diazepam 10 Jlmol'l- I , and depressed by 
diazepam 100 Jlmol'l- I (MATSUMOTO et aI., 1979). SCHACHT and BACKER (1979) stud­
ied the effect of diazepam and clobazam on the release of 3H-GABA evoked by elec­
tric field stimulation from preloaded rat brain cortex slices. In the concentrations of 
10 -7 and 10 - 6 mol ·1- t, both benzodiazepines reduced the electrically induced over­
flow of 3H-GABA. Interestingly, this depressant effect of the benzodiazepines was 
completely abolished by bicuculline. Hexobarbitone had a similar effect as the two 
benzodiazepines. The authors explained their results by assuming that benzo­
diazepines enhanced a hypothetical inhibitory effect of GABA on transmitter release 
through stimulation of terminal auto receptors of GABAergic neurons. 

The presently available data on GABA release do not allow a definitive conclusion 
to be drawn on a possible effect ofbenzodiazepines. Several drawbacks of the reported 
experiments should be eliminated in future work: labeling of GABA should be at-
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tempted by preloading with radioactive glucose, which may label a physiologically 
more relevant pool of the transmitter; several means of stimulation and various inten­
sities of stimuli should be used, e.g., potassium, veratridine, electrical stimulation; and 
a wider range of benzodiazepines should be studied. As an example, stimulus param­
eters in the study of SCHACHT and BACKER (1979) were supramaximal, which might 
have masked a facilitating effect ofbenzodiazepines on submaximal release. Chemical 
and electrical stimulation of tissue slices may stimulate GABAergic neurons directly 
or indirectly, and other neurotransmitters released simultaneously may create 
situations that are too complex to be interpreted. Ideally, the effect ofbenzodiazepines 
should be examined on the release from a distinct GABAergic pathway in vivo. 

3. GABA Uptake 

Uptake of 3H-GABA into slices and homogenates of rat cerebral cortex was not in­
hibited by chlordiazepoxide or diazepam at 0.3 mmol·l- I (IVERSEN and JOHNSTON, 
1971). Whereas NELSON-KRAUSE and HOWARD (1976) did not find an effect of diaze­
pam 10- 5 mol· 1-1 on the uptake of 14C-GABA by synaptosomes from rat cerebral 
cortex, a noncompetitive inhibition of uptake was observed by OLSEN et al. (1977, 
1978 a, b), who calculated that the concentration for 50% inhibition of GABA uptake 
accounted for the enhancement of GABAergic transmission by benzodiazepines. So 
far none of the more potent inhibitors of GAB A uptake has been demonstrated to en­
hance GABAergic synaptic transmission after iontophoretic application. 

4. GABA Content of the Central Nervous System 

Diazepam at 5 and 10 mg· kg-I i.p. increased the GABA content of the forebrain of 
mice by about 20% (SAAD, 1972). Similar results were obtained by HAEFELY et al. 
(1975b) in the whole brain of mice, although the dose necessary for a significant 
(17%) increase was 30 mg· kg-I. In the rat whole brain, the same authors found a sig­
nificant 4 % increase after 30 mg· kg - I. In the lumbosacral part of the spinal cord of 
spinal cats, the GABA content was elevated by 38% 2 h after an intravenous injection 
of 3 mg· kg-I diazepam (HAEFELY et aI., 1975b). PERICIC et al. (1977) observed a sig­
nificant increase in the GABA content of the substantia nigra, but not of the caudate 
nucleus or of the cingulate and pyriform cortex of rats after 5 or 10 mg· kg - I diaze­
pam; similar effects were seen with pentobarbitone. Diazepam at a dose of 
15 mg· kg-\ but not of 3.75 and 7.5 mg· kg-I p.o., increased the GABA level in the 
whole brain of rats by about 10% without change in the activity of glutamic acid de­
carboxylase (TONG and EDMONDS, 1976). 

5. GABA Turnover 

The in vivo formation of GAB A in mice was studied by HAEFELY et al. (1975b) using 
the ratio specific activity of 14C-glutamate/specific activity of 14C-GABA at different 
times after a single dose of 30 mg· kg -I diazepam i. p. and 15 min after a subcutaneous 
injection of a tracer dose of 2_14C-glucose. The ratio was significantly reduced 30 and 
60 min after diazepam, indicating a reduced formation of 14C-GABA. Similar find-
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ings were observed in the rat by SEMIGINOVOSKY et ai. (1976). MAO et al. (1977) mea­
sured the formation of 13C-GABA in the rat brain from 13C-glucose infused intrave­
nously. Diazepam 1 mg· kg - 1 reduced the turnover rate in the caudate and nucleus 
accumbens, but not in the globus pallid us. A similar effect was seen after 1 mg· kg- I 

muscimol i.v. 
The reduction of the endogenous GABA level in the lumbosacral spinal cord of 

spinal cats induced by thiosemicarbazide was significantly attenuated by 3 mg· kg - 1 

diazepam (POLC et aI., 1974). LOSCHER and FREY (1977) found a reversal by 
1.2 mg· kg - 1 diazepam of the GABA-depleting effect of isoniazid in the mouse brain. 
Similar observations had been reported by SAAD (1972). 

The increase of whole brain GABA in rats given aminooxyacetic acid was attenu­
ated by 25 mg· kg- I diazepam i.p. (FuXE et aI., 1975). BERNASCONI and MARTIN 
(1978, 1979) used the rate of increase of endogenous GABA after irreversible inhibi­
tion of GABA transaminase with gabaculine as an index of GABA turnover in the 
mouse brain. Diazepam in doses from 0.01 to 10 mg· kg- I i.p. produced a dose-de­
pendent decrease of GAB A turnover in the four brain regions studied (cerebellum, ce­
rebral cortex, hippocampus, and corpus striatum). Similar findings were obtained 
with oxazepam, the enantiomer Ro 11-3129, which was active in the 3H-diazepam 
binding assay, but not with the inactive enantiomer Ro 11-3625; other anticonvul­
sants, such as carbamazepine, sodium valproate, and phenobarbitone also reduced 
GABA turnover. 

6. GABA Synthesizing and Metabolizing Enzymes 

PER1CIC et aI. (1977) found glutamic acid decarboxylase activity in the rat brain to be 
unaffected by diazepam. The inhibition of glutamic acid decarboxylase induced by 
isoniazid in the mouse brain was reversed by 1.2 mg· kg - 1 diazepam (LOSCHER and 
FREY, 1977). 

In mouse brain homogenate, chlordiazepoxide at 0.1 Ilmol·l- 1 inhibited the activ­
ity of GABA transaminase by 10%, whereas clonazepam and diazepam were inactive 
up to 5 Ilmol·l- I (SAWAYA et aI., 1975). CHAN-PALAyet al. (1979) obtained immuno­
cytochemical evidence for an increase of GABA transaminase activity in the rat cer­
ebellum after diazepam 25 mg· kg - 1 i. p. The activity of succinic semialdehyde dehy­
ctrogenasewas inhibited 30%-45% by diazepam in concentrations of 0.01-5 j..Ul101.1-1, 
unaffected by clonazepam, and slightly increased by chlordiazepoxide. According 
to LOSCHER and FREY (1977) diazepam antagonized the inhibition of glutamate decar­
boxylase by isoniazid. 

7. GABA Excretion in the Urine 

A single dose of diazepam (5 mg) elevated the urinary GABA levels in two of four 
healthy volunteers, and similar changes were observed in surgical patients (TARVER 
et aI., 1976). To determine the origin of the increased urinary GABA, rats were in­
jected intracisternally with 3H -GABA. Animals given 10 mg· kg - 1 diazepam i. p. ex­
creted 2-3 times more labeled GABA than controls. No effect on the excretion of in­
tracisternally injected 3H-glycine was found. 
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8. Interaction of Benzodiazepines with GABA 

Absence of GABA mimetic Activity. Specific binding of 3H ( + )-bicuculline methiodide 
to synaptic membranes of rat cerebellum, proposed to represent interaction with GA­
BA receptors, was unaffected by chlordiazepoxide and diazepam in concentrations up 
to 10- 4 mol· 1-1 (MOHLER and OKADA, 1977c). Inhibition of 3H-muscimol binding 
by diazepam was also weak or absent (ICso:lO-s mol'I-\ BEAUMONT et aI., 1978). 
Binding of 3H-GABA to mouse brain synaptosomes was not significantly inhibited 
by diazepam 10- 4 mol·l- I (OLSEN et aI., 1978a, b; HYTTEL, 1979). Thus, in GABA 
receptor binding assays, benzodiazepines in even extremely high concentrations, did 
not significantly displace specific ligands, demonstrating the absence of agonistic or 
antagonistic properties at GAB A recognition sites. 

When, in electrophysiologic experiments, physiological membrane effects were 
used as index of GABA mimetic action, which includes both stimulation of GABA 
recognition sites and subsequent molecular steps, most investigators failed to find un­
equivocal evidence for GABA mimetic properties of benzodiazepines. In the spinal 
cord of cats, high doses of GABA (100 mg' kg-I i.v.) or low doses of muscimol 
(1 mg' kg-I i.v.) induce depolarization of primary afferent endings (LEVY, 1974; POLC 
and HAEFELY, 1977); no trace of a similar tonic depolarization was found with the 
highest doses of various benzodiazepines (POLC et aI., 1974; HAEFELY et aI., 1975b, 
1979 a; POLC, 1978). The same is true for primary afferent endings in the cat cuneate 
nucleus (POLC and HAEFELY, 1976). In the isolated hemisected frog spinal cord chlor­
diazepoxide failed to produce a hyperpolarization ofmotoneurons, in contrast to bar­
biturates (NICOLL and WOJTOWICZ, 1980). Intracellular recording from rat spinal 
ganglia cell bodies revealed no consistent effect of 10 - 6 and 10 - 5 mol· 1- I diazepam 
on resting membrane potential and conductance (LAMOUR, 1979, DESARMENIEN et aI., 
1980). In the isolated rat superior cervical ganglion, GABA and other GABA mimet­
ics produce a depolarization; chlordiazepoxide up to 2 mmol ·1- I failed to depolarize 
the ganglion, while pentobarbitone had 1/200 the potency of GABA (BOWERY and 
DRAY, 1978; DRAY and BOWERY, 1978). Somewhat different and more complex results 
were obtained in the cat superior cervical ganglion in situ. In this preparation, injec­
tions of flurazepam and midazolam in doses below I ~mol into the arterial blood sup­
ply of the ganglion, enhanced and prolonged the depolarizing effect of GABA 
(SCHLOSSER and FRANCO, 1979 a). At higher doses, the effect of GAB A was transiently 
reduced and, after a few minutes, prolonged. Flurazepam inconsistently produced 
ganglionic depolarization; this depolarization was not prevented in a reproducible 
manner by picrotoxin or bicuculline, which blocked the dose-dependent depolarizing 
effect of pentobarbitone. 

Flurazepam and, less consistently, chlordiazepoxide depressed the spontaneous 
firing rate of single neurons in the rat medulla when applied by microiontophoresis 
(DRAY and STRAUGHAN, 1976); the effect resembled that of GABA and glycine, but 
of course could not be ascribed to a direct stimulation of GABA receptors in spite of 
'antagonism by bicuculline, because of the presence of endogenous GABA at the syn­
apses. 

In isolated single rat diaphragm muscle fibers diazepam in concentrations of 10- 6 

and lO- s mol·l- 1 increased the chloride conductance (VYSKOCIL, 1977). Since 
GABA did not produce such an effect, the membrane effect of diazepam cannot be 
mediated through GABA receptors. 
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OLSEN et aI. (1978b) measured the uptake of Cl- by crayfish abdominal muscle 
in vitro; this uptake is stimulated by GABA mimetics. Diazepam did not mimic the 
effects of GABA in this preparation but inhibited the GAB A-stimulated Cl- uptake 
by 35% at 1O- 4 mol·I- I. 

Considering all the results reported, one may safely conclude that benzodiazepines 
do not act as agonists on GABA receptors. At high, probably pharmacologically ir­
relevant concentrations, they increase chloride conductance even in cells that lack 
GABA and specific benzodiazepine receptors. A modification of GABA-stimulated 
changes in the chloride conductance may be expected to occur, at least in high con­
centrations. The possibility of an antagonistic effect ofbenzodiazepines at the GABA 
recognition site (STEINER and FELIX, 1976a, b; GAHWILER, 1976) can be excluded with 
certainty. 

Modification of GAB A Effects by Benzodiazepines. Since benzodiazepines enhance 
GABAergic neurotransmission, the immediate question arises whether this may be 
caused by an increased effectiveness of GABA on its target cells. Therefore, a number 
of studies were conducted to examine the response to exogenous GABA under the ef­
fect of benzodiazepines. 

Flurazepam and chlordiazepoxide, administered iontophoretically to single 
neurons in the rat medulla, did not consistently modify the depressant effect of ion­
tophoresed GABA (DRAY and STRAUGHAN, 1976). In the isolated rat superior cervical 
ganglion, 90 !lmol '1- I chlordiazepoxide failed to alter the dose-response curve of 
GABA for depolarization (BOWERY und DRAY, 1978; DRAY and BOWERY, 1978); bar­
biturates usually had an extremely small potentiating effect on low doses of GABA 
and depressed the depolarizing response to doses of GABA above the EDso. No po­
tentiation of the depolarizing effect of GAB A in isolated lobster muscle was observed 
with flurazepam (NISTRI and CONSTANTI, 1978b). In rat spinal ganglion cells, 10- 6 

and 10 - 5 mol· 1- I diazepam never enhanced the depolarizing effect of GABA; in 
more than half of the cells studied with intracellular recording the peak of GABA­
induced depolarization was reduced to varying degrees, the repolarization accelerated 
and the desensitization attenuated (LAMOUR, 1979, DESARMENIEN et aI., 1980). Thus, 
in the medulla of intact cats as well as in three cell types in vitro, which contain both 
GABA receptors and GABAergic innervation (lobster skeletal muscle) or only GABA 
receptors (rat sympathetic and spinal ganglion cells), no consistent potentiation of 
GAB A effects could be observed in the presence of benzodiazepines. 

Other investigators have observed an enhancement of GABA effects by benzo­
diazepines in different neuron preparations. In 4- to 7-day-old cultures of embryonic 
chick spinal cords, chlordiazepoxide administered by pressure ejection enhanced the 
membrane conductance increase produced by pressure-ejected GABA without affect­
ing the responses of single cells to glycine or altering the membrane conductance by 
itself (CHOI et aI., 1977). The active concentrations of chlordiazepoxide were 10- 7-

10- 4 mol· I-I; no antagonism of GABA effects was observed. The potentiating ac­
tion of chlordiazepoxide was immediate and rapidly reversible upon termination of 
the pulses. No tolerance to the potentiating effect of the compound was observed with 
its continuous ejection. In cultures of fetal mouse spinal cord, MACDONALD and 
BARKER (1979) obtained similar results with iontophoresed diazepam and chlordiaz­
epoxide. However, whereas an augmentation of GABA-mediated conductance in­
crease was observed with low ejection currents, an antagonism occurred with higher 
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currents. Occasionally, the benzodiazepines increased the conductance by themselves. 
The augmenting effect of diazepam was specific for GABA, since the responses to gly­
cine remained unaffected. The time course of the GABA-induced conductance in­
crease was not changed by the benzodiazepines. Effects On GABA responses similar 
to those seen with benzodiazepines were observed with barbiturates (MACDoNALD 
and BARKER, 1979). In NB2a neuroblastoma cells, which contain binding sites for GA­
BA and benzodiazepines as well as "gabamodulin", diazepam (1O-6 mol·l-l) en­
hanced the increase in chloride flux elicited by threshold concentrations of GABA and 
muscimol (BARALDI et a!., 1979 a). Recording extracellularly from neurons in the sen­
sorimotor cortex of anesthetized rabbits, chlordiazepoxide iontophoresed with a large 
range of ejecting currents regularly augmented the depressant effect of iontophoresed 
GABA (KOZHECHKIN and OSTROVSKAYA, 1977a). Similar results were obtained with 
systemically administered diazepam (KOZHECHKIN and OSTROVSKA YA, 1977 b), and 
with iontophoresed flurazepam in cats (NESTOROS and NISTRI, 1979). 

In the frog hemisected spinal cord, flurazepam in low concentration (2.5 jilllol . 1- 1) 
shifted the concentration-response curve of GABA for depolarization of dorsal 
roots to the left (NISTRI and CONSTANT!, 1978a, b). When doubling the concentration 
offlurazepam, the depolarizing effects of both GABA and, more markedly, glutamate 
were inhibited in a noncompetitive manner. The depression of GABA and glutamate 
responses by flurazepam were ascribed to a blockade of Na + channels and the evi­
dence that glutamate acts entirely by opening Na + channels, while the GABA-induc­
ed depolarization of primary afferents is probably mediated by both N a + and Cl­
conductance increases. It should be recalled that flurazepam contains the same side 
chain On N 1 as procaine and may, therefore, not be totally representative for the ben­
zodiazepine class. Also in the hemisected frog spinal cord NICOLL and WOJTOWICZ 
(1980) observed a selective enhancement of GAB A-induced hyperpolarization ofmo­
toneurons by chlordiazepoxide 0.1 jilllol·l- 1; nO depression of GABA effects occurred. 
The effects of chlordiazepoxide in these experiments were not easily washed out. In 
the urethane-anesthetized rat, the depressant effect of iontophoresed GABA On the 
spontaneous firing rate of cerebellar Purkinje cells was markedly enhanced by 
0.2 mg· kg - I i. p. diazepam, while inhibitory responses to noradrenaline or glycine 
were unaffected (GELLER et aI., 1978). The use of just threshold or just subthreshold 
test pulses of GABA in this study made the potentiating effect of diazepam particu­
larly impressive. GABA-induced depressions of the spontaneous firing rate of rat tu­
beral hypothalamic cells in tissue culture were consistently enhanced during superfu­
sion with 10 - 5 mol· 1- I diazepam and flurazepam, while the responses to glycine were 
unaffected (GELLER et aI., 1978, 1979). The depressant effect of microiontophoresed 
GABA On the spontaneous firing rate of single units in the corticomedial regions of 
the amygdala in urethane-anesthetized rats was enhanced by chlordiazepoxide (JAMES 
et aI., 1979). 

Most investigators, who described the potentiating effect of benzodiazepines On 
responses to exogenous GABA, considered their findings as support for a postsynap­
tic site of action of benzodiazepines, i.e., a site in close connection with GABA recep­
tors. Although this interpretation may be partially or totally correct, the possibility 
should not be overlooked that the drugs might potentiate ongoing GABAergic synap­
tic activity by a presynaptic site of action; an increased release of endogenous GABA 
would enhance the efficacy of exogenous GABA by simple additive synergism. This 
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cautionary remark is particularly appropriate in view of the questionable GABA po­
tentiating effects ofbenzodiazepines in isolated sympathetic ganglia, where GABAer­
gic innervation is lacking, and in lobster skeletal muscle in vitro, where the GABAer­
gic inhibitory neurons are not spontaneously active. 

Ro 5-3663 is a simple benzodiazepine molecule with convulsant activities. This 
compound has been shown to be a rather specific, although not very potent antagonist 
of GABA (FRANCO and SCHLOSSER, 1978; SCHAFFNER et aI., 1979; GELLER, 1979; 
SCHLOSSER and FRANCO, 1976b; O'BRIEN and SPIRT, 1980). 

Interaction of Benzodiazepines with GABA Antagonists. The potent antagonism by 
benzodiazepines of the convulsant effect of GABA blocking agents and the preven­
tion by GABA antagonists of some behavioral and neuropharmacologic effects of 
benzodiazepines fit very well into the view that these drugs affect GABAergic mech­
anisms, but they do not necessarily point to a direct molecular interaction between 
benzodiazepines and GABA antagonists at the GABA receptor. As examples, GABA 
antagonists reversibly abolished the potentiating effect ofbenzodiazepines on presyn­
aptic inhibition in the spinal cord (POLC et aI., 1974) and cuneate nucleus (POLC and 
HAEFELY, 1976), and benzodiazepines prevented the decrease of evoked potentials re­
presenting GABA inhibitory postsynaptic potentials in the substantia nigra (SCHAFF­
NER and HAEFELY, 1975; HAEFELY et aI., 1975b, 1978) and Deiters' nucleus (HAEFELY 
et aI., 1978). In the rat medulla, bicuculline antagonized the depressant effect of 
flurazepam and GABA on single cells (DRAY and STRAUGHAN, 1976) and chlordiaz­
epoxide (but not flurazepam!) partially reversed the GABA antagonistic effect of bi­
cuculline (BOWERY and DRAY, 1978). However, observations on the isolated rat supe­
rior cervical ganglion are rather suggestive of a direct interaction between benzo­
diazepines and bicuculline (at least in this preparation). Indeed, BOWERY and DRAY 
(1978) reported that chlordiazepoxide partially reversed the depression by bicuculline 
of the depolarizing effect of GABA. In this respect, chlordiazepoxide was more potent 
(threshold concentration 0.5 Ilmol·I-I) than a series of barbiturates, although it dif­
fered from the latter by the failure to completely reverse the bicuculline effect. Inter­
estingly, chlordiazepoxide reduced the GABA antagonistic effect of a subsequent ex­
posure to bicuculline for over 40 min despite wash out. It should be recalled that 
chlordiazepoxide had no GABA mimetic effect in this preparation. BOWERY and 
DRAY (1978) suggested on the basis of their findings that GABA and GABA antag­
onists might act at different sites of GABA-receptor-ionophore complex, and that 
benzodiazepines could displace the GABA antagonist from a GABA-antagonist bind­
ing site to modulate the GABA recognizing part of the complex. Although this ex­
planation is very tempting, it is difficult to reconcile with the failure of benzo­
diazepines to interact with the synaptosomal binding of 3H ( + ) bicuculline methio­
dide in brain tissue (MOHLER and OKADA, 1977c). In slices of rat cuneate nucleus, 
flurazepam more markedly reduced the GABA antagonist effect of picrotoxin than 
that of bicuculline (SIMMONDS, 1980). This effect was explained by an interaction of 
flurazepam with chloride channels or with the coupling between GABA receptors and 
chloride channels. 

Benzodiazepines and GABA-Mediated Decrease of Cyclic Guanosine Monophos­
phate (cGMP). The effects of benzodiazepines on the GABA-mediated decline in 
cGMP content in the cerebellum are reported in Sect. Y. 
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Modulation by Benzodiazepines of Specific GABA Binding to Synaptosomal Mem­
branes. A very interesting interaction of benzodiazepines with GABA receptor type 
binding sites in isolated membrane preparations has been 'reported which, if confirm­
ed under less artificial conditions, will represent an important step toward an under­
standing of the molecular mechanisms by which benzodiazepines modulate GABA­
mediated synaptic processes (COSTA et aI., 1978; GUIDOTTI et aI., 1978; TOFFANO et aI., 
1979, 1980; WILLOW and JOHNSTON, 1980). 

The observations started from the well-documented fact that the characteristics of 
GABA receptor binding depend on the preparation of synaptic membranes (ENNA 
and SNYDER, 1977; OLSEN et aI., 1978a; GUIDOTTI et aI., 1978; HORNG and WONG, 
1979; GREENLEE et aI., 1978). 3H-GABA binds to freshly prepared crude synaptic 
membrane preparations with a relatively low affinity (KD around 0.2 I!mol·l- ' ). 
Freeze-thawing and/or treatment with the detergent Triton X-100 alters the kinetic 
properties of 3H -GABA binding; in addition to the low-affinity component, a second 
one with a higher affinity is unmasked (KD around 0.02 I!mol'l- ') and the density of 
specific binding sites increases (interestingly, detergents did not affect the binding 
characteristics of muscimol and other rigid analogues of GABA; WANG et aI., 1979). 
A concept was proposed, according to which the receptor-ionophore complex is nor­
mally associated with an endogenous inhibitory factor ("gabamodulin") which redu­
ces the affinity of the recognition site for GABA. Repeated freezing-thawing or treat­
ment with detergents results in the separation of the receptor-inhibitor complex 
whereby the affinity of GABA is increased. Adding the supernatant of centrifuged 
membranes treated with Triton X-100 produces a concentration-dependent decrease 
of 3H-GABA binding with the result that these treated membranes then behave like 
crude preparations in the 3H-GABA binding assay. The inhibitory factor was sub­
sequently purified and evidence found that it may be a relatively heat-stable, acidic 
protein with a molecular weight of about 15,000 (TOFFANO et aI., 1979, 1980). Inhibi­
tion of high-affinity 3H -GAB A binding by the purified inhibitor was noncompetitive, 
suggesting a negative cooperative interaction between endogenous inhibitor and 
GABA recognition site. 

Benzodiazepines added to fresh membranes were found to increase the Na + -inde­
pendent 3H-GABA binding, although they were ineffective in membranes treated 
with Triton X-100. Thus, fresh membrane preparations preincubated with a benzo­
diazepine behaved like detergent-treated membranes and these drugs had an effect op­
posite to that of the endogenous inhibitor, which converted the functional state of de­
tergent-treated membranes into one offresh untreated membranes. There was a com­
petitive antagonism between endogenous inhibitor and benzodiazepines for their ef­
fect on high-affinity binding of 3H-GABA. To show this competition, membranes had 
to be incubated with benzodiazepines for some time prior to addition of the endog­
enous inhibitor. Not only were the binding characteristics of GABA modified by 
treatment of membranes, but also those of 3H-diazepam binding. Indeed, both the 
maximal number of binding sites (B max) and the affinity (KD) were greater in deter­
gent-treated membranes. Addition of the purified endogenous inhibitor competitively 
inhibited 3H-diazepam binding to Triton X-100-treated membranes. The hypothesis 
was thus formed that benzodiazepines competed with the endogenous inhibitor at a 
regulatory site of the GABA-binding macromolecule, occupation of this regulatory 
site by benzodiazepines increasing, and occupation by the endogenous inhibitor de-
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creasing the specific binding of 3H-GABA. Benzodiazepines, therefore, were pro­
posed to modify GABAergic transmission by competitively interacting with an endog­
enous inhibitor protein that allosterically modulates the interaction of GABA with its 
receptor. In order to improve the evidence that inhibitor protein and GABA receptor 
occurred in the membranes of the same cells, fresh membranes prepared from neuro­
blastoma and glioma cell lines, which contain high-affinity binding sites for both 3H_ 
diazepam and 3H-GABA were investigated (BARALDI et aI., 1978). As in brain mem­
branes, two populations of GABA receptors, differing in their KD values, were ob­
tained by extensive washing, freezing, and thawing or treatment with Triton X-100. 
Benzodiazepines increased the affinity of the untreated membranes for 3H-GABA. 

Although the concept of an interaction of benzodiazepines with an endogenous 
modulator of GABA affinity ("gabamodulin") would elegantly explain on a molecu­
lar level many of the benzodiazepine effects on GABAergic mechanisms, it has not 
remained uncontested. MAURER (1979b) purified the "gabamodulin" according to 
TOFFANO et aI. (1979, 1980) and arrived at the conclusion that this endogenous inhibi­
tory factor was fully accounted for by endogenous GABA. GABA is released into the 
supernatant when synaptosomal membranes are exposed to osmotic shock or are 
frozen (OLSEN et aI., 1978b). A clarification of the nature of "gabamodulin" is ur­
gently needed. Moreover, the enhancement of GAB A binding does not seem to be spe­
cific for benzodiazepines, since pentobarbitone was recently shown to produce a simi­
lar effect in crude preparations of rat brain membranes (WILLOW and JOHNSTON, 
1980). The effect of pentobarbitone was blocked by picrotoxin. 

XI. Purine N ucleotides 

Very low doses of diazepam (0.01-1 mg' kg-I i.v.) markedly enhanced the depressant 
effect of iontophoretically administered adenosine-5'-monophosphate (AMP) on 
spontaneously firing neurons in the sensorimotor cortex of rats (PHILLIS, 1979). Simi­
lar potentiation was seen when diazepam was applied by microiontophoresis. A sys­
temic or local doses of diazepam, which potentiated the effect of AMP, did not alter 
the spontaneous firing rate of cortical neurons. These electrophysiologic findings were 
explained by the inhibitory effect of diazepam on adenosine uptake in brain slices re­
ported by MAH and DALY (1976). Perhaps this uptake inhibition also explains the en­
hanced adenosine-induced accumulation of cAMP in mouse cerebral cortex slices in 
the presence ofclonazepam (PALMER et aI., 1979). However, SKOLNICK et aI. (1979a) 
determined the concentration of radioactivity in the brain 10 min after intravenous 
injections of 3H-diazepam in doses which were found to potentiate the neuronal de­
pressant action of adenosine; they concluded that the approximate concentration (1-
1. 7 /lmol '1- I) after the injection of 1 mg' kg - I were too small to inhibit adenosine 
uptake. In a subsequent study, PmLLIS et aI. (1979) observed that theophylline (50-
100 mg' kg-I i.v.) antagonized the depressant effect of both adenosine and fluraze­
pam (applied microiontophoretically) on single neurons in the rat cerebral cortex. 
Diazepam (10- 6 and 10- 5 mol· 1-1) potentiated the effect of adenosine on noradren­
ergic neuromuscular transmission in rat isolated vas deferens and guinea-pig atria in 
vitro (CLANACHAN and MARSHALL, 1980a). More recently, BENDER et aI. (1980) and 
PmLLIS et aI. (1980) reinvestigated the effect of diazepam and flurazepam on 3H_ 
adenosine uptake by synaptosomes of rat cerebral cortex. They found a 13 % and 20% 
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inhibition by diazepam in concentrations of 10- 8 and 1O- 7 mol·l-1, respectively. 
The concentration-effect curve for this inhibition was very flat. Flurazepam was con­
siderably less potent than diazepam as an inhibitor of 3H-adenosine uptake. 

These few observations on the interaction of benzodiazepines with purine nu­
cleotides may be relevant in view of the proposed role of purine derivatives in synaptic 
functions of the central nervous system (BURNSTOCK, 1972; RIBEIRO, 1978; DAVIES and 
TAYLOR, 1979; OKADA, 1979) and the finding that endogenous brain purines have 
some affinity for the benzodiazepine binding sites. MACDoNALD et al. (1979) observed 
that microiontophoretic application of inosine to mouse spinal neurons grown in tis­
sue culture elicited two "transmitter-like" responses: a rapidly desensitizing excitatory 
and a nondesensitizing inhibitory response. Flurazepam imitated the excitatory re­
sponse and blocked the inhibitory response to inosine. The authors, therefore, sug­
gested that benzodiazepines might interact with purine receptors, which would, in 
fact, be identical with benzodiazepine receptors. 

It would seem that at least some of the benzodiazepines might enhance postulated 
physiologic purinergic mechanisms in the eNS by inhibiting the cellular uptake of 
adenosine and, in addition, perhaps by inhibiting phosphodiesterase activity. This 
view receives some support by the rather selective partial reduction of some benzo­
diazepine effects by caffeine, an adenosine receptor blocking agent (POLC et aI., 1981). 

XII. Enkephalins 

DUKA et al. (1979 b) injected rats intravenously with doses of diazepam ranging from 
0.1 to 2.5 mg' kg - I. The level of met-enkephalin-like activity measured by a highly 
specific radioimmunoassay was increased by about 35% in the hypothalamus and de­
creased by about 25% in the striatum 5 min after the injection of the highest dose. 
Whereas the enkephalin level was no longer significantly different from controls after 
20 min in the hypothalamus, it remained lowered for 60 min in the striatum and was 
normal again after 2 h. The enkephalin levels in medulla oblongata/pons and mid­
brain were unaltered by diazepam. The changes of leu-enkephalin levels seemed to 
parallel those of met-enkephalin. The concentrations of diazepam and active metab­
olites (measured by the receptor binding assay on isolated membranes) was highest 
5 min after injection (about 0.5 Ilmol·l-I) and declined rapidly within 60 min. The 
results were interpreted by the authors in the sense that benzodiazepines reduce the 
turnover of enkephalins in the hypothalamus, which is increased by stress, and in­
crease the turnover of enkephalins in the striatum, possibly as a counterregulating 
mechanism which is switched on by the reduced turnover of GABA in the substantia 
nigra. The changes produced by diazepam in the striatal enkephalin level, but not in 
the hypothalamus, were mimicked by muscimol and aminooxyacetic acid and blocked 
by bicuculline and naloxone (DUKA et aI., 1980). When diazepam (4mg·kg- 1 i.p.) 
and flunitrazepam (2 mg' kg-I i.p.) were injected daily for 28 days, an increase of met­
enkephalin occurred in the striatum, whereas met-enkephalin levels were unaltered in 
the hypothalamus and in the pons-medulla oblongata (WDSTER et aI., 1980a). The de­
crease of striatal met-enkephalin by a single dose of diazepam was blocked in animals 
treated for 28 days with morphine, but was enhanced in rats given ethanol for the 
same time. The changes in the met-enkephalin response observed after repeated treat-
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ment with benzodiazepines were explained by counterregulatory processes. It is inter­
esting that the changes of striatal met-enkephalin observed after chronic benzo­
diazepines were similar to those seen after repeated treatment with haloperidol and 
chlorpromazine (HONG et aI., 1978). 

Preliminary experiments by DUKA et aI. (1979b) suggested that diazepam (10- 6 

mol· 1- 1) did not affect the basal release of met-enkephalin from striatal slices. The 
interaction of opiate antagonists with some effects ofbenzodiazepines was mentioned 
in Chap. J,I. Diazepam (2.5 mg· kg-I) produced a moderate increase of pain thresh­
old (vocalization) in rats (WUSTER et aI., 1980b). This antinociceptive effect was great­
ly enhanced by the prior intracerebroventricular injection of bacitracin, believed to in­
hibit the enzymatic inactivation of enkephalins. Naloxone (10 mg· kg-I i.p.) reduced 
the threshold elevation by the combination of diazepam and bacitracin. 

XIII. Other Peptides 

The interaction of benzodiazepines with ACTH has already been discussed in the sec­
tion on 5-HT release (JAMES et aI., 1979) and 5-HT turnover (FILE and VELLUCCI, 
1978). 

XIV. Prostaglandins 

ALLY et aI. (1978) observed that chlordiazepoxide and diazepam (ICso, 890 and 
55 /lmol· 1- I) reduced and eventually abolished the vasoconstrictor effect of nor­
adrenaline and angiotensin II in isolated perfused rat mesenteric artery preparation, 
but failed to block vasoconstriction produced by potassium and vasopressin. The con­
centration-response curve for the inhibitory effect of the benzodiazepines was shifted 
to the left by the addition of imidazole, an inhibitor of thromboxane A z formation. 
The authors postulated that the benzodiazepines acted as competitive antagonists of 
thromboxane A2 and suggested that this prostaglandin could act as an endogenous 
ligand for benzodiazepine receptors in blood vessel and, possibly, also in the central 
nervous system. The problem is that no high affinity binding sites for benzo­
diazepines, corresponding to those present in the central nervous system, have been 
found in peripheral organs. The relevance of these findings in the isolated vessel prep­
aration for the pharmacologic effects of benzodiazepines, therefore, remains uncer­
tain. 

Pentetrazole and picrotoxin in convulsive doses produced a dose-dependent in­
crease ofPGF 2a' PGE2 and TXB 2-like immunoreactive material in the brains of mice 
killed at the time of occurrence of seizures (STEINHAUER et aI., 1979). Diazepam, 
10 mg· kg-I i.p., injected 30 min before the convulsants prevented both the seizures 
and the rise in prostaglandins. A similar effect was obtained with trimethadione 
500 mg· kg-I i.p. Indomethacin blocked the increase in prostaglandins but was un­
able to prevent the seizures. 

In contrast to diphenylhydantoin, 8.5 mg· kg-I diazepam i.p. did not inhibit the 
decapitation-induced increase of unesterified free fatty acids, including arachidonic 
acid, in the brain of rats (MARION and WOLFE, 1978). 
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XV. Conclusions 

Many of the presently established and putative neurotransmitter and mediator systems 
of the central nervous system have been reported to be affected by benzodiazepines. 
This is not at all surprising, but simply reflects the often neglected fact that even the 
most specific pharmacologic interaction with a single transmitter system within the 
complex neuronal machinery of the central nervous system must have consequences 
on the activity of a great number of other neuronal systems. The widespread effects 
of benzodiazepines on various electrical activities of many brain parts well illustrate 
this situation. The present knowledge suggests that benzodiazepines (a) modify the 
functions of some neurotransmitter systems indirectly by altering their neuronal in­
put; (b) affect some other chemical synapses in a yet unknown way; (c) leave unaf­
fected a few transmitter systems, and (d) specifically enhance transmission at 
GABAergic synapses. 

1. Neurotransmitter Systems Indirectly Affected by Benzodiazepines 

These systems comprise ACh, DA, NA, 5-HT and, possibly, histamine. Characteris­
tically, benzodiazepines do not affect all central pathways using a given transmitter. 
Some pathways are either resistant to these drugs or are affected only at much higher 
doses than other neurons using the same transmitter. The direction of the changes in­
duced by the drugs is usually a depression, although, in some cases, e.g., in the DA 
system, one pathway may be activated. The changes induced by benzodiazepines in 
the cholinergic and monoamine systems are below or at the limit of detection after 
low pharmacologic doses. Consistent changes are observed after high doses and in 
special conditions, in particular when these transmitter systems are abnormally acti­
vated, such as in stress or under the influence of other drugs (e.g., neuroleptics). A 
direct effect ofbenzodiazepines on presynaptic (transmitter synthesis, storage, release, 
uptake) or postsynaptic mechanisms (receptors and receptor-mediated events, inacti­
vation) of these transmitter systems can be safely excluded. Therefore, the changes in­
duced by benzodiazepines in the function of the ACh, DA, NA, 5-HT, and histamine 
system must result from a direct effect of these drugs on neuronal systems located up­
stream from the cholinergic and amine pathways. All the available data are consistent 
with the view that the changes occurring in these systems are secondary to modifi­
cations of GABAergic synapses. 

2. Transmitter and Mediator Systems Affected in a Yet Unknown Way 

The potentiation by benzodiazepines of synaptic effects of adenine nucleotides sug­
gests the possibility that these drugs interact with a hypothetical physiological modu­
latory role on pre- and postsynaptic events of purine derivatives released from specific 
purinergic neurons or liberated concomitantly with other neurotransmitters. The rel­
evance of these interactions with purines for the pharmacologic effects of benzo­
diazepines is yet obscure, as is the mechanism involved in this interaction. 

The met-enkephalin levels in the hypothalamus and in the striatum of rats have 
been reported to be altered in the opposite direction by benzodiazepines. Whether the 
changes in this peptide are linked to certain specific effects of benzodiazepines, re­
mains to be investigated. Some effects ofbenzodiazepines could be reduced by opiate 
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antagonists. This, by itself, does not necessarily indicate a specific involvement of en­
dogenous opiate-like compounds in certain effects of benzodiazepines, but may 
merely reflect the possibility that in complex behavioral functions the blockade of 
ongoing activity in endogenous opiate-like systems might interfere with the effects of 
benzodiazepines on other systems. 

The possible interaction ofbenzodiazepines with other pep tides (e.g., ACTH) and 
prostaglandins should be studied in the future. 

3. Transmitter Systems Apparently Unaffected by Benzodiazepines 

The present data fail to indicate changes in the dynamics of glutamate and glycine sys­
tems. The failure to detect changes in the turnover of these transmitters is most likely 
due to methodologic shortcomings. 

4. Specific Enhancement of GABAergic Transmission 

Data supporting the idea that benzodiazepines specifically enhance GABAergic trans­
mission are increasing at a fast rate. At all GABAergic synapses investigated so far, 
the facilitating effect of benzodiazepines has been demonstrated. Consistent and 
marked facilitation was observed in studies of GABAergic synaptic inhibition induced 
by electrically stimulating the neuronal afferents to GABAergic interneurons (presyn­
aptic inhibition in the spinal cord, pre- and postsynaptic inhibition in the dorsal col­
umn nuclei, recurrent inhibition in the hippocampus, hypothalamus, and cerebral and 
cerebellar cortex). Synaptic inhibition produced by directly stimulating axons of 
GABAergic projection neurons (striatonigral pathways, cerebellar Purkinje cell ax­
ons) was only enhanced by benzodiazepines when transmission had been reduced by 
depleting GABA or blocking GABA receptors. Attempts to explain the molecular 
mechanisms of action of benzodiazepines should take into account these differing 
findings on GABA interneurons and GABA projection neurons. 

While the facilitating action ofbenzodiazepines on GABAergic transmission is no 
longer seriously in doubt, much effort is at present being made to understand the mo­
lecular mechanisms of action of these drugs. Theoretically, these drugs could affect 
GABAergic transmission by a presynaptic (on the GABA neuron itself) or by a post­
synaptic (on GAB A follower cells) site of action, and experimental support for both 
possibilities has been obtained. Presynaptically, benzodiazepines could enhance the 
response of GABAergic interneurons to their excitatory input, resulting in an in­
creased firing of these cells; evidence for such an effect has been found in hippocampal 
slices (LEE et ai., 1979). Another presynaptic site of action could be the GABAergic 
nerve terminal, where benzodiazepines might enhance excitation-secretion coupling; 
evidence for an enhanced potassium-induced release of GABA from brain has been 
provided (MITCHELL and MARTIN, 1978). Postsynaptically, benzodiazepines have 
been proposed to enhance the binding of GABA to its receptors by competing with 
an endogenous modulator of GABA receptor (gabamodulin), which physiologically 
decreases the affinity of GABA for binding sites in synaptic membranes (GUIDOTTI 
et ai., 1979). An alternative postsynaptic mechanism of action is the suggested inter­
action with the coupling between GABA receptors and chloride channels or with the 
chloride channel itself (SIMMONDS, 1980). 
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Y. Benzodiazepines and Cyclic Nucleotides 

I. Cyclic 3',S'-Adenosine Monophosphate (cAMP) 

Diazepam and clonazepam (7 mg· kg - I i. p.) produced a slight increase of the cAMP 
level in the cerebellum, as did clonazepam in the cerebral cortex of mice. In the rat 
(GOVONI et aI., 1976) and the mouse (LUST et aI., 1978), cerebellar cAMP content was 
unaltered by various benzodiazepines in doses that markedly reduced the cerebellar 
cGMP level. However, the marked increase of cAMP produced in both structures by 
a convulsive dose of pentetrazole (100 mg· kg - I s.c.) was completely prevented by the 
two benzodiazepines (PALMER et aI., 1979). In isolated bullfrog sympathetic ganglion, 
diazepam (0.1 mmol·l- I ) markedly increased the basal content of cAMP; diazepam 
was more potent in this respect than theophylline and papaverine (SMITH et aI., 1979). 
In in vitro studies with mouse cerebral cortex, diazepam and clonazepam 
(0.6 mmol·1- 1) increased the basal level of cAMP; clonazepam (and diazepam in ten­
dency) augmented the elevation of cAMP by adenosine but reduced that evoked by 
ouabain (PALMER et aI., 1979). In slices of guinea-pig cerebral cortex, diazepam, des­
methyldiazepam, methyloxazepam, oxazepam, and chlordiazepoxide increased the 
basal level of cAMP at concentrations of 0.2 mmol·l- I and 0.5 mmol·l- I (SCHULTZ, 
1974). All these compounds also enhanced the cAMP elevation induced by histamine 
and by the combination of histamine plus noradrenaline. The calculated ECso for 
diazepam was 50 /lmol . I-I in the case of histamine stimulation and 16 /lmol . 1- I in 
the case of combined stimulation with histamine plus noradrenaline. Very similar re­
sults were obtained with chlordiazepoxide by HESS et al. (1975); however, these 
authors proposed that chlordiazepoxide affected cAMP by releasing adenosine. The 
adenosine-induced elevation of cAMP was only minimally enhanced by most benzo­
diazepines, probably because of the high level already achieved with adenosine alone. 
SCHULTZ (1974) interpreted these results as indicating an inhibitory effect of benzo­
diazepines on a low Km phosphodiesterase and suggested that active concentrations 
of these drugs could be reached by pharmacologically relevant doses. Different results 
were obtained in superfused slices of guinea-pig and rat cerebral cortex with the race­
mate and the enantiomers of oxazepam sodium hemisuccinate (TRA VERSA and NEW­
MAN, 1979). The pharmacologically more active d-isomer at 0.1 mmol·l- I doubled 
the cAMP content in the absence of adenosine, whereas the I-isomer and the racemate 
were inactive. The racemate and the I-isomer, however, greatly reduced the cAMP in­
crease induced by adenosine. The d-isomer was more potent than the I-isomer in in­
hibiting the uptake of adenosine by the slices. The accumulation of cAMP after ox­
azepam in the absence of exogenous adenosine was proposed to be mediated by 
adenosine, since theophylline, which blocks the stimulation of adenylate cyclase by 
adenosine, reduced the accumulation of cAMP induced by oxazepam. 

In intact neuroblastoma cells, diazepam and, to a lesser degree, chlordiazepoxide 
at 0.5 mmol·l- I enhanced the accumulation of cAMP induced by PGE 1 (SCHULTZ 
and HAMBRECHT, 1973). In the rat brain in vitro, BEER et al. (1972) found chlordiaz­
epoxide and diazepam to be potent inhibitors of cAMP phosphodiesterase. In con­
trast to theophylline, these two drugs were more potent inhibitors in brain than in 
preparations from heart, fat cells, and adrenal glands. Comparing a number of agents 
for their inhibitory action on brain phosphodiesterase and their antipunishment effect 
in a conflict procedure (water licking test), the authors arrived at the conclusion that 
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phosphodiesterase inhibition was the cause of the antianxiety effect of benzo­
diazepines. This view, however, is hardly supported by other evidence, and the appar­
ent antianxiety effect of methylxanthines in the water licking test casts doubts on its 
predictive value for therapeutic anxiolytic activity. The inhibitory activity of benzo­
diazepines on brain phosphodiesterase was confirmed by DALTON et aI. (1974). 
Medazepam, diazepam, chlordiazepoxide, N-desmethyldiazepam, oxazepam, and N­
desmethyloxazepam inhibited cAMP phosphodiesterase activity in the supernatant of 
homogenates of rat brain and mouse neuroblastoma cells with potencies in the order 
of papaverine and dipyridamole and superior to that of thephylline. When diazepam 
5 mg· kg- 1 was administered to cats in vivo, no inhibition of phosphodiesterase ac­
tivity could be detected in the brain ex vivo. The inhibitory effect on cAMP phospho­
diesterase is therefore unlikely to be involved to a relevant degree in the pharmaco­
logic actions of benzodiazepines; this view is also supported by the fact that medaze­
pam, which is an inactive benzodiazepine prodrug requiring enzymatic transforma­
tion into an active metabolite, was as potent as diazepam on phosphodiesterase activ­
ity in the three brain regions. 

In human blood platelets, chlordiazepoxide, diazepam, N-desmethyldiazepam, 
and oxazepam were weak inhibitors of phosphodiesterase or even inactive, as judged 
from potentiation of PGE1-mediated inhibition of ADP-induced aggregation (HESS 
et aI., 1975). At 1 mmol·l- 1 they inhibited ADP-induced platelet aggregation, but ob­
viously by a mechanism unrelated to phosphodiesterase inhibition. In vitro studies on 
inhibition of phosphodiesterase showed diazepam and chlordiazepoxide to be active 
in the rat brain (ICso of 33 and 110 Iffilol ·1- 1, respectively), while on the cat heart 
enzyme 60 j..lmol·l- 1 diazepam was required for 50% inhibition, and chlordiazepox­
ide proved inactive at 1 mmol·l- 1 (WEINRYB et aI., 1972). For comparison the ICso 
values for theophylline were 120 j..lmol·l- 1 in the brain and 50 j..lmol·l- 1 in the heart. 

II. Cyclic 3',5'-Guanosine Monophosphate (cGMP) 

The study of cGMP in the cerebellum was an important biochemical approach in the 
discovery of benzodiazepine-GABA interactions. The starting point for this model 
was the finding that the cGMP content of the mouse cerebellum in vivo could be al­
tered by stress, such as cold exposure (MAO et aI., 1974) and by various drugs (COSTA 
et aI., 1975 a, b). In an attempt to define the neurotransmitters that regulate the cGMP 
content of the cerebellar cortex, it was most elegantly shown that increased activation 
of cerebellar Purkinje cells by either of the two excitatory afferent systems to the cer­
ebellar cortex, the so-called climbing fibre system or the mossy fibre system, resulted 
in an increased cGMP content. A rather selective stimulation of climbing fibres can 
be obtained with the tremorigenic harmaline (COSTA et aI., 1975a, b; BIGGIO et aI., 
1977b, c). An elevation of cerebellar cGMP is obtained by harmaline, by inhibiting 
the biosynthesis of GABA, e.g., with isoniazid, or by blocking GABA receptors with 
picrotoxin (SPANO et aI., 1975; OPMEER et aI., 1976; MAILMAN et aI., 1978), but also 
after non stressful locomotor activity (MEYERHOFF et aI., 1979). Benzodiazepines alone 
were found to decrease the normal cGMP level in the cerebellar cortex and to prevent 
the rise of cGMP after harmaline, isoniazid, picrotoxin, pentetrazole, and elec­
troshock, along with a reduction of convulsions (MAO et aI., 1975 a, b; COSTA et aI., 
1975a, b, 1976, 1978; SPANO et aI., 1975; OPMEER et aI., 1976; NAIK et aI., 1976; GUI-
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DOTTI, 1978; LUST et aI., 1978; MAILMAN et aI., 1978; CHAN-PALAY and PALAY, 1979; 
SZMIGIELSKI and GUIDOTTI, 1979). 

The effects of systemic benzodiazepines could be mimicked by local injections of 
diazepam or the GABA mimetic, muscimol, into the cerebellar cortex. The difference 
between diazepam and muscimol was the dependence of the diazepam effect on the 
presence of endogenous GABA in the cerebellar cortex, whereas muscimol still re­
duced cGMP after depletion of endogenous GABA (BIGGIO et aI., 1977 a; COSTA et 
aI., 1978). Diazepam was not able to further reduce the low level of cerebellar cGMP 
in "nervous" mutant mice, a genotype with a dramatic loss of Purkinje cells (MAO et 
aI., 1975c). However, diazepam still reduced cerebellar cGMP in mice in which the 
climbing fibre system was eliminated by neurotoxic destruction of the olive by 3-
acetyl-pyridine (BIGGIO et aI., 1977b, c). Diazepam inhibited the rise of cerebellar 
cGMP induced by apomorphine (BIGGIO et aI., 1976; BURKARD et aI., 1976a, b) and 
amphetamine (GUMULKA et aI., 1976), drugs that indirectly activate the excitatory in­
put to the cerebellar cortex. An increase of the cGMP level in the medial forebrain 
and the cerebellum of mice occurred after stress induced by forced swimming in ice 
water for 30 s; pretreatment of the animals with 1 mg· kg - 1 diazepam markedly re­
duced the cGMP levels in both stressed and unstressed animals (DINNENDAHL and 
GUMULKA 1977). Pentobarbitone, chlorpromazine, haloperidol, reserpine, and 
aminooxyacetic acid (AOAA) had similar effects. In newborn rats, in which synaptic 
contacts on Purkinje cells are rudimentary, benzodiazepines failed to decrease cerebel­
lar cGMP, while intracerebroventricularly injected GABA was active (SPANO et aI., 
1975; GOVONI et aI., 1976). Diazepam also lowered the cGMP content of the deep cer­
ebellar nuclei (BIGGIO et aI., 1977 b), whose neurons are strongly inhibited by the GA­
BAergic cerebellar Purkinje cells. The increase of cerebellar cGMP induced by the in­
tracerebroventricular injection of glutamate was inhibited by diazepam (COSTA et aI., 
1975a). 

The relative potency of various benzodiazepines in reducing rat cerebellar cGMP 
level corresponded nicely with their potencies as sedatives and anxiolytics (GOVONI et 
ai., 1976; BURKARD, personal communication). 

The large number of data from experiments on cerebellar cGMP were interpreted 
as indications that benzodiazepines enhance in some way the GABAergic inhibitory 
input to cerebellar Purkinje cells and, by thus changing the balance between excitatory 
(glutamate) and inhibitory (GABAergic) inputs, decrease the formation of cGMP 
(COSTA et aI., 1975 a, b; GUIDOTTI, 1978). However, immunocytochemical studies in 
the cerebellum have shown a preferentiallocalization of cGMP in neuroglial cells, and 
the relation between GABAergic transmission and cerebellar cGMP may, therefore, 
be more complicated (CHAN-PALAY and PALAY, 1979). Furthermore, it is still un­
known whether the excitatory transmitter, presumably glutamate, excites Purkinje 
cells through the action of cGMP or whether the cGMP levels secondarily reflect the 
state of activity of these cells. It should also be mentioned that benzodiazepines were 
markedly more potent in reducing cGMP than barbiturates and that the anticonvul­
sant, diphenylhydantoin, was completely ineffective (COSTA et ai., 1975b). 

In tissue slices of rat substantia nigra, GABA (0.5 mmol·l- I ) as well as chlordi­
azepoxide (3 mmol·l- I ) reduced the level of cGMP (WADDINGTON and LONGDEN, 
1977). In the isolated sympathetic ganglion, diazepam (0.1 mmol . 1- I) elevated the 
basal content of cGMP (SMITH et aI., 1979). 
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III. Conclusions 

Several investigators have found an increase by benzodiazepines of resting or evoked 
cAMP levels in isolated tissues, which was ascribed to a release of adenosine or to an 
inhibition of phosphodiesterase. The high concentration of benzodiazepines required 
and their relative potencies make it very unlikely that these observations are relevant 
for the pharmacologic effects of these drugs. 

The consistent decrease of cerebellar cGMP levels by benzodiazepines is not due 
to direct interactions with the cGMP generating and metabolizing mechanisms, but 
rather reflects the depressant effect of these drugs on the firing rate of neurons, whose 
synaptic excitation results in the increase of intracellular cGMP. 

z. Benzodiazepine Receptors 

U sing methods developed earlier for the demonstration of specific binding sites for 
neurotransmitters and their antagonists in cell-free systems, SQUIRES and BRAESTRUP 
(1977), BRAESTRUP and SQUIRES (1977), MOHLER and OKADA (1977 a, b), and Bos­
MANN et aI. (1977) first demonstrated with 3H -diazepam as ligand the presence of spe­
cific and saturable high-affinity binding sites for benzodiazepines in membrane prep­
arations in rat and human central nervous system. The binding characteristics and the 
relative affinities of various representatives of this chemical class of compounds were 
compatible with the view that these binding sites, in part or entirely, are the receptors 
which mediate the specific pharmacologic effects ofbenzodiazepines. It is in this quali­
tative, rather than quantitative meaning, that the terms "benzodiazepine receptor" 
and "specific benzodiazepine binding site" will be used interchangeably in the follow­
ing. 

The early findings on benzodiazepine binding sites were rapidly confirmed and ex­
tended in many laboratories. Rat brain homogenates frozen for up to 1 month show 
little loss of 3H-diazepam or 3H-flunitrazepam binding capacity (COLELLO et aI., 
1978 a), which greatly facilitates the investigation of these binding sites. 

I. Main Characteristics of Benzodiazepine Receptors 

1. Affinity 

In in vitro benzodiazepine binding assays, the amount of 3H-diazepam or 3H-fluni­
trazepam of high specific activity bound to brain membrane is determined in the pres­
ence and absence of high concentrations of an unlabeled potent benzodiazepine 
(Fig. 4). The amount of radioactive ligand displaceable in the presence of the excess 
of unlabeled benzodiazepine is termed "specifically bound" and was found to be 
saturable with increasing concentrations of radioactive ligand, indicating that only a 
limited number of specific benzodiazepine binding sites are present in the tissue. In 
contrast, nondisplaceable binding ("nonspecific binding") increased linearly when the 
same concentrations of radioactive ligand were used. 

The affinity of pharmacologically active benzodiazepines for these specific binding 
sites is very high, half-maximum saturation occurring, e.g., for diazepam at 2-
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Fig. 4. Benzodiazepine receptor binding in rat cerebral cortex in vitro. Increasing concentrations 
of 3H-diazepam were incubated with crude synaptosomal preparations in the absence (total 
binding) and presence of 1 ~ flunitrazepam (nonspecific binding). Specific binding is obtained 
by subtracting nonspecific from total binding. (Courtesy of Dr. H. MOHLER) 

8 nmol'l- 1. This high affinity permits a high degree of receptor occupation to be 
reached at the concentrations ofbenzodiazepines that occur in the brain after average 
pharmacological doses, even when taking into consideration that only an unknown 
part of free molecules is available for interaction with the receptors. All benzo­
diazepine derivatives investigated so far interacted in a purely competitive and revers­
ible manner with specific binding of 3H-diazepam or 3H-flunitrazepam. A good cor­
relation was found between their displacing potencies in the radio ligand binding assay 
and their relative potencies in in vivo pharmacologic tests (and therapeutic activity). 
A large number of compounds structurally related to diazepam have been tested for 
their inhibitory effect on 3H-diazepam binding in many laboratories, and only a small 
part of these results have been published. Data available from the literature are, how­
ever, sufficient to demonstrate the correlation just mentioned (BRAESTRUP et aI., 1977; 
MOHLER and OKADA, 1977 a, 1978; BRAESTRUP and SQUIRES, 1978 a; MACKERER et aI., 
1978; MULLER et aI., 1978 b; MALICK and ENNA, 1979). The few exceptions find a logi­
cal explanation in the fact that some compounds require biotransformation into phar­
macologically active molecules and, therefore, are weakly active in the in vitro binding 
assay, or that some compounds are rapidly inactivated in vivo and, therefore, appear 
more potent in the in vitro binding assay than in in vivo tests. 

Furthermore, enantiomers of benzodiazepines with a chirality center in position 
3 differed in their potencies in displacing the radioligands from the specific binding 
sites, in agreement with the difference in pharmacologic activity of the stereoisomers 
(MOHLER and OKADA, 1977 a, 1978; WADDINGTON and OWEN, 1978). Only the en­
antiomers of oxazepam were reported to lack stereospecific displacement of 3H_ 
diazepam in membranes from rat spinal cord (MULLER et ai., 1978a). 
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2. Specificity 

In the in vitro benzodiazepine binding assay using brain membrane preparations at 
o °C, nearly all of the radioactive ligand bound to the tissue is associated with the ben­
zodiazepine specific binding sites (90%) at ligand concentrations that are of interest 
to pharmacologists (1-1000 nmol·l- 1 3H-diazepam) (MOHLER and OKADA, 
1977a, b). 

The ligand specificity of the receptor for molecules closely related to benzo­
diazepines is impressive. High affinities were found for compounds differing from the 
classical 1,4-benzodiazepines by substitution of ring A by aromatic heterocyclic rings 
(e.g., thiophene), by the position of the two nitrogens within ring B (e.g., 1,5-benzo­
diazepines), or by the lack of one nitrogen in ring B (e.g., 1-benzazepines). However, 
for hundreds of compounds not belonging to diazepines or azepines, no relevant af­
finity for the receptor was found apart from some triazolopyridazines, which show an­
ticonvulsant and anxiolytic action and displace 3H-diazepam and 3H-flunitrazepam 
binding with K;-values in the 10-1,000 nmol·l- I range (LIpPA et aI., 1979; SQUIRES 
et aI., 1979b, 1980; KLEPNER et aI., 1979), the anxiolytic and hypnotic zopiclone (K; 
30 nmol·l- I in 3H-diazepam binding; BLANCHARD et aI., 1979), and the inhibitor of 
adenosine uptake, dipyridamole (K; 300 nmol'l- I ) (DAVIES et aI., 1980). 

3. Irreversible Ligands 

For several reasons, in particular for the isolation and purification of the presumed 
benzodiazepine receptor, for its autoradiographic localization in tissue slices, the 
availability of a highly specific irreversible ligand would be of immense utility. Two 
approaches were used to obtain a covalent binding of a ligand to the benzodiazepine 
recognition site. RICE et aI. (1979) prepared a benzodiazepine with an isothiocyanate 
function in an ethane side chain attached to the nitrogen in position 1. This com­
pound, coined "irazepine," was shown to inhibit benzodiazepine receptor binding in 
synaptosomal membranes in a noncompetitive fashion. Model experiments suggest 
that the presumably covalent binding of the ligand may occur through a thiourea or 
dithiocarbamate bridge to primary and secondary amine or mercaptan groups of the 
benzodiazepine binding molecule. The specificity of this ligand and, hence, its useful­
ness as a marker of the benzodiazepine receptor, remains to be demonstrated. In mice 
and rats, the systemic administration of irazepine did not result in a prolonged seda­
tive effect (BONETTI, personal communication). 

Another approach to the covalent labeling of the benzodiazepine receptors makes 
use of the photoaffinity labeling (MOHLER et aI., 1980 a). After incubating synapto­
somal fractions of rat cerebral cortex with 3H-flunitrazepam and illuminating with 
near UV light, followed by thorough washing, an apparently covalent binding of 3H_ 
flunitrazepam to the receptor was found. This irreversible binding could be prevented 
by simultaneous incubation with various active benzodiazepines with a potency cor­
responding to their affinity to the benzodiazepine receptor. Furthermore, there was 
an excellent inverse correlation between increase of irreversible 3H-flunitrazepam 
binding and the reduction of reversible 3H-diazepam binding sites. In addition to 
flunitrazepam, two other 7-nitrobenzodiazepines (clonazepam, nitrazepam) were 
found to interact irreversibly with benzodiazepine receptors in vitro (JOHNSON and 
YAMAMURA, 1979). 
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4. Solubilization 

Solubilization of the specific benzodiazepine binding sites of brain membranes was 
achieved with digitonin (GAVISH et aI., 1979), Lubrol (TALLMAN et aI., 1980 b; YOUSUF! 
et aI., 1979) and Triton X-100 (CHIU and ROSENBERG, 1979) as detergents. Binding re­
covery in the former case was about 50% and the KD value for flunitrazepam 
(1.5 nmol·l- I ) similar to that obtained with membrane bound receptors. A similar 
drug specificity was found with the solubilized and bound receptors using various ac­
tive and inactive ligands. The temperature dependence of 3H-diazepam binding was 
also present with the solubilized receptor preparation, however, GABA did not in­
crease binding of 3H-diazepam to the solubilized receptors (YOUSUFI et aI., 1979). 

n. Regional Distribution of Benzodiazepine Receptors 
The density of specific benzodiazepine binding sites varies considerably (by a factor 
of 24) in various parts of the rat and human central nervous gray matter (BRAESTRUP 
and SQUIRES, 1977; BRAESTRUP et aI., 1977; MOHLER and OKADA, 1977 a, 1978b; 
MACKERER et aI., 1978; MULLERetaI., 1978a; SPETH et aI., 1978; PLACHETA and KARO­
BATH, 1979; YOUNG and KUHAR, 1980). Density is highest in the cerebral cortex, me­
dium in the cerebellar cortex, limbic structures, thalamus and hypothalamus, and low 
in the lower brain stem and the spinal cord. The white matter (e.g., corpus callosum) 
contains virtually no binding sites. The apparent affinity constants did not differ sig­
nificantly in the various structures. If a correlation between benzodiazepine receptor 
density and the density of neurotransmitter levels or receptors had to be done, it 
would be best, although not complete, with GABA (MOHLER and OKADA, 1978). In 
all regions of the rat CNS, the number of 3H-flunitrazepam binding sites was consis­
tently smaller than that of GABA binding sites; the difference was most marked in 
the cerebellum (PLACHETA and KAROBATH, 1979). Using a newly developed light mi­
croscopic autoradiographic method, which circumvents the problems encountered 
with diffusible ligands, YOUNG and KUHAR (1979, 1980) studied the localization of 
benzodiazepine receptors in human, mouse and rat central nervous system labeled 
with 3H-flunitrazepam. Specific binding sites were absent in the white matter, and 
there were interesting differences in the density of labeled binding sites in the various 
cell layers of cortical gray matter (Fig. 5). A very restricted distribution was also found 
in the dorsal horn of rat spinal cord. No simple correlation between the distribution 
of benzodiazepine and GABA receptors emerged from this investigation. Species dif­
ferences in the distribution of benzodiazepine receptors in the cerebellar cortex call 
for caution in extrapolating animal data to the human nervous system. 

Specific high-affinity binding sites for benzodiazepines, as they were characterized 
in the central nervous system, have not been detected in tissues outside the central ner­
vous system except the retina (HOWELLS et aI., 1979; OSBORNE, 1980; BORBE et aI., 
1980; PAUL et aI., 1980). However, benzodiazepine binding sites with distinct charac­
teristics were found in the kidney, lung, and liver cells, but not in skeletal muscle 
(BRAESTRUP and SQUIRES, 1977; MOHLER and OKADA, 1977b). These "peripheral 
type" receptors differ from the central benzodiazepine receptors either in affinity or 
ligand specificity, or both. For instance, the centrally inactive benzodiazepine, Ro 5-
4868, had a rather high affinity for binding sites in the kidney. Rat astrocytoma cells 
seem to contain benzodiazepine binding sites with similar characteristics to those 
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Fig. 5 A-C. Visualization of benzodiazepine receptors in human cerebellum using 3H-fluni­
trazepam binding. The dark-field photomicrograph in A shows the autoradiographic grain dis­
tribution over the tissue in B. The density of receptors is high in the molecular layer M and 
in the granule cell layer G, low in the Purkinje cell layer (indicated by arrows) and zero in the 
white matter W. The dark-field photomicrograph in C shows the blockade of receptor binding 
in an adjacent 4-llm section due to the addition of 1 11M cionazepam. Cryostat sections of tissue 
were thaw-mounted onto gelatin-coated slides and dipped into 1 11M 3H-flunitrazepam of high 
specific activity. After 40 min incubation at 4 °C the sections were washed for 2 min and dried. 
Emulsion-coated coverslips were attached to the slide. After exposure for 2 weeks the coverslips 
were gently bent away from the tissue sections, the latent autoradiograms developed, and the 
tissues fixed and stained with pyronine Y. (From YOUNG and KUHAR, 1979) 

found in the kidney (MALLORGA et aI., 1979; STRITTMATTER et aI., 1979b). Of several 
cultured cell lines of neural origin, the rat C6 glioma and mouse NB 41 A 3 neuro­
blastoma were found by SYAPIN and SKOLNICK (1979) to posses a large number of the 
"peripheral-type" benzodiazepine receptors. The authors discussed the possibility 
that an oncogenic mechanism was responsible for the transformation of the "central 
type" to the "peripheral type" benzodiazepine receptor. 

Low affinity binding sites for benzodiazepines are found on plasma albumin. The 
KD for chlordiazepoxide was determined to be 2.5 x 10- 5 mol· I-I by SOLLENNE and 
MEANS (1979). The sites are rather specific for benzodiazepines and L-tryptophan 
(MULLER and WOLLERT, 1975a, b; BALL et aI., 1979; FEHSKE et aI., 1979). A high af­
finity of flunitrazepam for melanin-containing cells in the retina has been found 
(KUHN, 1980).These binding sites have not yet been characterized. 

III. Multiplicity of Benzodiazepine Receptors 

While early studies of the central benzodiazepine receptors in animal and human cen­
tral nervous system appeared to indicate the presence of a uniform population of spe­
cific binding sites, SQUIRES et al. (1979a, b, 1980), KLEPNER et al. (1979) and COUPET 
and SZUCS-MYERS (1979) first provided evidence for the heterogeneity of benzo-



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 179 

diazepine receptors. Thermal inactivation of 3H-flunitrazepam binding sites at 60°C 
in 50 mmol·l- I Na phosphate (but not in Tris buffer) suggested the presence of two 
components with half-lives of inactivation of about 8 and 70 min. Measurements of 
"off-rates" of the dissociation of radio ligands in the presence of high concentrations 
of the respective unlabeled benzodiazepine (1 Ilmol'l-I) showed a biphasic dissoci­
ation at 0 °C with components having half-lives of 2 and 9 min. Dissociation of 3H_ 
diazepam in the presence of a triazolopyridazine or cold diazepam was identical in re­
spect to the fast component; however, the slow component of dissociation in the pres­
ence of the triazolopyridazine became even slower, the half-life being increased three­
fold. The interpretation was that the triazolopyridazine compound had a significantly 
lower affinity for the "slow dissociating" binding site than for the "fast dissociating" 
one. Furthermore, in heat-pretreated membranes the interaction of triazolopyri­
dazines with 3H-diazepam and 3H-flunitrazepam binding was indicative of two ben­
zodiazepine binding sites. Further evidence for two populations ofbenzodiazepine re­
ceptors is derived from the finding that GABA and muscimol partially protected one 
population of binding sites from heat inactivation, but not the other one (SQUIRES et 
aI., 1979b). This protective property of GAB A and muscimol is shared by the GABA 
mimetics, fj-guanidino-propionic acid, fj-alanine, and imidazole acetic acid. Surpris­
ingly, however, the GABA mimetics, THIP and isoguvacine, failed to protect from 
heat inactivation. SQUIRES et aI. (1979c, 1980) proposed that a specific type of GABA 
receptors, stimulated by GABA mimetics of the GABA-muscimol type, but not by 
THIP and isoguvacine, cause conformational changes in the associated benzo­
diazepine receptors, making them more resistant to heat inactivation and increasing 
their affinities for diazepam and flunitrazepam. KLEPNER et aI. (1979) proposed the 
presence of two distinct binding sites for benzodiazepines. Type I benzodiazepine re­
ceptors predominate in the cerebellum, have a high affinity for triazolopyrazines, and 
would not be coupled to GABA receptors and chloride channels; Type II benzo­
diazepine receptors predominate in the frontal cortex and hippocampus, have a low 
affinity for triazolopyridazines, and are coupled to GAB A receptors and chloride con­
ductance mechanisms. Whereas triazolopyridazines have a high affinity for Type I 
and a lower affinity for Type II receptors, benzodiazepines do not discriminate be­
tween the two. The suggestion that Type I receptors would mediate primarily anxio­
lytic activity, whereas Type II receptors would be responsible for sedative and ataxic 
effects, does not appear too convincing in view of the regional distribution of these 
binding sites. Evidence for the molecular heterogeneity of benzodiazepine binding 
sites ("isoreceptors") was provided by SIEGHART and KAROBATH (1980). After 
photoaffinity labeling of receptors with 3H-flunitrazepam in membrane fractions of 
various rat brain regions, the membranes were dissolved in sodium dodecylsulphate 
(SDS) and subjected to SDS-polyacrylamide gel electrophoresis and fluorography. In 
the cerebellum irreversible binding of 3H-flunitrazepam was restricted to a single pro­
tein band with an apparent molecular weight of 51 ,000 daltons. In other brain regions 
most of the radioactivity was associated with the same protein band (P 51), except in 
the spinal cord, where this band was very weakly labeled. The PSI benzodiazepine re­
ceptor seems to be identical with that described by MOHLER et aI. (1980 a). Extracere­
bellar brain regions contain several other labeled protein bands in addition to PSI with 
apparent molecular weights of 53,000 (P 53),55,000 (P 55), and 59,000 (P 59)' The most 
prominent of these, Pss , was most highly labeled in hippocampal membranes. 
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Whereas diazepam inhibited irreversible binding of 3H -flunitrazepam to P 51 in cere­
bellum and to P 51 and P 55 in hippocampus to the same extent, the triazolopyridazine, 
CL 218,872, prevented irreversible binding to P 51 more strongly than to P 55. Su­
PAVILAI and KAROBATH (1980) determined different KD values for 3H-flunitrazepam 
in hippocampal and cerebellar membrane preparations. 

It appears likely, therefore, that at least two distinct populations of benzo­
diazepine receptors exist, which can be differentiated by their stability to heat, by the 
rate at which ligands dissociate from them, by their different affinities for triazolopyrid­
azines, by their apparent association with two classes of GABA receptors, distinct 
by their different affinities for benzodiazepines, and by their apparent molecular 
weight. Whether these populations of receptors mediate different pharmacologic ef­
fects is yet unknown. 

IV. Influence of Physical Factors on Benzodiazepine Binding 

1. Temperature 

Equilibrium of specific 3H -diazepam binding is reached within 10-15 min at 0 °C and 
this time increases with temperature (BRAESTRUP and SQUIRES, 1977; MOHLER and 
OKADA, 1977b; BRILEY and LANGER, 1978; SPETH et aI., 1979a), whereas nonspecific 
binding is not temperature dependent (MOHLER and OKADA, 1977b). Arrhenius plots 
of the temperature dependence of 3H-diazepam binding show a break in the curve 
which indicates that the binding site undergoes a conformational change at about 
18°C. At 37 °C the specific binding of 3H-diazepam is only 2% of that occurring at 
o 0c. The reason for this low binding of 3H-diazepam at 37°C, as opposed to that 
of 3H-flunitrazepam, was investigated by BRAESTRUP and SQUIRES (l978b), who 
found that the rate of dissociation of 3H-diazepam was much more rapid than that 
of 3H-flunitrazepam and that in centrifugation assays the binding of 3H-diazepam 
was considerably less sensitive to temperature than in the usual filtration assays. The 
temperature dependence of 3H-diazepam binding was also found with solubilized re­
ceptor proteins from cortical membranes (TALLMAN et aI., 1980b; YOUSUFI et aI., 
1979). When membrane preparations are stored at 37°C in the presence or absence 
of a benzodiazepine, before equilibrium binding of a radiolabeled benzodiazepine is 
performed at 0 °C, the affinity is markedly enhanced (BRAESTRUP and SQUIRES, 1977; 
SPETH et aI., 1979b). It is not yet known whether this phenomenon is due to the post­
mortem degradation of factors that reduce the affinity of benzodiazepines for their 
binding sites or to the postmortem formation of GABA, which would enhance this 
affinity. 

2. pH 

The pH optimum of binding is rather broad, i.e., pH 6.5-9 in triphosphate buffer 
(MOHLER and OKADA, 1977b); in glycine-NaOH, pH optimum was 9.5 (BRAESTRUP 
and SQUIRES, 1977). 

3. Ions 

Early studies did not reveal significant effects of ionic changes on specific 3H-diaze­
pam binding (MOHLER and OKADA, 1977 b). BOSMANN et ai. (1977) observed that 
10 mmol·l- 1 EDT A lowered the binding of 3H -diazepam to rat brain membranes by 
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20%, suggesting ionic requirements for optimal binding. Monovalent cations in high 
concentrations were all found to enhance the binding. Two more recent investigations 
gave somewhat discrepant results. MACKERER and KOCHMAN (1978), working with 
crude synal?tic membrane preparations from the whole brain and spinal cord of rats 
found a very slight enhancement of 3H-diazepam binding with various monovalent 
cations (except cesium) and a slight inhibition with monovalent anions. However, 
binding was markedly enhanced by divalent cations, Ni2+ being the most effective. 
This increased binding was due exclusively to an enhanced affinity. COSTA et ai. (1979) 
observed that of 18 anions tested, only five produced a concentration-dependent en­
hancement of 3H-diazepam binding at 0 DC, namely iodide, bromide, chloride, thio­
cyanate, and nitrate. This effect was absent at 37 DC. The enhanced binding at 0 DC 
was due to an increased affinity; only the dissociation rate constant, but not the as­
sociation rate constant, was decreased. The correlation between the capacity of anions 
to enhance 3H-diazepam binding and to serve as current carriers in the GABA-regu­
lated chloride channel was not perfect. In spite of this and the absence of an anion 
effect at physiologic temperature, COSTA et ai. (1979) and RODBARD et ai. (1979) pro­
posed that their results indicated an association between the benzodiazepine binding 
site and a chloride channel, possibly the same to which the GABA receptor is coupled, 
a view which has been questioned by CANDY and MARTIN (1979). In analogy to the 
opiate receptor, where agonist binding, but not antagonist binding is affected by the 
ion species in the presumed opiate-modulated conductance mechanism, COSTA et ai. 
(1979) hypothetized that benzodiazepines acted as agonists at this receptor, while a 
potential endogenous ligand would behave as an antagonist. 

v. Nature of the Benzodiazepine Binding Site 

The destruction of the binding capacity of membrane fragment with trypsin and chy­
motrypsin (BRAESTRUP and SQUIRES, 1977; MOHLER and OKADA, 1977b; LANG et aI., 
1979) indicated that the benzodiazepine receptor may be a protein. From enzymatic 
inactivation studies, BOSMANN et ai. (1977) concluded that the binding site may be a 
complex involving protein, phospholipid, and N-acetylneuraminic acid. The mem­
brane-bound benzodiazepine receptor appears to be rather stable; isolated mem­
branes stored at -18 DC for 7 days showed no loss of activity (BRAESTRUP and 
SQUIRES, 1977). Incubating preparations at 50 °C-60 DC initially increased specific 
binding and then inactivated the receptor with a half-life of 3 hand 10 min, respec­
tively (BRAESTRUP and SQUIRES, 1977). Incubation at pH 11 did not destroy specific 
binding, but at pH 2 specific activity completely disappeared within 20 min. 

MOHLER et ai. (1980a) succeeded in covalently binding 3H-flunitrazepam to the 
benzodiazepine receptor by photoaffinity labeling. P2 fractions incubated with 3H_ 
flunitrazepam and brain tissue slices of rats injected intravenously with the radioli­
gand were illuminated with near-UV light. The 3H-flunitrazepam incorporated could 
not be washed out or separated from proteins or dialyzed after solubilization of the 
membranes, demonstrating its heat- and light-stable covalent binding to the receptor. 
Trypsin treatment of the photolabelled, solubilized P 2 fraction indicated that the 
binding site was a protein. By sodium-dodecyl-sulphate gel electrophoresis the molec­
ular weight of the photolabelled receptor protein was calculated to be about 50,000 
daltons. This protein may be part of a larger receptor complex solubilized in Lubrol 
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by TALLMAN et ai. (1980b) and LANG et ai. (1979). At present, it can only be speculated 
as to the part played by the protein identified by MOHLER et ai. (1980 a) in the supra­
molecular complex which binds benzodiazepines and initiates the chain of events lead­
ing to the pharmacologic effects of these drugs. 

VI. Cellular Localization of Benzodiazepine Receptors 

The most important question which has to be answered before we may begin to under­
stand the function of the benzodiazepine receptors in the synaptic pharmacology of 
benzodiazepines is that of the type of cells that bear the receptors. Mostly indirect ap­
proaches have been used so far for cellular localization. 

BRAESTRUP et ai. (1978) did not detect specific high-affinity binding sites for 3H_ 
diazepam in primary cultures of mouse cerebral astrocytes and concluded that benzo­
diazepine receptors were probably confined to neurons and absent on glia. However, 
BARALDI et ai. (1978, 1979 b) described high-affinity binding sites of diazepam in fresh 
membranes prepared from both NG2 neuroblastoma and C6 glioma cell lines; it is 
doubtful whether these benzodiazepine receptors are identical with those present in 
the central nervous system, since the relative potencies of various benzodiazepines as 
displacers of 3H-diazepam binding differ considerably (BARALDI et aI., 1979 a). HENN 
and HENKE (1978) found more 3H-diazepam binding in fractions from bovine cerebral 
cortex containing astroglial cells than in fractions enriched with nerve endings. SYAPIN 
and SKOLNICK (1979) compared 3H-diazepam binding in a variety of cultured tumors 
cells lines of neural origin (gliomas, neuroblastomas, glioblastomas, astrocytomas, 
etc.). The number of binding sites was higher in a glioma and neuroblastoma cell line 
than in the rat cortex, but lower in other cell lines. The affinity was lower than in rat 
cortex and, most important, the order of potency of various benzodiazepines in dis­
placing 3H-diazepam was quite different from that found in rat cortex and similar to 
that found in membranes of rat kidney. Besides suggesting that benzodiazepine recep­
tors may be present in different cell types, these studies also demonstrate that cultured 
cells, particularly from tumors, may not be representative for the binding sites in the 
intact normal central nervous system. DUDAI and YAVIN (1979) studied 3H-flunitraze­
pam binding in neuronal-enriched and glia-enriched cultures of cells isolated from 
fetal rat brain and found similar binding characteristics in both types of cultures. 

Another approach used for cellular localization of benzodiazepine receptors was 
the study of 3H-diazepam binding sites in brains of animals with genetic and ex­
perimental degeneration of distinct neurons or neuronal pathways and in postmortem 
human brain affected by well-defined degenerative diseases. The number of 3H-diaze­
pam binding sites in the cerebellar cortex of mutant "nervous" mice was identical with 
that in normallittermates at an age of 15-21 days, when the Purkinje cells are still pre­
sent in a normal number, but reduced by about 85% at the age of 60-70 days, when 
approximately 90% of the Purkinje cells in the cerebellar hemispheres had disap­
peared (LIPPA et aI., 1978a). Similar findings in adult "nervous" mice were reported 
by SPETH and Y AMAMURA (1979), SKOLNICK et ai. (1979 a), and BRAESTRUP et ai. 
(1979b). An almost 50% reduction of 3H-flunitrazepam binding sites in cerebellum 
was also found in "staggerer" mice, which are characterized by the absence of synaptic 
spines in Purkinje cell dendrites (SPETH and YAMAMURA, 1979). In "reeler" and 
"weaver" mutant mice, which lack the excitatory granule cells in their cerebellar cor-
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tex, the number of 3H-flunitrazepam binding sites was found to be normal (BRAES­
TRUP et al., 1979 b) or higher by 44% and 25% than in normal control mice (SPETH 
and Y AMAMURA, 1979). The KD values for 3H-flunitrazepam binding were identical 
in all mutant and normal mice. These findings support the view that most benzo­
diazepine binding sites in the cerebellar cortex are on Purkinje cells. 

In the brain of patients with Huntington's chorea, 3H-flunitrazepam and 3H_ 
diazepam binding was reduced by 50% in the putamen; however, it increased by 25% 
in the frontal cortex and cerebellum and was unchanged in the caudate nucleus 
(REISINE et ai., 1978, 1979; MOHLER and OKADA, 1978). KD was increased about two­
fold and Bmax decreased by 40% in putamen. KD was unaltered in frontal cortex and 
cerebellum, but Bmax increased by about 30%. The decreased affinity in the putamen 
was tentatively explained by the drastic depletion of GABA or by conformational 
changes of the receptor. Since it is known that basal ganglia in Huntington's chorea 
show a selective loss of small intemeurons but rather a proliferation of glial elements, 
the moderate decrease ofbenzodiazepine receptor density was assumed to reflect the 
occurrence of part of them in glia cells. The increase of binding sites in the cortex and 
cerebellum was proposed to be a reaction to the loss of a "benzodiazepine-like" neu­
rotransmitter. After local injection of the neurotoxic kainic acid into the striatum of 
rats, the number of striatal 3H-flunitrazepam binding sites decreased dramatically, 
suggesting a preferential localization on neurons (SPERK and SCHLOEGEL, 1979). 
Kainic acid lesions of the rat cerebellar cortex, which spared only granule cells, dras­
tically reduced the number of 3H-diazepam binding sites and the content of gabamo­
dulin; the specific 3H-GABA bindip.g sites were unaffected but the KD for GABA de­
creased (BIGGIO et ai., 1980a). Since granule cells are the only non-GABAergic 
neurons in the cerebellar cortex, these findings would suggest that benzodiazepine 
binding sites are mainly located on cerebellar GABAergic neurons. 

A more direct approach to the localization of benzodiazepine receptors was used 
by BATTERSBY et al. (1979), MOHLER and RICHARDS (1980) and MOHLER et al. 
(l980a, b, 1981). It consists of covalently binding 3H-flunitrazepam to the receptor 
by photoaffinity labeling and subsequent visualization of radioactivity by EM auto­
radiography. In the cerebral and cerebellar cortex of rats injected intravenously with 
3H-flunitrazepam and illuminated in vitro with near UV light, the radioactive ligand 
was selectively accumulated in the regions of "synaptic contacts", i.e., on nerve end­
ings and adjacent synaptic and glial structures. In cerebellar slices radioactivity was 
found concentrated at synapses formed by Golgi cell axon endings on granule cells 
(but not at synapses between mossy fiber endings and granule cells) and by nerve end­
ings on proximal dendrites of Purkinje cells. These findings clearly indicate the local­
ization of benzodiazepine receptors at GABAergic synapses in the cerebellar cortex. 
It is, however, not yet possible to decide whether benzodiazepine receptors are presyn­
aptic or postsynaptic to the GABAergic synapses. There was no indication for a gen­
eral glial localization of benzodiazepine receptors. 

VII. Subcellular Localization 

Of the various subfractions of rat forebrain, the ones containing synaptosomal mem­
branes and junctions had the highest number of binding sites for 3H-diazepam and 
3H-flunitrazepam, whereas mitochondria and small and large synaptic vesicles were 
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very poor in binding sites (MOHLER and OKADA, 1977 a; BOSMANN et aI., 1978). The 
benzodiazepine receptor seems to follow the enzyme Na +, K + -ATP ase, a marker of 
outer cell membranes (BRAESTRUP and SQUIRES, 1978b). It is very likely, therefore, 
that the binding sites are localized mainly in synaptic membranes. BOSMANN et aI. 
(1980) described a saturable binding of 3H-flunitrazepam to brain cell nuclei in vivo 
and in vitro. The KD for this nuclear binding was, however, 25 times higher than for 
binding to synaptosomal membranes. 

Specific low-affinity binding of 3H-diazepam in kidney homogenates was associ­
ated with a fraction sedimenting with mitochondria (BRAESTRUP and SQUIRES, 1977). 

VIII. Phylogenetic Development of Benzodiazepine Receptors 

NIELSEN et aI. (1978) studied the presence of specific high-affinity binding sites of 3H_ 
diazepam in various species. In all vertebrate species studied (mammalia, birds, rep­
tiles, amphibia, fishes) except the hagfish (Myxine g/utinosa), which belongs to the ge­
nus Cyclostomata, specific 3H-diazepam binding sites were found in the central ner­
vous system. The KD values varied at most by a factor of 3. Variations in the density 
of binding sites were greater. Benzodiazepine receptors could not be detected in inver­
tebrates (earthworm, squid, wood louse, lobster, and locust). Specific 3H-diazepam 
binding was also not detected in leech ganglia (CORRADETTI et aI., 1980) It appears, 
therefore, that in the course of evolution benzodiazepine receptors (as defined in the 
central nervous system of man, calf, and rat) appeared in the brain with the develop­
ment of higher bony fishes (Osteichthyes) from jawless fishes (Agnatha). There is 
some indication that the benzodiazepine receptors were somewhat modified with the 
evolution of higher vertebrates (tetrapoda). The absence of specific benzodiazepine re­
ceptors in invertebrates, in particular in crustacea and mollusca, is of uppermost im­
portance, since these animals contain GABAergic neurons and are frequently used in 
electropharmacologic studies. Any effects that benzodiazepines may have in these spe­
cies will, therefore, require very careful interpretation with regard to their specific 
character and the extrapolation to their mechanisms of action in the vertebrate central 
nervous system. 

IX. Ontogenetic Development of Benzodiazepine Receptors 

BRAESTRUP and NIELSEN (1978) studied the ontogenetic development of benzo­
diazepine receptors in the rat. At the earliest time investigated, 8 days before birth, 
specific binding of 3H-diazepam in the whole brain amounted to 5.2% and the total 
number of binding sites to 2.5% of that in adults. Seven days after birth, an almost 
adult density of receptors was reached, and the total number increased steadily during 
the first 3 weeks to reach a plateau after about 4 weeks. There were no trends for age­
dependent differences in KD • Very similar findings on the ontogenetic development of 
benzodiazepine receptors were reported by CANDY and MARTIN (1979) and PALACIOS 
et aI. (1979). Interestingly, the enhancement of 3H-flunitrazepam binding by anions 
and muscimol was the same at all ages (PALACIOS et aI., 1979). Comparing 3H-fluni­
trazepam binding to brain membranes of2-month- and 14-month-old rats, HAEFELY 
et aI. (1980) found no differences in KD and Bmax. 
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The ontogenetic development of benzodiazepine receptors was thus much more 
rapid than that of neurotransmitter receptors, e.g., muscarinic, dopamine, opiate, and 
GABA receptors. 

x. In Vivo Demonstration of Benzodiazepine Receptors 

The demonstration of a displaceable binding of benzodiazepines to specific brain sites 
in vivo has increased the confidence in findings obtained with isolated membrane 
preparations. It should be recalled that specific binding of 3H-diazepam to isolated 
membranes is markedly dependent on the incubation temperature. Increasing the 
temperature increases both on and off rates of dissociation. The dissociation constant 
KD is approximately 10 times higher at 37°C than at 0 DC. 

CHANG and SNYDER (1978) injected 3H -diazepam or 3H -flunitrazepam of high spe­
cific activity intravenously into mice. After various times, the animals were decapi­
tated, the brain was rapidly homogenized and filtered, and total radioactivity (in the 
homogenate before filtering) was measured. Brain levels of unlabeled benzodiazepines 
were measured by the capacity of alcoholic brain extracts (containing the benzo­
diazepines) to inhibit specific 3H-flunitrazepam binding in rat cortex membranes. 
Twenty minutes after the intravenous injection of a tracer dose of 3H-flunitrazepam, 
total and bound radioactivity in the brain reached a peak. At this time 60% of the 
total tritium activity was particulate bound. Thereafter, both activities declined, par­
ticulate bound activity more rapidly than total activity, so that activity bound to the 
particulate fraction accounted for only 25% at 2 hand 13% at 24 h. Already after I h, 
only 30% of the total activity represented unmetabolized 3H-flunitrazepam. The pro­
portion of unmetabolized drug was greater in the particulate than in the soluble frac­
tion. When various pharmacologic doses offour unlabelled benzodiazepines were ad­
ministered 30 min before the injection of 3H-flunitrazepam, the soluble radioactivity 
was unaltered; however, the bound activity was dose dependently reduced. IDso 
(doses producing a 50% reduction of bound 3H -flunitrazepam) were 0.7 Ilmol · kg-I 
for clonazepam, approximately 1.8 Ilmol· kg-I for flunitrazepam and diazepam, and 
83 Ilmol . kg - I for chlordiazepoxide. The concentrations of unlabelled benzo­
diazepines in the brain after pharmacologic doses were considerably higher than the 
concentrations producing 50% inhibition of 3H-flunitrazepam binding in membrane 
preparations an 0 DC, namely 2.56 Ilmol . kg - 1 brain after 3.5 IlmOI . kg - 1 

(0.9 mg· kg - I) of diazepam i.p. However, doses of benzodiazepines which occupied 
50% of the specific binding sites in vivo corresponded well with pharmacologically 
active doses in animals. 

WILLIAMSON et ai. (1978,1979) found that binding of 3H-diazepam to rat forebrain 
after intravenous injections remained constant up to 60 min after homogenization, 
whereas homogenization in 3 Ilmol· I-I unlabelled diazepam reduced bound 3H_ 
diazepam to 50% within 1 min, providing good evidence that the observed binding 
had occurred in vivo and not during homogenization. When clonazepam or the two 
pharmacologically active enantiomers, Ro 11-3128 and Ro 11-6896, were injected si­
multaneously with the tracer dose of 3H-diazepam, more than 75% of the specific 
binding of 3H-diazepam was prevented in the rat forebrain, whereas the pharmaco­
logically inactive enantiomers, Ro 11-3624 and Ro 11-6893, had no influence on 3H_ 
diazepam binding. Outside the central nervous system, 3H-diazepam bound to liver, 
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kidney, and abdominal skeletal muscle; however, no stereospecific displacement oc­
curred in these peripheral tissues (SKOLNICKet aI., 1979c). 3H-Diazepam binding was 
always studied in tissues obtained I min after intravenous injection of the radioligand. 
An excellent correlation was found between the number of specific binding sites oc­
cupied and the protective effect of diazepam against pentetrazole-induced seizures 
(SKOLNICK et aI., 1979 c). 

LIPPA et aI. (1978 b) injected rats with various doses of diazepam and determined 
the amount of specifically bound 3H -diazepam in crude P 2 synaptosomal fractions of 
the cerebral cortex of animals killed 30 min after intraperitoneal and 60 min after oral 
administration. The first doses to significantly inhibit 3H-diazepam binding were 2-
5 mg· kg-I p.o. 

TALLMAN et al. (1979) used 3H-diazepam to study in vivo binding. Five minutes 
after the intravenous injection of a tracer dose of 3H-diazepam to rats, about 15% 
of the total radioactivity in the brain was specifically bound, i.e., could be displaced 
within 20 min in vitro in the presence of 10- 1 mol· I-I chlordiazepoxide. Pretreat­
ment with flurazepam and chlordiazepoxide, but not with the pharmacologically in­
active Ro 5-5807, greatly reduced the amount of the specifically bound 3H-diazepam 
without affecting the level of unspecifically bound tracer. Administration of 
aminooxyacetic acid or muscimol prior to the injection of tracer markedly increased 
the amount of total and specific binding of 3H-diazepam. 

DUKA et aI. (1979 a) used 3H-flunitrazepam for in vivo studies in the brain of mice. 
In contrast to CHANG and SNYDER (1978) they did not separately measure total and 
particulate-bound radioactivity, but only total radioactivity in some brain areas after 
combustion. DUKA et aI. (1979 a) measured the highest radioactivity in hippocampus 
and cerebral cortex 5 min after the intravenous injection of a tracer dose of 3H-fluni­
trazepam; the activity declined very rapidly within the next 40 min. The simultaneous 
injection of various benzodiazepines together with the radioligand resulted in a dose- . 
dependent reduction of 3H-flunitrazepam accumulation in the brain. This reduction 
was saturable; e.g., increasing the doses of cold flunitrazepam over 3 mg· kg-I did not 
result in a more marked displacement (to about 25%) than after smaller doses. This 
value, therefore, most probably represents the nonspecifically bound or unbound 3H_ 
flunitrazepam. An excellent correlation between the IDso for reduction of 3H-fluni­
trazepam accumulation and EDso for inhibition ofpentetrazole-induced seizures was 
found for clonazepam, Ro 11-6896, flunitrazepam, diazepam, and chlordiazepoxide. 
The concentrations of 3H-flunitrazepam after administration of receptor-saturating 
doses ofnonlabeled flunitrazepam were very similar in various brain regions, suggest­
ing a rather similar nonspecific benzodiazepine binding in these structures. However, 
there were marked differences in the amounts of displaceable 3H-flunitrazepam in the 
various regions, reflecting the differences in the density of benzodiazepine receptors. 
The stereospecificity of inhibition of the 3H-flunitrazepam binding was clearly dem­
onstrated by the lack of displacement after the injection of the pharmacologically in­
active l-enantiomer, Ro 11-6893, and the displacement with the pharmacologically ac­
tive d-enantiomer, Ro 11-6896. Chlordiazepoxide was weak as a displacer of 3H-fluni­
trazepam when given simultaneously with or shortly before the radio ligand, but was 
quite potent when given 40-80 min before the ligand, in accordance with the biotrans­
formation of the drug to active metabolites. DUKA et al. (1979 a) found, as did CHANG 
and SNYDER (1978), that the doses required to decrease the displaceable binding of 3H_ 
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flunitrazepam resulted in concentrations in the brain of about 800 nmol'l- I and, 
hence, considerably higher than required in vitro. The specific in vivo binding of 3H_ 
flunitrazepam in the striatum was reduced after intrastriatal injections of kainic acid 
in rats (SPERK and SCHWEGL, 1979). PAUL et aI. (1979) found an excellent correlation 
between receptor occupation by diazepam (measured in vivo) and its antipentetrazole 
activity at various times after an intraperitoneal injection of diazepam (4 mg' kg-I) 
in mice. There was, however, no correlation between anticonvulsant effectiveness and 
the concentration of free or nonmembrane bound diazepam in the brain. Only about 
30% of the specific binding sites were occupied at the time when diazepam protected 
all animals from seizures induced by the intraperitoneal dose of 80 mg' kg -I of pente­
trazole. The conclusions of PAUL et aI. (1979) that a full anticonvulsant effect of diaze­
pam requires only the occupation of 30% of the receptors is doubtful, because a 
higher dose of diazepam would have given a more marked anticonvulsant effect 
(tested against a higher dose of pentetrazole). 

The demonstration of specific binding of benzodiazepines in the brain in vivo not 
only confirms the essential findings in isolated membrane preparations, but also 
provides a tool to measure the occupation of specific pharmacologic receptors by ben­
zodiazepines (administered drug and active metabolites). This will enable one to cor­
relate receptor occupation with pharmacologic effects in relation to dose and time. A 
"pharmacokinetics of drugs at the receptor site" is thus made possible and will pro­
vide extremely useful information for the understanding of the relations between drug 
concentrations in various body tissues and receptor occupation at any site of action. 

Using llC-flunitrazepam and positron emission tomography, COMAR et aI. (1979) 
could visualize the binding of the label in the brain of baboons under anesthesia and 
the displacement of llC-flunitrazepam by a subsequent injection of nonlabeled loraze­
pam. This is probably the first direct demonstration in a non traumatic way of the dis­
tribution of a drug in the brain of a live animal and of its displacement by another 
agent acting on the same receptors. 

XI. Plasticity of Benzodiazepine Receptors 

Overstimulation and reduced stimulation of receptors for neurotransmitters are 
known to be capable of reducing and increasing, respectively, the number of these re­
ceptors ("down regulation," "up regulation"). It was therefore of interest to find out 
whether a similar regulation of the density of benzodiazepine receptors occurs under 
various conditions, such as acute and prolonged exposure to the drugs or extreme 
functional states of the central nervous system. Administration of 3 mg' kg -I diaze­
pam or 30 mg' kg-I phenobarbitone in daily intraperitoneal injections over 30 days 
to rats did not result in significant changes in the number and affinity of benzo­
diazepine receptors as tested by specific 3H-diazepam binding. However, a so far un­
explained decrease of 3H-GABA binding sites in the striatum and decrease of 3H_ 
quinuclidinylbenzilate (QNB) binding sites in the cerebellum was observed (MOHLER 
et aI., 1978 a). 

BRAESTRUP et aI. (1979a) treated rats for 8 weeks with extremely high daily doses 
of diazepam (90 mg' kg-I) and lorazepam (60 mg' kg-I). There was no consistent 
change 5-11 days after withdrawal, in either the number of binding sites or the appar­
ent affinity for 3H-diazepam in membrane preparations of the forebrain. Daily ex-
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posure of rats from 10 days before birth until 7 days after birth also failed to signifi­
cantly affect brain benzodiazepine receptors. They concluded that tolerance to and 
abstinence after withdrawal from prolonged administration ofbenzodiazepines could 
not be attributed to changes in brain benzodiazepine receptors. Slightly different re­
sults were reported by Cmu and ROSENBERG (1978) and ROSENBERG and CHIU 
( 1979 a), who daily injected rats intraperitoneally with extremely high doses of fluraze­
pam (60-150 mg' kg-I) for 7-10 days; they found a 15% decrease of the maximal 
binding capacity of the cerebral cortex for 3H-diazepam without changes in the affin­
ity constant. 

DISTEFANO et al. (1979) administered male rats 170 mg· kg- 1 diazepam in their 
food for 35 days. On several days after withdrawal of diazepam specific binding of 
3H-diazepam and 3H-flunitrazepam was markedly increased in brain synaptosomes. 

Results very different from these were obtained by SPETH et ai. (1979c) 1 h after 
the injection of a single dose of diazepam (50 mg' kg-I i.p.) in rats. The density of 
[3H]-flunitrazepam binding sites (Bmax) was increased by about 140% in the total 
brain homogenate. 

Rats exposed to a standard conflict procedure for 5 min and decapitated immedi­
ately afterwards had a reduced (by 25%) binding capacity for 3H-diazepam in mem­
branes of the cerebral cortex (LIPPA et aI., 1978 b; 1979). A smaller effect on 3H-diaze­
pam binding was produced by exposing rats during 5 min to 20 unavoidable electric 
foot shocks. The authors proposed that conflict procedures and footshock stress 
could release an endogenous ligand for the benzodiazepine receptor. BRAESTRUP et ai. 
(1979d) exposed rats and mice to several forms of stress for several days (electric foot 
shock, immobilization, forced swimming, continuous amphetamine intoxication, 
isolation) and found small increases, decreases and no changes of benzodiazepine 
binding sites. No change in the KD and Bmax for 3H-diazepam binding was found in 
the brain of rats stressed by forced swimming (LE FUR et aI., 1979). A very rapid 
change in the number of benzodiazepine binding sites was observed to be induced by 
generalized seizures evoked by electroshock or pentetrazole in rats (PAUL and SKOL­
NICK, 1978; SKOLNICK et aI., 1979c). Fifteen to 30 min after maximal electroshock sei­
zures, lasting for less than 1 min after a 1 S-1 stimulation with alternative current, the 
number of 3H -diazepam binding sites in crude synaptosomal fractions of the cerebral 
cortex was increased by about 21 %. The preseizure number was reached again 60 min 
after the convulsions. A similar increase was found 30 min after convulsions induced 
by pentetrazole; the affinity of 3H-diazepam for binding sites was not affected. The 
increase of binding sites depended on the occurrence of generalized seizures, because 
subconvulsive electric pulses were ineffective. Cerebral hypoxia was made improbable 
as the cause of these changes, since rats rendered hypoxic by inhalation of argon gas 
did not show changes in their receptor number. CROSS et ai. (1979) observed no change 
in 3H-GABA binding to cerebral cortex membranes of rats given daily electroconvul­
sive shocks under halothane anesthesia. An increase of the number of 3H-diazepam 
binding sites was found in the hippocampal formation of rats in which kindling was 
induced by repeated electrical stimulation of the amygdala (McNAMARA et aI., 1980). 

The number of 3H -diazepam binding sites was found to be larger in Maudsley 
nonreactive rats, particularly in the hypothalamus and hippocampus, than in Mauds­
ley reactive rats (ROBERTSON et aI., 1978). These two strains of rats were selectively 
bred for high and low levels of fearfulness. In a strain of inbred mice characterized 
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by high "emotionally" or "anxiety," the density of specific 3H-diazepam binding sites 
was found to be significantly lower than in three other "nonemotional" strains 
(ROBERTSON, 1979). 

Three weeks after deafferentation of the frontal cortex by coronal hemitransection 
in rats, 3H-diazepam binding was significantly increased in the frontal cortex (LIPPA 
et aI., 1979). This finding makes it unlikely that benzodiazepine receptors are located 
on terminals of afferents to or on cell bodies of afferents from the frontal cortex, but 
rather on intrinsic neurons (or glial elements). LIPPA et al. (1979) suggested that the 
increased binding might be a supersensitivity phenomenon. In the substantia nigra of 
rats in which the GABAergic striatonigral pathway had been lesioned 10 days previ­
ously by local injection of kainic acid into the caudate nucleus, the affinity constant 
(Kn) for 3H-diazepam was decreased (from 3.1 to 8.7) without any change in the num­
ber of 3H-diazepam binding sites (BIGGIO et aI., 1979). 

PODDAR et al. (1980) measured 3H-diazepam binding in several brain areas of 
hamsters which were killed after various periods of sleep or wakefulness. Immediately 
after sleep, the binding of 3H-diazepam in crude synaptosomal preparations was in­
creased in all areas as compared to animals killed after corresponding periods of 
wakefulness. The increased binding was found to be due to an increased affinity and 
not to a change in the number of binding sites. The 30,000 x g supernatant of the ce­
rebral cortex of waking, but not sleeping hamsters was found to contain a benzo­
diazepine binding inhibitor, which was hypothetically considered to be either the ga­
bamodulin, an endogenous benzodiazepine-like substance, or one of the postulated 
sleep peptides. 

XII. Endogenous Ligands for Benzodiazepine Receptors 

The most fascinating discovery of endogenous ligands for opiate-type receptors has 
led to an almost reflex-like search for brain constituents that could physiologically act 
as ligands for other drug receptors. The concept that drugs have to act as exogenous 
competitors for endogenous compounds at functional receptors in order to produce 
their pharmacologic effects is probably not valid in such a general form. Nevertheless, 
the very high specificity of benzodiazepine receptors led to the suspicion that these 
drugs are either substitutes for an endogenous molecule displaying "antianxiety" ac­
tivity or competitors of endogenous "anxiogenic" agents. 

Soon after the discovery of specific benzodiazepine receptors in the central ner­
vous system the search for potential endogenous ligands in brain and other tissues 
started in several laboratories. MOHLER et ai. (1979) found three peaks in brain ex­
tracts which inhibited 3H-diazepam binding. When the active material was identified 
as the purine derivatives inosine and hypoxanthine and as nicotinamide, their very 
weak affinities for the receptor (approximately 1/100,000 the inhibitory potency of the 
most active benzodiazepines in 3H-diazepam binding) made it appear unlikely that 
they would act as physiologic ligands. Perhaps more important than affinity, however, 
is the capability of a potential endogenous ligand to mimic or to antagonize the phar­
macologic effects of benzodiazepines, provided they are administered in a way that 
permits their access to the receptor. A study of the effects of the three identified com­
pounds in the whole animal after systemic administration of high doses and in the cat 
spinal cord after local infusion into the dorsal horn suggested that if any of them could 
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be regarded as a potential endogenous ligand of physiologic relevance, nicotinamide 
would fulfill the requirements best (MOHLER et aI., 1979). SLATER and LONGMAN 
(1979) suggested that inosine and nicotinamide were rather antagonists of benzo­
diazepines than benzodiazepine-like agents. Inosine and hypoxanthine were also iden­
tified in the brain as endogenous inhibitors of benzodiazepine binding by SKOLNICK 
et ai. (1978, 1979b, c, d) and by MARANGOS et aI. (1978, 1979 a). This group ofinves­
tigators arrived at the conclusion that only purine derivatives, but not pyrimidines, 
interacted with 3H-diazepam binding (MARANGOS et aI., 1979a). They also made pre­
liminary structure-activity studies within the purine class. Inosine injected intracere­
broventricularly delayed the onset of seizures induced by intraperitoneal injection of 
pentetrazole in mice (SKOLNICK et aI., 1979d). 7-Methyl-inosine was ineffective in in­
hibiting 3H-diazepam binding in vitro and also did not protect mice from pente­
trazole-induced seizures, whereas 2'-deoxyinosine, which was more potent than in­
osine in the 3H-diazepam binding assay (see, however, TICKU and BURCH, 1980), was 
also more effective in increasing seizure latency. It is of interest that the concentrations 
of both inosine and hypoxanthine (metabolites of adenosine) were markedly increased 
in brain slices by electrical and chemical depolarization (PULL and MAC ILW AIN, 1972; 
SUN et aI., 1977). ASANO and SPECTOR (1979) also identified inosine and hypoxanthine 
as brain constituents interacting with the benzodiazepine receptors. They used an 
antibody against diazepam as a surrogate receptor for the search of endogenous li­
gands in bovine brain extracts. The two purines competitively inhibited 3H-diazepam 
binding with a K; value of 1.3 mmol . 1- I. A number of other purine derivatives had 
similar (low) potencies, while the pyrimidines uracil and cytosine were inactive. The 
activity of methylxanthines in the 3H-diazepam binding assay suggested that mem­
brane-bound phosphodiesterase could act as the benzodiazepine receptor. However, 
this idea was invalidated by comparing phosphodiesterase inhibitory and 3H-diaze­
pam binding inhibitory potencies of various agents. DAMM et al. (1979) found a nega­
tive correlation between the potency of adenine derivatives for inhibition of 3H -fluni­
trazepam binding in rat brain membranes and the depressant effect on the spon­
taneous firing rate of cerebellar Purkinje cells in situ; thus, adenosine was the most 
potent depressant of neuronal activity but the weakest ligand for the receptor. 
Guanine derivatives were even less potent than adenine derivatives and about equally 
potent as inosine and hypoxanthine. The most potent purine derivatives were the xan­
thines, theophylline, caffeine, and aminophylline (ICso 1 mmol'l- I ), theobromine 
being much less potent. 

DAVIES et aI. (1980), in a study of a series of purines in the 3H-diazepam binding 
assay, found I-methylisoguanosine to be the most potent in displacing 3H-diazepam. 
This compound, which had been isolated from a marine sponge, produces some cen­
tral nervous effects which resemble those of benzodiazepines. MACDONALD et aI. 
(1979) compared the effects of inosine and flurazepam applied microiontophoretically 
on mouse spinal neurons grown in tissue culture and suggested that inosine had two 
distinct transmitter-like actions, one of which was mimicked and the other one 
blocked by flurazepam. They concluded that benzodiazepines might function as 
agonists at one putative purine receptor site and as antagonists at another and, hence, 
that benzodiazepine receptors were identical with the postulated purine receptors. 

The presence of an unidentified endogenous factor in porcine and rat brain which 
inhibited 3H -diazepam binding was reported by COLELLO et aI. (1978 b). They separat-
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ed an extract from porcine cerebral cortex on a sephadex G-75 column and tested the 
fractions for inhibitory activity on 3H-diazepam and 3H-flunitrazepam binding to rat 
brain homogenates. Competitive inhibitory activity was found in fractions containing 
entities between 1,000 and 2,000 ("benzodiazepine competitive factor II") and be­
tween 40,000 and 70,000 MW ("benzodiazepine competitive factor I"), the latter be­
ing 5 times more potent than the former. Factor I was heat stable but destroyed by 
trypsin digestion, suggesting a polypeptide nature. KAROBATH et al. (1978, 1979 a) de­
scribed a "diazepam binding inhibitory factor" (DIF) in partially purified acetone ex­
tracts. The highest levels of DIF were found in skeletal muscle and myocardium of 
rats, while the brain of rats, mice, cows, and man contained less activity. Within the 
brain, cortical areas and hippocampus were richest in DIF. 

U sing an aqueous extraction method, MARANGOS et al. (1979) isolated two 
fractions which competitively inhibited 3H-diazepam binding and which were heat 
stable and resistant to proteolytic degradation. Peak I (700-30,000 daltons) was only 
present in the brain and pituitary, whereas peak II (500-600 daltons) was also present 
in extracerebral porcine tissues. 

BRAESTRUP and SQUIRES (1978 b) and BRAESTRUP and NIELSEN (1979,1980) report­
ed preliminary data suggesting the presence in the brain of a water-soluble protein 
with a molecular weight of approximately 70,000 which inhibited 3H-diazepam bind­
ing. They also found unidentified inhibitory activity in the cerebrospinal fluid of a few 
patients without a history of benzodiazepine intake as well as in human urine. The 
urinary factor was initially characterized as highly lipophilic, inactivated by chymo­
trypsin and of a molecular weight of less than 500 (NIELSEN et aI., 1979). Subsequent 
purification revealed the active component to be ethyl-f3-carboline-3-carboxylate 
(NIELSEN et aI., 1980). This f3-carboline has a high affinity for the benzodiazepine bind­
ing sites (half maximal binding at about 1 nmol·I- 1). The isolated compound as such 
is most probably an artifact and not an endogenous component of the brain. Own pre­
liminary results (unpublished) indicate that the f3-carboline has no pharmacologic 
properties similar to diazepam; intravenously the compound has weak benzo­
diazepine antagonistic and convulsive actions. 

Of all naturally occurring 20 amino acids, SQUIRES et ai. (1979 b) found L-trypto­
phan to be the most potent inhibitor of 3H -flunitrazepam binding, although the ID 50 

of 5 mmol·I- 1 is still very high. These authors also studied a number of tryptophan­
containing dipeptides; L-tryptophanyl-glycine with an ID 50 of 80 Ilmol·l-l was 10 
times more potent than inosine. The problem of endogenous ligands for benzo­
diazepine receptors remains open, and much more work is needed before the concept 
of an endogenous "anxiogenic" or "anxiolytic" compound acting through benzo­
diazepine receptors can be accepted or refused. 

PODDAR et al. (1980) found that the 30,000 x g supernatant of the cerebral cortex 
of waking, but not of sleeping hamsters contained an inhibitor of 3H -diazepam bind­
ing. They considered the possibility that this inhibitor could be an endogenous ben­
zodiazepine-like compound. 

XIII. Modulation of Benzodiazepine Binding by GABA-Mimetic Compounds 

A modulatory effect of GABA and other GAB A mimetic agents on benzodiazepine 
binding to their receptors in vitro was reported almost simultaneously by several in-
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dependent research groups (BRILEY and LANGER, 1978; GALLAGER et aI., 1978; MOL­
LER et aI., 1978a; TALLMAN et aI., 1978; WASTEK et aI., 1978; KAROBATH and SPERK, 
1979; KAROBATH et aI., 1979a, b; WILLIAMS and RISLEY, 1979). All these investigators 
found that GABA increased in a concentration-dependent manner the binding of a 
radiolabeled ligand to benzodiazepine binding sites in washed membranes. The in­
creased binding was shown to be due to an increased affinity whereby only the associ­
ation rate constant was changed, and there was no change in the number of binding 
sites (W ASTEK et aI., 1978). An ECso of 1.6 J.1mol·l- l was determined for GABA and 
of 0.5 J.1mol·l- 1 for muscimol. The degree of this enhancement depended on the pre­
vious treatment of membrane preparations; it was rather small in crude preparation 
but amounted to more than 100% in extensively washed, frozen, and thawed mem­
branes (KAROBATH and SPERK, 1979). It is interesting that GABA mimetics increased 
the affinity of benzodiazepine binding from a low value in washed preparations to a 
value usually found in crude preparations in the absence of exogenous GABA, sug­
gesting that the reduction of affinity by washing is due to the removal of endogenous 
GABA. This possibility has been proven to be correct by MARTIN and CANDY (1978) 
and DUDAI (1979), who observed that supernatants from washes of crude membrane 
preparations of the rat brain increased the binding of 3H-diazepam and that this effect 
of the supernatant was due to GABA. Several GABA mimetics had effects similar to 
GABA, in particular muscimo1, 4-trans-aminocrotonic acid, and DL-4-amino-2-hy­
droxybutyric acid (KAROBATH and SPERK, 1979). GABA and muscimol increased 3H_ 
flunitrazepam binding also at 37°C (SPETH et aI., 1979a). Bicuculline, but not picro­
toxin, inhibited the enhancing effect of GABA mimetic agents and slightly decreased 
the basal affinity of membranes to the radio1abeled ligand. Compounds known to in­
hibit the uptake of GABA or its transamination were without effect on the benzo­
diazepine receptor interaction (KAROBATH and SPERK, 1979). The effect ofmuscimol 
and bicuculline on 3H-diazepam binding was absent in membranes prepared from 4-
day-old rats which, at this age, already contain a considerable density of benzo­
diazepine receptors, but only few GABA receptors (BRILEY and LANGER, 1978). 

A quantitative comparative study of various GABA mimetics led KAROBATH et al. 
(1979b) and BRAESTRUP et ai. (1979c) to postulate that the GABA recognition site, 
through which GABA mitnetics modulate the affinity ofthe benzodiazepine receptor, 
was different from the Na + -independent high-affinity GABA binding site. Indeed, 
there was no correlation between the relative potencies of GABA mimetics as stimu­
lants of benzodiazepine binding and as inhibitors of 3H-GABA binding (KAROBATH 
et aI., 1979b; MAURER, 1979a). Rigid molecules (e.g., muscimol, isoguvacine, THIP, 
and imidazole-acetic acid) were less potent as stimulants of benzodiazepine binding 
than more flexible analogues and, in part, even antagonized the effect of GAB A 
(KAROBATH and LIPPITSCH, 1979; BRAESTRUP et aI., 1979c, 1980; KAROBATH et aI., 
1980, 1981). 

A modulation ofbenzodiazepine binding by GABAergic stimulation has also been 
observed in vivo. GALLAGER et ai. (1978) treated rats with aminooxyacetic acid 
(AOAA) to increase the level of endogenous GABA; this treatment enhanced the 
binding of 3H-diazepam to membranes of the cerebral cortex by 20-25% as compared 
with the binding to membranes of untreated animals. The effect was entirely due to 
an increase of the affinity. The effect of pretreatment with AOAA or muscimol was 
nullified by picrotoxin and bicuculline added to the membrane preparations, but not 
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by intraperitoneal injections of these compounds. GABA added to membranes from 
animals treated with AOAA did not further increase the enhanced binding of 3H_ 
diazepam. Surprisingly, baclofen and y-butyrolactone, which lack direct GABA re­
ceptor-stimulating activity, mimicked the effect of AOAA and muscimol pretreat­
ment. Inhibition of GAB A biosynthesis by thiosemicarbazide had no significant effect 
on 3H -diazepam binding in vitro. Pentobarbitone (25 mg' kg -I) was also ineffective. 
ROSENBERG and Cmu (1979b) obtained different results with AOAA. Acute elevation 
of GABA levels in rats by a single injection of 40 mg" kg-I AOAA i.p. had no effect 
on the binding characteristics of 3H-diazepam. Chronic elevation of brain GABA 
levels by two daily injections 10 mg' kg-I AOAA i.p. for 7 days increased both non­
specific and specific binding of 3H-diazepam. The authors concluded that the normal 
endogenous GABA levels were high enough to maximally enhance benzodiazepine 
binding. 

The enhancing effect of GABA on 3H-diazepam binding was absent in the retina 
(OSBORNE, 1980) and when a receptor complex solubilized from brain membranes was 
used (TALLMAN et at., 1980b). 

These findings suggest that GABA receptors are somehow coupled with benzo­
diazepine receptors, possibly forming a complex GABA receptor-ionophore-benzo­
diazepine receptor, and that GABA could act as an allosteric activator of the benzo­
diazepine receptor. The structure-activity relationship of GABA mimetics for stimu­
lation of benzodiazepine binding provides evidence for the existence of a hetero­
geneous population of GABA receptors and indicates that only one type of GABA 
receptor is associated with benzodiazepine binding sites. 

XIV. Enhancement of 3H-Diazepam Binding by Other Compounds 

BEER et at. (1978) and WILLIAMS and RISLEY (1979) described an enhancement of 3H_ 
diazepam binding in vitro by two pyrazolopyridine carboxylic acid compounds, 
SQ 20,009 (etazolate) and SQ 65,396, which had shown activity in animal models of 
anxiety. The increased binding was due exclusively to a decreased KD for diazepam. 
Although these compounds are not GABA mimetics, their stimulant effect on 3H_ 
diazepam binding was blocked by (+ )-bicuculline (WILLIAMS and RISLEY, 1979). The 
enhancement of 3H-flunitrazepam binding by SQ 20,009 was entirely dependent on 
the presence of halide ions and blocked by picrotoxin (SUPAVILAI and KAROBATH, 
1979, 1980), suggesting a functional interaction of benzodiazepine receptors with a 
chloride conductance mechanism. At concentrations higher than 10 - 5 mol· 1-1 these 
compounds inhibited 3H-diazepam binding. Since SQ 20,009 and SQ 65,396 are phos­
phodiesterase inhibitors, a few other inhibitors of this enzyme, as well as analogues 
of cAMP were also studied, but proved to be ineffective on 3H-diazepam binding 
(WILLIAMS and RISLEY, 1979). Another nonbenzodiazepine anxiolytic, meprobamate, 
did not affect benzodiazepine binding. The meaning of the influence of pyrazolo­
pyridines on benzodiazepine binding is at present obscure. The above-mentioned 
authors hypothesized that the pyrazolopyridines could interact with an endogenous 
inhibitor or modulator of benzodiazepine receptors. 

Diphenylhydantoin was shown by GALLAGER et at. (1979) to enhance 3H-diaze­
pam binding by increasing its affinity for the receptor. The modification was assumed 
to be caused by an alteration of the membrane, since it could not be reversed by ex-
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tensive washing. In contrast, TUNNICLIFF et al. (1979) reported that diphenylhydanto­
in inhibited 3H-diazepam binding to specific membranes of rat cerebral cortex with 
a KD of 0.9 Ilmol·l-l and that the affinity of diphenylhydantoin for the benzo­
diazepine receptor was increased by GABA and muscimol. Similar results were found 
by MIMAKI et ai. (1980); in addition, chronic treatment of rats with daily doses of 
200 mg' kg- 1 diphenylhydantoin for 28 days resulted in a decrease of 3H-flunitraze­
pam binding sites in cerebral and cerebellar cortex. 

A novel macrocyclic lactone disaccharide anthelminthic, avermectin B1a, was re­
ported to enhance irreversibly 3H-diazepam binding to rat brain membranes by in­
creasing both affinity and the number of binding sites; the compound also potentiated 
the muscle relaxant and locomotor depressant effect of diazepam (Y ARBROUGH, 1979; 
WILLIAMS and YARBROUGH, 1979). Avermectin B1a is reported to affect chloride chan­
nels in invertebrates. 

The purine derivative, EMD 28,422 (N6 -2- (4-chlorophenyl)-bicyclo 2.2.2-octyl­
(3)-adenosine) was reported to increase the binding of 3H-diazepam both in vitro and 
when administered intraperitoneally (SKOLNICK et aI., 1980a). The increased binding 
was due to an increase of binding sites (by 10-25%) rather than to a decrease of the 
apparent K D• The compound depressed locomotor activity of mice, had a moderate 
protective effect on seizures induced by pentetrazole and caffeine, greatly enhanced 
the anticonvulsant activity of diazepam, and increased water drinking punished by 
electric current shocks applied to the drinking spout. 

SKOLNICK et ai. (1980b) reported that pentobarbitone in subanesthetic concen­
trations (10-50 Ilmol'l-l) potentiated the enhanced 3H-diazepam binding in vitro in­
duced by GABA and, in anesthetic concentrations (100 Ilmol·l-l), enhanced 3H_ 
diazepam binding in the absence of GABA. The effect of the combination of GABA 
and pentobarbitone was greater than the sum of the enhancement observed with either 
compound alone. Since both GABA and pentobarbitone activate Cl- conductance 
mechanisms in neuronal membranes, this effect was suggested to be important for the 
modification of benzodiazepine receptor affinity. 

XV. Molecular Consequences of Benzodiazepine Receptor Stimulation 

Quite an impressive amount of knowledge has been accumulated within a short time 
on the dynamics of benzodiazepine-receptor interaction; however, the crucial ques­
tion in the context of benzodiazepine receptors has remained unresolved, namely the 
nature of the immediate molecular consequences in cell membranes that are triggered 
by the formation of benzodiazepine-receptor complexes to result eventually in en­
hanced GABAergic transmission. 

A suggestion made by Costa's group (COSTA and GUIDOTTI, 1979) is that benzo­
diazepines prevent an endogenous inhibitor ("gabamodulin") from reducing the affin­
ity of GABA for its receptors. According to this concept, benzodiazepines would pre­
vent an endogenous compound from exerting its physiologic inhibitory function. 
"Gabamodulin", which is identical with the type II inhibitor of protein kinase, main­
tains the GABA receptor in a low-affinity state by inhibiting its phosphorylation into 
a high-affinity state (TOFFANO et aI., 1980). BIGGIO et ai. (1980a, b) suggested that ben­
zodiazepine receptors and gabamodulin were located mainly on cerebellar Golgi cells 
and that gabamodulin was released together with GABA to act on the GABA recep-
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tors on granule cells. Benzodiazepines would inhibit the release of gabamodulin from 
Golgi cells and thereby enhance the effectiveness of GABA at the granule cell. T ALL­
MAN et aI. (1980b), MALLORGA et aI. (1979), and STRITTMATTERet aI. (1979b) observed 
that the binding of benzodiazepines to specific binding sites in astrocytoma cells 
(which, however, show different ligand specificity as compared to those in mammalian 
brain) resulted in an enhancement of 3H -methyl group incorporation into phosphati­
dylcholine through stepwise addition of methyl groups to phosphatidylethanolamine. 
These investigators suggested, that in analogy to their interaction with "peripheral 
type" receptor, benzodiazepines might also trigger methylation of membrane lipids in 
the brain, thereby increasing the fluidity of the membranes, which would modulate 
the functioning of a GABA-receptor-ionophore complex. According to this hypo­
thesis a direct effect of the binding ofbenzodiazepines to their receptors would be the 
activation of methyltransferase in synaptosomal membranes. In this context it is in­
teresting that stimulation of phospholipid methylation in rat reticulocytes was found 
to unmask cryptic fJ-adrenergic receptors (STRITTMATTER et aI., 1979 a). SIMMONDS 
(1980) arrived at a view similar to that of TALLMAN et al. (1980a, b) and hypotheti­
cally located the benzodiazepine receptor either somewhat between the GABA recep­
tor and the chloride channel or on the chloride ionophore itself in order to explain 
the reduction by flurazepam of the GABA antagonistic effect of picrotoxin on prima­
ry afferent endings; according to his view the activated benzodiazepine receptor could 
increase the proportion of channel openings to GABA receptor activation or prolong 
the duration of channel opening induced by GABA receptor activation. 

The above propositions for the functioning ofbenzodiazepine-receptor complexes 
assume a localization of these receptors in the postsynaptic membrane of the GA­
BAergic synapse. LEE et aI. (1979), as well as MITCHELL and MARTIN (1978), provided 
evidence for a presynaptic site of action of benzodiazepines either on the receptive 
parts or the terminals of the GABA neuron. A molecular mechanism by which ben­
zodiazepines could either enhance the excitability of GABA neurons or increase stim­
ulation-induced release of GABA has not yet been proposed. 

AA. Benzodiazepine Antagonists 

The characteristic profile of pharmacologic activity of benzodiazepines, which clearly 
distinguishes this class of drugs from other agents that also relieve anxiety, such as 
barbiturates and propanediole carbamates, can now be explained in part or entirely 
on the basis of specific enhancement of GABAergic neurotransmission (HAEFELY, 
1977, 1978a, b, c, 1979, 1980a, b; HAEFELYet aI., 1975b, 1978, 1979a, b). This action 
is initiated by the combination ofbenzodiazepines with specific receptors, and the af­
finity of benzodiazepine derivatives for these receptors determines, together with 
pharmacokinetic properties and proneness to biotransformation, their pharmacologic 
potency in vivo. 

In the case of receptors for endogenous ligands, such as neurotransmitters or hor­
mones, molecules with sufficient affinity for the receptor can act either as agonists, 
antagonists, or partial agonists. Agonistic activity seems to depend on two properties; 
on the one hand, agonist molecules have a tridimensional shape and distribution of 
electric charges that permit a close attraction by short-distance forces between the sur­
faces of the drugs and a small patch of the macromolecular receptor, the recognition 
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and binding site; in addition to fitting to this site ("steric fit"), these molecules are ap­
parently able to induce a change in the conformation of the receptor macromolecule 
which acts as a "pharmacologic stimulus", e.g., by causing an opening or closing of 
ion channels or by activating enzymes. Pure antagonists have a structure that en­
ables binding to the recognition site or its immediate vicinity, they lack the structural 
requirements for the induction of the conformational change of the receptor. Partial 
agonists bind to the receptor, but their structure is not optimal for induction of the 
conformational change that underlies the "pharmacologic stimulus"; in the absence 
of a pure agonist, they produce a submaximal pharmacologic effect, while in the pres­
ence of an agonist they compete with its binding and block its effect. 

Although it is at present not clear whether endogenous compounds interact with 
benzodiazepine receptors under physiologic or pathologic conditions, it is sensible to 
assume that, also for benzodiazepine receptors, agonists, antagonists, and partial ag­
onists may exist or can be designed. For years we have occasionally tested benzo­
diazepine derivatives which were devoid of typical benzodiazepine activity in screen­
ing tests for possible benzodiazepine antagonistic activity, albeit without success. 

Recently, we have found among derivatives of imidazobenzodiazepines bearing a 
carbonyl oxygen in place of the usual phenyl constituent, compounds with potent in­
hibitory activity on the specific binding of 3H-diazepam in brain synaptosomal mem­
branes without, however, any diazepam-like activity in vivo. These compounds pre­
vented all typical central effects of diazepam when given prior to diazepam and im­
mediately terminated the effects of diazepam when given at the peak of its action. One 
of them, Ro 15-1788, ethyl 8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo [l,5-a] 
[1,4] benzodiazepine-3-carboxylate (HUNKELER et aI., 1981), is undergoing clinical 
trials. Briefly, this compound prevents or blocks characteristic benzodiazepine effects, 
such as muscle relaxation, anticonvulsant activity, decrease oflocomotor activity, en­
hancement of presynaptic inhibition in the spinal cord, anticonflict activity, reduction 
of multiunit activity in raphe nuclei of the rat, decrease of cerebellar cGMP, and de­
crease of dopamine turnover. Ro 15-1788 does not block those benzodiazepine effects 
that are not mediated by specific benzodiazepine receptors, e.g., the schistosomicidal 
effect of some 7-nitrobenzodiazepines and the depression of contractile responses of 
the isolated guinea-pig ileum to transmural stimulation, which occurs at concen­
trations above 10- 5 mol· 1-1 and probably reflects a membrane stabilizing action. Ro 
15-1788 does not prevent or block central effects of barbiturates, meprobamate, 
methaqualone, GABA agonists, GABA transaminase inhibitors, and ethanol. The 
compound has a very low toxicity and, up to very high doses, does not produce any 
behavioral or other pharmacologic effects and, in particular, is not convulsive. Ro 15-
1788 is quite obviously a very selective and potent antagonist of specific benzo­
diazepine effects mediated by the high-affinity binding sites in brain membranes. This 
is a remarkable achievement in view of the considerable unsuccessful attempts to find 
selective antagonists of barbiturates and ethanol and may be compared with the dis­
covery of opiate antagonists. 

The availability of selective benzodiazepine antagonists has important theoretical 
and practical implications. Structure-activity studies with benzodiazepine agonists 
and antagonists should greatly augment our understanding of structural requirements 
for binding to and "activating" the receptor. Benzodiazepine antagonists will be use­
ful tools in studying the possible existence and functional role of endogenous ligands 
for benzodiazepine receptors. They may help to clarify the question of multiplicity of 
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benzodiazepine receptors and to distinguish between different receptors. A therapeu­
tic use of selective benzodiazepine antagonists can be foreseen (l) in accidental and 
suicidal intoxications with benzodiazepines, where they would act as antidotes to re­
verse at least those components that are due to activation ofbenzodiazepine receptors; 
(2) in anesthesiology to terminate benzodiazepine effects when needed; and (3) in pre­
venting central side effects of benzodiazepines action in the treatment of schisto­
somiasis. 

AB. Concluding Remarks 
The main pharmacologic actions of benzodiazepine anxiolytics may be grouped ac­
cording to their therapeutic indications as shown in Table 10. In this chapter we have 
reviewed the literature on the somatic pharmacodynamics of these drugs; each section 
ended with a short summary. The present concluding remarks attempt to synthesize 
the available knowledge about the sites and mechanisms of action ofbenzodiazepines; 
in addition, some unresolved problems and directions of future research activities will 
be mentioned. 

Organ Selectivity and General Tolerance 

The active derivatives of the benzodiazepine class are characterized by a high affinity 
and selectivity for the central nervous system. In contrast to other neuropsychotropic 
agents used in therapy (antipsychotics, antidepressants, stimulants, etc.) they are de­
void of any relevant direct action on organs and tissues outside the brain and the 
spinal cord, even at high pharmacologic doses. In fitting with this, high-affinity bind­
ing sites for benzodiazepines, as found in the central nervous system, are lacking in 
the periphery. 

A further characteristic ofbenzodiazepines is the extraordinarily large safety mar­
gin; these drugs affect the central nervous system already in very low doses, whereas 
severe intoxication requires such high doses, that, in spite of the widespread use of 
these drugs, unequivocal proof is still lacking for the lethal outcome of accidental or 
suicidal overdosage of a benzodiazepine in the absence of other chemicals or addition­
al harmful factors. 

Table 10. Main pharmacologic actions of benzodiazepines and corresponding therapeutic uses 

Pharmacological actions,' 

Antipunishment and antifrustration activity, 
behavioral disinhibition . 
Arousal reduction 
Antiaggressive activity 
Facilitation of sleep 
Anticonvulsant action 
Attenuation of centrally mediated autonomic 
nervous and endocrine responses to emotions 
and to excessive afferent stimuli 
Central muscle relaxation 

Potentiation of the activity of centrally 
depressant agents, anterograde amnesia 

1herapeutic indications,' 

Anxiety 
Anxious depression 
Hyperemotional states 

Insomnia 
Various forms of epileptiform activity 
Psychosomatic disorders (cardiovascular, 
gastrointestinal, hormonal) 

Somatic and psychogenic muscle spasms, 
tetanus 
Surgical anesthesia 
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Indirect Effects on Peripheral Functions 
Changes induced by benzodiazepines in cardiovascular, respiratory, gastrointestinal, 
and hormonal functions are clearly of central origin. The normal activity of the au­
tonomic nervous and endocrine system is hardly affected by these drugs; however, 
they potently attenuate excessive responses in these peripheral systems that are 
induced by stimulation of brain sites or afferent nerves or by emotional factors. The few 
mechanistic studies which were performed to analyze the effects of benzodiazepines 
on cardiovascular sympathetic and parasympathetic nerve activity as well as on pitu­
itary function yielded results compatible with a primary involvement of hypothalamic 
and medullary GABAergic synapses. 

Effects of Benzodiazepines on the Various Levels of the Neuraxis 

Benzodiazepine effects have been studied on virtually all levels of the neuraxis with 
electrophysiologic and biochemical methods. 

In the spinal cord, benzodiazepines consistently enhance segmental, heteroseg­
mental, and descending presynaptic inhibition of Ia afferents, but seem to leave post­
synaptic inhibition largely unaffected. The depression of mono- and polysynaptic re­
flexes and of spontaneous y-motoneuron activity is, at least in part, due to the inten­
sified presynaptic inhibitory control, though additional yet unknown mechanisms 
cannot be excluded. The effects of benzodiazepines on the intraspinal transmission of 
sensory influx seem to be negligible, but require more systematic investigation. 

In the dorsal column nuclei of the caudal medulla both pre- and postsynaptic in­
hibitory mechanisms are enhanced. 

Only limited studies were performed on the spontaneous and evoked activity in 
bulbopontine structures and in the mesencephalon. Although on the whole the lower 
brain stem does not seem to be particularly sensitive to the effect of benzodiazepines, 
part of their effects on cardiovascular and respiratory functions, on sleep behavior 
and skeletal muscle tone are undoubtedly induced in this part of the brain. 

The cerebellum is consistently affected by benzodiazepines. An increasing number 
of central nervous functions are recognized to be modulated by cerebellar activity; this 
suggests that the cerebellum might also be involved in actions of benzodiazepines 
other than on muscle tone and coordination. 

The effects of benzodiazepines on spontaneous and evoked neuronal activities in 
hypothalamus, thalamus, hippocampus, amygdala, and neocortex have been studied 
extensively in various experimental conditions; the drugs were found to be particularly 
potent in attenuating evoked potentials, afterdischarges, and other epileptoid ac­
tivities in the neocortex and in limbic structures. 

Effects on Distinct Neurotransmitter Systems 

Of the several specific neurotransmitter systems that can be investigated with the pres­
ently available methods, most were found to be affected by benzodiazepines, albeit 
usually at rather high doses. Except for the tuberoinfundibular dopamine system, 
which is activated, cholinergic, noradrenergic, dopaminergic, and serotoninergic sys­
tem are depressed by the drugs. This reduction is liminal in normal conditions, how­
ever quite marked in drug- or stress-induced situations which increase these pathways. 
Benzodiazepines fail to affect presynaptic and postsynaptic dynamics of these neuro­
transmitters directly; therefore, the drug-induced attenuation of the turnover of these 
neurotransmitters must be the result of a primary interaction with other neuronal sys­
tems. 
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Changes in the activity of pathways using excitatory amino acid transmitters can­
not yet be assessed for technical reasons. Interactions of benzodiazepines with synap­
tic effects of purine derivatives have been found, but their relevance for the pharma­
cologic effect is yet uncertain. Benzodiazepines were found to alter the content of en­
kephalins in the hypothalamus and striatum, but the possible part played by these en­
dogenous opiates in some actions of these drugs is at present very hypothetical. 

Specific Effects of Benzodiazepines on GABAergic Synaptic Transmission 

An increasing number of findings converges to support the view that benzodiazepines 
produce their effects by specifically enhancing GABAergic synaptic transmission 
(HAEFELY 1977, 1978 a, b, c, 1979, 1980a, b; HAEFELY et aI., 1975b, 1978, 1979a, b). 
The rather ubiquitous occurrence of GABA neurons in the central nervous system, 
in particular of GABAergic interneurons subserving feedforward and feedback in­
hibition of principal neurons, readily explains why electrophysiologic and biochemi­
cal studies have revealed benzodiazepine-induced changes in most of the brain struc­
tures examined. The recent finding of benzodiazepine receptor localization in these 
structures and the concurrent existence of high-affinity binding sites for benzo­
diazepines and GABAergic synapses are in perfect agreement with this specific synap­
tic activity. There is very strong evidence for the critical involvement of GABAergic 
mechanisms in most, if not all, major pharmacologic effects ofbenzodiazepines, e.g., 
their abolition by GABA antagonists and their partial imitation by inhibitors of GA­
BA inactivation. The sequence of events leading to the pharmacologic effects of ben­
zodiazepines according to the present state of knowledge is shown in the following 
schematic diagram: 
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Benzo­
diazepine 
receptor 
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Molecular 

Synapse 
(primary 
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The formation of a benzodiazepine-receptor complex results in an enhancement 
of GABA-mediated synaptic inhibition. As a consequence, the activity of neurons 
with a GABAergic input ("primary effector neurons") is attenuated. Some of the 
pharmacologic effects, such as the anticonvulsant effect, may be fully or partially ex­
plained by the depression of "primary effector neurons" receiving GABAergic input. 
More complex effects may require alterations in "secondary effector neurons" in ad­
dition to the "primary effector pathways." The reason why benzodiazepines do not 
simply stop all neuronal activities at doses exerting their full enhancing effect on GA­
BAergic transmission, is the dependence ofthe drug effect on ongoing activity in GA­
BAergic neurons which, of course, varies enormously in the numerous circuits of the 
central nervous system; moreover, the maximum depression of neuronal activity 
which can be achieved through potentiated GABAergic transmission is limited be­
cause enhanced efficiency of GABAergic synapses, e.g. of those involved in local re­
current inhibiting pathways, does not only reduce the activity of GABAergically in­
nervated target cells, but by this very effect in turn also decreases the excitatory input 
to GABAergic interneurons. In addition, the enhancement of GABAergic synaptic 
activity by benzodiazepines is of limited intensity at the single synapse. The obvious 
dependence of some benzodiazepine effects on various transmitter systems acting as 
secondary effectors explains the great number of possible interactions with other 
drugs. 

Benzodiazepine Receptors 
All or, at least, part of the saturable, high-affinity binding sites for radiolabeled ben­
zodiazepines, at which active and antagonistic benzodiazepine derivatives compete to 
a relevant extent with the radioligand, are sites identical with the pharmacologic re­
ceptors for this class of drugs. Their distribution in the central nervous system corre­
sponds to the sites where pharmacologic effects of benzodiazepines are found; their 
absence outside the central nervous system is consistent with the lack of direct periph­
eral effects of the drugs in pharmacologic doses. 

The highly specific binding sites in brain membranes will be helpful in further de­
fining the structural requirements for the activation of these receptors or of possible 
subgroups of them. The systematic use of the radio-receptor approach in combination 
with in vivo behavioral tests led to the discovery of molecules that have a high affinity 
for the benzodiazepine recognition site without being able to activate the receptor. 
Such pure benzodiazepine antagonists are likely to have an important therapeutic 
potential and be a most interesting scientific tool for a deeper understanding of the 
actions of benzodiazepines; partial agonists might reveal novel pharmacologic pro­
files. 

The feasibility of measuring benzodiazepine receptor occupation in the animal 
brain in vivo opens the fascinating possibility of correlating receptor occupation in 
distinct central structures with certain pharmacologic effects as a function of dose and 
time. The recent discovery that flunitrazepam can be covalently coupled to the ben­
zodiazepine receptor by photo affinity labeling opens a most promising way for elec­
tron microscopic autoradiographic visualization and for isolation and identification 
of the receptor. 

Many researchers are attracted by the idea that the benzodiazepine receptor 
should have a physiologically endogenous ligand; the endogenous brain constituents 
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detected so far, however, do not seem to be "hot" candidates for the role of endog­
enous "benzodiazepines" with physiologic or pathological functions. 

Benzodiazepine Receptor and Enhancement of GABAergic Synaptic Transmission 

For some enthusiasts of receptor binding experiments the discovery of high~affinity 
binding sites for benzodiazepines appears as the answer to the question of how ben­
zodiazepines act. Of course this is not true. There is at present no generally accepted 
view on the events which are triggered by the combination of a benzodiazepine with 
its receptor molecules and which result in enhanced GABAergic transmission. On the 
one hand, some evidence has been found for presynaptic sites of action of benzo­
diazepines at the GABAergic synapse. The possibility that the drugs increase the ex­
citability of GABAergic interneurons merits testing. An enhanced release of GABA 
from GABAergic nerve terminals has been reported and requires confirmation. On 
the other hand, a number of results are compatible with a postsynaptic site of action. 
One attractive hypothesis proposes the existence of a supramolecular complex consist­
ing of the GABA receptor, an inhibitory modulating protein ("gabamodulin"), the 
benzodiazepine receptor, and the chloride channel; the role ofbenzodiazepines would 
be to interact with or to displace gabamodulin and, thereby, to increase the affinity 
of the GABA receptor for GABA or to improve the coupling between the GABA re­
ceptor and chloride channel. 

Benzodiazepines and Other Anxiolytics 

Compounds from different chemical classes exist which have similar, although not 
identical pharmacologic profiles. The best-known are barbiturates, which produce 
neuropsychopharmacologic effects similar to those of benzodiazepines, although the 
two classes differ quite markedly in their dose-effect curves. The interesting fact in the 
present context is that barbiturates, too, enhance GABAergic transmission, albeit by 
a yet unsettled mechanism which differs from that of benzodiazepines. In contrast to 
the latter, barbiturates also strongly depress synaptic transmission at higher doses. 
Meprobamate and structurally related compounds have a pharmacologic profile 
which is very similar to that of benzodiazepines, though they differ quite markedly 
in their potencies. Surprisingly, however, meprobamate does not enhance GABAergic 
transmission. This comparison shows that similar neuropsychopharmacologic effects 
can be produced in the whole organism by different molecular and synaptic mech­
anisms of action. 
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CHAPTER 3 

General Pharmacology and Neuropharmacology 
of Propanediol Carbamates 
W. HAEFELY, R. SCHAFFNER, P. POLC, and L. PIERI 

A. Introduction 
Meprobamate is the most important representative of the chemical class of 
propanediol carbamates (Fig. 1). It was introduced into therapy in 1955 as the first 
agent specifically intended for the treatment of anxiety and related emotional distur­
bances and found immediate broad acceptance. After the development of benzo­
diazepines, the use of meprobamate steadily declined. Synthesis and development of 
meprobamate were the result of directed efforts to find a compound with higher 
potency and longer duration of action than mephenesin, which had interesting central 
muscle relaxant and tranquilizing properties (LUDWIG and POTTERFIELD, 1971). Struc-
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Fig. 1. Chemical structures of the main representatives of propanediol carbamates 
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Table 1. Acute lethal doses of meprobamate 
(mg. kg-I) 

LDso i.v. 

482+33" 
450±27 b 

" BERGER (1954) 

LDso i.p. 

Mouse 
800±15" 
736±53 b 

Rat 
545±40" 

b RANDALL et al. (1960) 

LDso p.o. 

1,100± 44" 
1,100±176 b 

1,600±163" 

W. HAEFELY et al. 

ture-activity relationships for substituted propanediols were reported by LUDWIG and 
POTTERFIELD (1971). 

We restrict our presentation of the general pharmacology and neuropharmacol­
ogy of propanediols to meprobamate and mention other derivatives on only a few oc­
casions, because they have very restricted use in therapy. Carisoprodol, a propanediol 
carbamate with a predominant effect on skeletal muscle tone, is not discussed in this 
review. 

B. Acute Toxicity 

As can be seen from Table 1, the absolute toxicity of meprobamate is rather low. The 
LDso values in rats and mice are in the order of magnitude reported for diazepam 
(HAEFELY et aI., 1981). Acute lethal doses for other dicarbamate compounds were 
compiled by LUDWIG and POTTERFIELD (1971). 

C. Cardiovascular System 

I. Meprobamate 

Arterial blood pressure was transiently lowered to a weak or moderate degree by mep­
robamate in anesthetized cats (40 mg' kg- 1 i.v., 50 mg' kg- 1 i.m.) and dogs 
(20 mg' kg- 1 i.v.) as well as in conscious and anesthetized rabbits (55 mg' kg- 1 i.p., 
25 mg' kg- 1 Lv.) and conscious rats (55 mg' kg- 1 Lp.) (BERGER, 1954; BERGER et aI., 
1961; TAKEDA, 1960; INOKI et aI., 1964). Whilst BERGER (1954) and TAKEDA (1960) 
found heart rate to be minimally affected, tachycardia was observed by CHASSAING 
and DUCHENE-MARULLAZ (1976) in conscious dogs after 50 mg' kg- 1 meprobamate 
i.v. 

Meprobamate (20 mg' kg- 1 Lv.) reduced ventricular arrhythmia induced in dogs 
by acute myocardial infarction (ARORA, 1958; ARORA et aI., 1962), but had no effect 
on atrial flutter induced by electric stimulation or atrial fibrillation induced by 
aconitine (ARORA, 1958). 

Pressor responses of curarized dogs and cats to stimulation of hypothalamus, mid­
brain reticular formation, sciatic nerve or pneumogastric nerve were reduced or even 
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reversed after 30-50 mg· kg- 1 meprobamate i.v. (MERCIER and DESSAIGNE, 1959). 
The hypertensive response to pentetrazole or strychnine was diminished by 30-50 
mg· kg -1 meprobamate i. v. (MERCIER and DESSAIGNE, 1959), but the pressor effect of 
adrenaline or noradrenaline or the depressor effect of acetylcholine were unaffected 
(BERGER, 1954; MERCIER and DESSAIGNE, 1959). 

II. Mebutamate 

In contrast to the weak effects of meprobamate, mebutamate was reported to have 
prominent cardiovascular effects. BERGER et aI. (1961) described dose-dependent 
long-lasting hypotensive effects in conscious normotensive and hypertensive rabbits 
(18-37 mg· kg- 1 i.v.), in DOCA and Goldblatt hypertensive rats (120 mg· kg- 1 p.o.), 
and in hypertensive patients (300 mg p.o.). In anesthetized dogs 20 mg· kg- 1 mebuta­
mate i.v. produced a transient hypotension which was not altered by either atropine, 
removal of the carotid bodies, or by cutting the vagal nerves. No alterations of the 
ECG were observed. Peripheral and coronary vascular resistances were decreased; 
cardiac output remained unaffected. Blood pressure and blood flow in the renal ar­
teries were slightly reduced. Mebutamate did not affect adrenaline-induced increase 
of arterial and venous blood flow or reduction of renal arterial blood flow, but con­
sistently reduced the pressor effect of carotid artery occlusion. Blood pressure respon­
ses to adrenaline, histamine, and acetylcholine in anesthetized dogs were unchanged. 
V ARAGIC and VOJVODIC (1962) reduced the pressor response to eserine (thought to be 
centrally mediated) by 10-20 mg· kg- 1 mebutamate i.v. in rats. A slight reduction of 
the depressor response to peripheral vagal stimulation was found by BERGER et al. 
(1961). These authors, as well as SCHALLEK et al. (1964), reported reductions by 
30 mg· kg -1 mebutamate i. v. of pressor responses to stimulation of the medulla, mid­
brain, hypothalamus, or central stump of the vagus nerve in curarized cats. No direct 
vasodilating effect of mebutamate was found in the perfused rabbit ear and the per­
fused hind limb of dogs; however, a centrally evoked vasodilation occurred in the dog 
hind limb in cross-circulation experiments (BERGER et aI., 1961). 

D. Effects on Respiration 

Respiration seems to be minimally affected by meprobamate in pharmacologic doses. 
Respiratory rate and amplitude were unaltered or slightly increased in anesthetized 
cats after 140 mg· kg- 1 meprobamate i.v. and i.m., respectively (BERGER, 1954). In 
anesthetized rabbits, TAKEDA (1960) observed a biphasic effect with 25 mg· kg- 1 i.v., 
i.e., a brief depression followed by an increase. 

E. Effects on Other Autonomic Functions 

I. Gastrointestinal System 

The formation of stomach ulcers in rats by intermittent electric shocks to the cage 
floor was reduced by 5 mg· kg- 1 meprobamate (DESMAREZ and DOMB, 1960). No pro­
tection or only a small reduction of the severity of stomach ulcerations was reported 
in Shay rats with 20-200 mg· kg - 1 meprobamate s.c. and of histamine-induced ulcer-
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ations in guinea pigs with 15 and 20mg'kg- 1 s.c. (BORNMANN, 1961; DIMAGGIO, 
1964). Repeated administration of 120-200mg·kg- 1 meprobamate s.c. induced 
dose-dependently an inflammatory process in the stomach of rats which led to severe 
hemorrhagic ulcerations and eventually death. Meprobamate (10- 4-10- 3 mol·I- 1) 

reduced the contractions induced by vagus stimulation in the isolated vagus nerve­
stomach preparation of the rat and the contractions induced by 5-hydroxytryptamine 
(serotonin, 5-HT) in rat stomach strips (DELLA BELLA and ROONONI, 1960). Con­
tractions of the isolated rat colon evoked by acetylcholine and 5-HT were depressed 
by the drug at 10- 3 mol· 1- 1 (BERGER et aI., 1957, 1975). The isolated guinea-pig ileum 
was not relaxed (BERGER, 1954); the contractile effects of acetylcholine, nicotine, 
barium chloride, and 5-HT were hardly affected at 10 - 3 mol· 1- 1 (BERGER, 1954, 
1957; FROMMEL et aI., 1960; THEOBALD et aI., 1965; LEEUWIN et aI., 1975), but an an­
tihistamine effect was found at 10 - s mol'I- 1 by FROMMEL et aI. (1960). BERGER and 
NEUWEILER (1961) observed a relaxation of isolated human myometrium strips by 
meprobamate. 

In rats with cannulated bile ducts BORNMANN (1961) observed a dose-dependent, 
transient increase in bile flow with 80-160mg·kg- 1 meprobamate i.p. 

No change in urinary excretion was observed with meprobamate in dogs and rats 
(CORSON et aI., 1960; GREENE, 1963; BORIS and STEVENSON, 1967); glomerular filtra­
tion rate and renal plasma flow were unaltered (GREENE, 1963). 

Contractions of the nictitating membrane elicited in cats by stimulation of the pre­
ganglionic cervical sympathetic were unaffected by 40 mg' kg -1 meprobamate i. v. 
(BERGER, 1954). The drug at a dose of 20 mg' kg- 1 i.v. also did not change the spon­
taneous activity in the preganglionic cervical sympathetic nerve in anesthetized rab­
bits (CLUBLEY and ELLIOTT, 1977). High concentrations of meprobamate (> 10- 3 

mol ,1- 1) reduced the amplitude of evoked compound action potentials in the isolated 
cervical sympathetic nerve-superior cervical ganglion preparation of the rabbit 
(CLUBLEY, 1978). 

The increase of palmar skin conductance induced in mice by photo stimulation was 
decreased by meprobamate (EDso: 3 mg' kg- 1 s.c., MARCY and QUERMONNE, 1975), 
whereas peripheral and central responses to tremorine remained unaffected by 
100 mg' kg- 1 p.o. (FROMMEL et aI., 1960, 1961; THEOBALD et aI., 1965). Meprobamate 
failed to affect pupil size in cats and mice (BERGER, 1954; BASTIAN and CLEMENTS, 
1961). 

No effect on body temperature was found in mice and rabbits with doses of mep­
robamate that did not produce muscle relaxation (BERGER, 1954; BASTIAN and 
CLEMENTS, 1961; MENON et aI., 1977), but higher doses produced hypothermia (BER­
GER, 1954; FROMMEL et aI., 1960). These authors also found an antipyretic effect in 
rabbits (25 mg' kg- 1 i.p.) and guinea pigs (200 mg' kg- 1 p.o.). 

The short-circuiting sodium current and the membrane potential of the isolated 
frog skin were increased or reduced depending on whether 1.5 x 10 - 2 mol· 1- 1 mep­
robamate was added to the epidermal or corial side (RUBERG-SCHWEER and KARGER, 
1970, 1974). 

Meprobamate produced no antiemetic effect in dogs in doses up to 240 mg' kg- 1 

p.o. (RANDALL et aI., 1960; THEOBALD et aI., 1965). 
A dipsogenic effect of 10-128 mg' kg- 1 meprobamate i.p. was reported in fluid­

deprived rats (MAICKEL and MALONEY, 1973; SOUBRIE et aI., 1976). 
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Increases (BAINBRIDGE, 1968) and no changes (STERNBACH et aI., 1964) of food 
consumption in starved rats were found with doses of 100 mg· kg -1 p.o. and 
50 mg· kg- 1 s.c., respectively. In starved mice 25-200 mg· kg- 1 meprobamate s.c. 
dose-dependently increased food intake (STEPHENS, 1973). An increased food intake 
in fed mice and rats was also reported after 64 mg· kg - 1 i. p. or higher doses of mep­
robamate (SOUBRIE et aI., 1975). 

A questionable antinociceptive effect was found with 100 mg· kg - 1 meprobamate 
p.o. in guinea pigs in which tooth pulps were electrically stimulated (FROMMEL et aI., 
1960). Meprobamate was found inactive by WELLER et aI. (1968) in four different anal­
gesic tests in mice in doses up to 400 mg· kg -1 (route of administration not indicated). 

F. Effects on Neuromuscular Transmission 

Neuromuscular transmission was unaffected by meprobamate in cats (30-40 mg . kg - 1 

i. v.) and rats (20-100 mg· kg- 1 i. v.) (BERGER, 1954; INOKI et al., 1964). No direct ef­
fect on cat skeletal muscle was observed by BERGER (1954). In the isolated frog sar­
torius muscle, the drug at 10 -4 mol·I- 1 had no effect on twitch responses, but it an­
tagonized twitch augmentation by veratridine (ARORA, 1958). In single isolated frog 
skeletal muscle fibers, LOPEZ et aI. (1979) observed an increase of twitch force and a 
delay in the twitch response with 5 x 10 - 3 mol· 1-1 meprobamate. In muscle fibers 
injected intracellularly with the calcium-sensitive fluorescent aequorin the authors 
found an enhanced increase of light emission during the twitch and a delayed decay 
oflight emission in the falling phase of the twitch, indicating an increased accumula­
tion of Ca 2 + in the myoplasm under the influence of meprobamate. 

Meprobamate (30-50 mg· kg- 1 i.v.) had a relatively weak protecting effect 
against local tetanus induced in rabbits by injection of tetanus toxin into the gastro­
cnemius muscle and by activating afferent inputs (WEBSTER, 1961). 

G. Effects on the Endocrine System 

ARON et aI. (1967,1968) observed an anti ovulatory effect of300 mg· kg- 1 meprobam­
ate i.m. in rats. The effect was dependent on dose and time of injection as well as on 
the rat strain. The ovulatory action of exogenous gonadotrophin was not prevented 
by meprobamate. 

In rats, 450 mg· kg - 1 meprobamate p.o. inhibited ascorbic acid depletion of the 
adrenal glands caused in acute conditions by psychic stress; during chronic treatment, 
tolerance to this effect occurred after 11-14 days (MAKELA et aI., 1959). The stress­
induced increase of plasma corticosteroids in rats was blocked by 150 mg· kg-I mep­
robamate i.p.; diazepam was 30-40 times more potent in this respect (LAHTI and BAR­
SUHN, 1974). In rats forced to swim in an unescapable situation, plasma corticoste­
roids were increased by approximately 120%; meprobamate in doses of 25,50, and 
100 mg . kg -1 i. p. reduced this increased by about 50% without any dose relation (LE 
FUR et aI., 1979). Benzodiazepines dose-dependently reduced the stress-induced eleva­
tion of plasma corticosteroids; the elevation was completely prevented by 0.5 mg· kg - 1 

diazepam and 5 mg . kg- 1 chlordiazepoxide. 
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A nontoxic analogue of amphenone, 1-2-bis[3-pyridyl-]-2-methyl-l-propanone, 
elicits in man a release of pituitary corticotrophin which leads to a twofold rise in uri­
nary 17-ketosteroids; meprobamate in clinical doses was able to reduce this rise (GOLD 
et aI., 1960). 

Dispersal of melanophore pigment in skin, which is under the control of the pitu­
itary gland, occurred in frogs with muscle relaxant doses of meprobamate (100-
150 mg· kg- 1 i.p.); this effect was reversed by adrenaline. In hypophysectomized frogs 
and in the isolated frog skin, meprobamate did not induce melanophore dispersal 
(ROBINSON and SCOTT, 1960). 

H. Anticonvulsant Activity 

Meprobamate was the most potent compound of a series of propanediol derivatives 
in preventing convulsions caused by pentetrazole in mice (ED50 determined after 
30 min, 102 mg· kg- 1 i.p.). In maximal electroshock seizures in mice the ED50 was 
165 mg· kg- 1 i.p. Only at very high doses was meprobamate able to antagonize con­
vulsions elicited by strychnine in mice (ED50 at 30 min, 550 mg· kg- 1 i.p.) (BERGER, 
1954; BERGER et aI., 1956; BERGER et aI., 1964). The oral ED50 values for meprobam­
ate, tybamate, and carisoprodol were 67, 120, and 145 mg· kg- 1 against pentetrazole 
(120mg·kg- 1 i.p.) and 470,388, and >980 against strychnine (2.5mg·kg- 1 i.p.). 

BERGER (1956) tried to correlate pharmacological actions with physical properties, 
i.e., melting points: He found a good correlation between paralyzing potency (i.e., in­
duction ofloss of righting reflex) and antipentetrazole effect on the one side and melt­
ing points ofthe different derivatives on the other side; no such correlation was found 
in the case of maximal electroshock. RANDALL et ai. (1960) compared chlordiazepox­
ide with meprobamate in mice; ED50 in the maximal electroshock test was 95 and 
200 mg· kg- 1 p.o., the ED50 for antipentetrazole activity 18 and 133 mg, respectively, 
whereas the acute oral toxicity was lower for meprobamate than for chlordiazepoxide. 
FINK and SWINYARD (1959) and CHEN and BOHNER (1960) confirmed the effects 
against pentetrazole and maximal electroshock, and obtained values in good agree­
ment with those reported above. FINK and SWINYARD (1959) reported the effective­
ness of meprobamate against maximal audiogenic seizures in mice (ED 50: 29 mg . kg - 1 

p.o.). The withdrawal syndrome of rats made physically dependent on barbiturates 
is characterized by a loss of body weight and a susceptibility to sound-induced con­
vulsions; spontaneous convulsions are also seen. Meprobamate was able to prevent 
these withdrawal symptoms (NORTON, 1970). 

The anticonvulsant properties of meprobamate have also been investigated in 
patients undergoing electroconvulsive therapy (COOK and REID, 1962). In this study 
patients were given 800 mg meprobamate twice daily. The results indicated a highly 
significant difference in the incidence of fits between treated and untreated groups of 
patients, suggesting a strong anticonvulsant effect of meprobamate in this experimen­
tal situation. 

I. Effects on Spontaneous and Imposed Motor Activity 
Meprobamate at high doses decreased spontaneous locomotor activity (BORSY et aI., 
1960; DELLA BELLA and ROGNONI, 1960; WEAVER and MIYA, 1961). At 100 mg· kg- 1 

i.p. it was found inactive in mice (MENON et aI., 1977). 
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However, in a study where the different phases of behavior of the "naive" mouse 
in the actograph were investigated, meprobamate increased the initial activity, which 
may be considered as orientational hypermotility or exploration (RAYNAUD et ai., 
1965). In the test of KNEIP (1960), which studies the climbing impulse of mice placed 
in an unfamiliar chamber with a wire netting on one wall, meprobamate was effective 
with an ED 50 of about 150 mg' kg -1 and about 250 mg' kg -1 at 1 and 4 h, respec­
tively. Meprobamate, at an intraperitoneal dose which per se elicits a decrease of 
spontaneous locomotor activity of mice, enhanced the amphetamine-induced increase 
of motor activity (SETHY et ai., 1970). Meprobamate at 100 and 200 mg' kg- 1 p.o. re­
duced performance of mice forced to swim (NIESCHULZ, 1963). 

J. Effects on Muscle Tone and Coordination 
BERGER (1954; BERGER et ai., 1956) investigated propanediols for their effects on the 
righting reflex. The average effective dose producing loss of righting reflex in mice was 
300 mg' kg- 1 p.o. and 235 mg' kg- 1 i.p. for meprobamate, whereas the mean lethal 
dose of meprobamate was 1,100 mg' kg- 1 p.o. and 800 mg' kg- 1 i.p. For tybamate 
an EDso of 198mg·kg- 1 p.o. was determined (BERGER et ai., 1964). BERGER and 
LYNES (1954) described a convulsant propranol derivative (W-181: I-n-butylamino-
3-p-toluidino-2-propranol) as a possible antagonist of anesthesia or paralysis induced 
by depressant drugs such as mephenesin. In mice, loss of righting reflex induced by 
phenobarbitone, mephenesin, and benzimidazole could be antagonized by noncon­
vulsant doses of this compound. 

Meprobamate (150-300 mg' kg- 1 i.p.) and diazepam (10-40 mg' kg- 1 i.p.) pro­
duced a loss of righting reflex in mice when given alone. In subanesthetic doses the 
two compounds caused a parallel shift to the left of the phenobarbitone dose-response 
curve and the EDso of phenobarbitone was reduced significantly (FRANK and 
JHAMANDAS,1970a). 

In the inclined screen test in mice, meprobamate (EDso: 282 mg' kg- 1 p.o.) prov­
ed equally effective as chlordiazepoxide (RANDALL et aI., 1960), with values in the 
range of those reported by ROBICHAUD et ai. (1970). This value approximately corre­
sponds to the EDso for loss of righting reflex as indicated by BERGER (1954) and Ro­
BICHAUD et ai. (1970). Meprobamate in the same dose range reduced the ability of 
mice to hang from a horizontal grid (KONDZIELLA, 1964). 

In contrast to chlordiazepoxide and other benzodiazepines, which had an EDso 
p.o. in a mice rotarod test of 6-8 mg' kg- 1, meprobamate was reported either to be 
almost ineffective at 100 mg' kg -1 p.o. (WEAVER and MIYA, 1961) or to have an ED 50 

of about 100 mg' kg- 1 i.p. (DELLA BELLA and ROONONI, 1960). 
Decerebrate rigidity in cats characterized by high-voltage, high-frequency po­

tentials in the electromyogram of extensor muscles of the hind limb was completely 
abolished and a normal electromyogram reinstated after administration of 
10 mg' kg- 1 tybamate i.v. To obtain similar results with meprobamate and carisopro­
dol, 24 mg' kg- 1 i.v. and 3 mg' kg- 1 i.v., respectively, were required. In the case of 
spinal reflexes, 20 mg' kg- 1 tybamate i.v. was strongly effective in depressing the flex­
or reflex in the hind limb, while not affecting the patellar reflex; in these experiments 
its effect was similar to that of meprobamate (BERGER et ai., 1964). 

Barbiturate synergism was studied in groups of 10 mice receiving jointly a dose of 
a propanediol and 100 mg' kg- 1 hexobarbitone sodium, measuring the time during 
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which the righting reflex was lost. Tybamate significantly prolonged sleeping time at 
100 mg· kg- 1 i.p., but half this dose had no marked effect. Meprobamate in similar 
doses produced comparable effects (BERGER et aI., 1964). 

K. Interactions with Varioos Centrally Active Agents 
Meprobamate injected i. p. at 100 mg· kg - 1 together with hexobarbitone significantly 
prolonged the duration of hexobarbitone anesthesia in mice, as measured by the du­
ration ofloss of righting reflex (BERGER et aI., 1964) but was inactive on pentobarbi­
tone (MENON et aI., 1977). After repeated administration of large doses of meprobam­
ate, a moderate decrease in the duration of hexobarbitone anesthesia became appar­
ent (BERGER et aI., 1964). 

A potentiation of ethanol effects in mice was also observed; the minimal potentiat­
ing dose for meprobamate was 14mg·kg- 1 p.o. (FORNEY et aI., 1962). 

Meprobamate, at an intraperitoneal dose which per se elicited a decrease of spon­
taneous locomotor activity in mice, produced a greater increase of motor activity in 
combination with amphetamine than the same dose of amphetamine alone (SETIIY et 
aI., 1970). 

L. Effects on Aggression 
Rather high doses of meprobamate had to be given in order to detect antiaggressive 
effects in various animal species. Spontaneous aggressive cynomolgus and rhesus 
monkeys became quiet with doses of meprobamate (100-200 mg· kg- 1 p.o.) which in­
duced a loss of motor coordination and spontaneous locomotor activity (BERGER, 
1954; RANDALL et aI., 1960). However, doses up to 200 mg· kg- 1 p.o. affected neither 
the vicious behavior nor the aggression-associated vocalization in squirrel monkeys 
(SCHECKEL and BoFF, 1967). Meprobamate (55 mg· kg- 1 i.m.) was also ineffective in 
social dominance tests with pairs of a dominant and a submissive monkey (LEARY and 
STYNES, 1959). In line with the observations on monkeys, taming effects of me pro bam­
ate (200 mg· kg -1 p.o.) in extremely vicious minks were found to be accompanied by 
sedation, muscle relaxation, and ataxia (BAUEN and POSSANZA, 1970). Doses ofmep­
robamate which abolished the righting reflexes (200 mg· kg- 1 i.p.) were only slightly 
active in suppressing the muricide behavior of "killer" rats (HOROVITZ et aI., 1966), 
a finding which is in agreement with an earlier observation made by KARLI (1959). On 
the other hand, meprobamate was more active (20-64 mg· kg -1 p.o.) in reducing 
fighting among rabbits (WOLF and HAXTHAUSEN, 1960) and in a spontaneously ag­
gressive strain of mice (BOISSIER et aI., 1968) as well as in fighting Siamese fish 
(10 Ilg·ml-l, WALASZEK and ABOOD, 1956). 

Aggressive behavior which developed in mice previously kept in isolation was not 
very sensitive to the action of meprobamate, since isolation-induced aggressivity in 
mice was reduced only with doses of meprobamate (200 mg· kg- 1p.o., 40-100 
mg· kg- 1 i.p.) which led to motor impairment (YEN et aI., 1959; JANSSEN et aI., 1960; 
DA VANZO et al., 1966; VALZELLI et aI., 1967). 

The original observation that meprobamate diminished foot-shock-induced ag­
gression at dose levels below those depressing spontaneous motor activity in mice 
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(ED 50: 84 mg' kg -1 p.o., TEDESCHI et aI., 1959) was not confirmed by other investi­
gators. GRAY et aI. (1961) and CHEN et aI. (1963) found meprobamate to be effective 
in this test with doses (120 mg' kg- 1 p.o.) producing sedation and ataxia in mice, 
while in another study the aggression-reducing effect of meprobamate in mice and rats 
was obvious only with doses (350 mg' kg- 1 p.o.) which were almost as high as those 
inhibiting locomotor activity (CHRISTMAS and MAXWELL, 1970). 

Rats with bilateral septal lesions become extremely aggressive (BRADY and NAUTA, 
1953). Early studies with this preparation showed that meprobamate, given either 
orally (240 mg' kg-1; HUNT, 1957) or intraperitoneally (95 mg' kg- \ SCHALLEK et 
aI., 1962), diminished hyperirritability of septal rats. However, in later investigations 
meprobamate was found to be ineffective in hyperreactive septal rats (STARK and 
HENDERSON, 1966; SOFIA, 1969) as well as in rats made aggressive by lesions in the ven­
tromedial hypothalamus, olfactory bulbs (MALICK et aI., 1969) or midbrain (CHRIST­
MAS and MAXWELL, 1970). 

Conflicting reports also appeared on the effect of meprobamate on aggressive be­
havior elicited by electrical stimulation of the hypothalamus or the periaqueductal 
gray matter. BAXTER (1968), on the one hand, was unable to find a clear-cut effect of 
meprobamate on the hissing response in the hypothalamically stimulated cat at doses 
below those inducing ataxia (50 mg' kg- 1 i.p.). On the other hand, the threshold for 
vocalization evoked by central gray stimulation in monkeys was elevated after 
100 mg' kg- 1 meprobamate i.p. (DELGADO et aI., 1971), and the same dose of me pro­
bamate markedly reduced the aggressiveness in gibbons induced by central gray stim­
ulation (APFELBACH, 1971). In the latter two studies, however, no overall behavioral 
effects were mentioned, rendering questionable any interpretation about the possible 
specific action of this high dose of meprobamate on aggression elicited by electrical 
brain stimulation. 

Pharmacologically induced aggression can be most consistently produced by pre­
treatment of mice with high intravenous doses of DOPA (250-500 mg' kg -1), which 
elicits powerful attacks and repeated biting (VAN DER WENDE and SPOERLEIN, 1962). 
Increased biting after these high nonlethal doses of DL-DOPA was reduced by mep­
robamate (89-200 mg' kg- 1 i.p., KLETZKIN, 1969; YEN et aI., 1970). Increased irrita­
bility in rats, which follows the degeneration of central catecholaminergic neurons in­
duced by intraventricular injection of 6-hydroxydopamine, was reduced by mepro­
bamate (ED 50: 195 mg' kg- 1 i.p.) and a series of other centrally active agents (NAKA­
MURA and THOENEN, 1972). 

Summarizing the effects of meprobamate on different forms of aggression in ani­
mals, the statement can be made that meprobamate has antiaggressive actions in doses 
leading to sedation and muscle relaxation and, therefore, can hardly be ascribed to 
a specific influence on aggression-modulating mechanisms in the brain. 

M. Effects on Spinal Cord Activities 

Effects of meprobamate on spinal cord functions were first described by BERGER 
(1954). In chloralose-urethane anesthetized cats with intact neuraxis, 40 mg' kg- 1 
meprobamate i.v. abolished polysynaptic flexor and crossed extensor reflexes in the 
hind limb elicited by electrical stimulation of the sciatic nerve and recorded as con-
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tractions of the tibialis anterior and the quadriceps muscle, respectively. Since the 
monosynaptic reflex (knee jerk) evoked by mechanical stimulation of the patellar 
tendon was only slightly depressed or unaffected after this dose of meprobamate, BER­
GER (1954) concluded that meprobamate selectively depressed spinal interneurons re­
sponsible for polysynaptic reflexes and proposed reduction of interneuronal activity 
as the mechanism of muscle relaxant properties of the drug. 

Since this original study by BERGER (1954), the specificity of action attributed to 
meprobamate in depressing interneuronal circuits at the spinal level has been ques­
tioned for several reasons. It was soon recognized that other centrally active com­
pounds, such as pentobarbitone, phenobarbitone, morphine, and chlorpromazine in 
appropriate doses also diminished polysynaptic reflexes more readily than monosyn­
aptic reflexes (PFEIFFER et aI., 1957; BUSCH et aI., 1960; DE SALVA and OESTER, 1960). 
Furthermore, in additional studies using unanesthetized spinal as well as intact anes­
thetized cats, meprobamate depressed monosynaptic reflexes at doses (50-
100 mg' kg - 1 i. v.) which were only slightly higher than those inhibiting polysynaptic 
reflexes (WILSON, 1958; DE SALVA and OESTER, 1960; INOKI et aI., 1961). NGAI et ai. 
(1966) reported that 20-40 mg' kg- 1 meprobamate i.v. reduced ipsilateral and contra­
lateral extensor reflexes to 20-50% of control in decerebrate cats without affecting the 
knee jerk, whereas in spinal animals 80-120 mg' kg- 1 meprobamate were required to 
diminish the polysynaptic reflexes to a similar extent. In the latter preparations the 
knee jerk was also depressed, although less markedly than polysynaptic reflexes. An 
explanation for the relative selectivity of meprobamate for polysynaptic reflexes was 
offered by WILSON (1958), who recorded monosynaptic reflex potentials from the lum­
bosacral ventral roots upon stimulation of flexor and extensor muscle nerve afferents 
in spinal cats. WILSON (1958) suggested that a more pronounced reduction ofpolysyn­
aptic responses as compared to monosynaptic reflexes was due not to the selective ac­
tion of meprobamate on interneurons, but rather to a summation effect, i.e., that mep­
robamate depressed excitability of neurons indiscriminately and that polysynaptic 
pathways containing a greater number of neurons in series were consequently more 
affected than monosynaptic pathways. Inhibitory disynaptic pathways in the spinal 
cord, such as those involved in reciprocal and recurrent inhibition of motoneurons, 
were found to be more resistant to meprobamate than are excitatory polysynaptic 
pathways (recurrent facilitation, WILSON and TALBOT, 1960). In line with this obser­
vation is the finding that meprobamate depressed facilitation of the knee jerk evoked 
by pontine reticular stimulation more easily than inhibition of the knee jerk elicited 
by stimulation of the bulbar reticular formation in intact anesthetized cats (DEL CAS­
TILLO and NELSON, 1960), again indicating that excitatory pathways were generally 
more sensitive to meprobamate than inhibitory pathways. However, this assumption 
was not confirmed by other studies which have demonstrated a similar marked de­
pression by meprobamate and by its newer analogue, tybamate, of both excitatory 
and inhibitory pathways to motoneurons in decerebrate and spinal cats (ABDULIAN 
et aI., 1960; TSENG et aI., 1970). 

In addition to its depressant effects on spinal cord reflexes, 20-40 mg' kg -1 mep­
robamate i.v. was found in decerebrate and slightly anesthetized intact cats to reduce 
the activity of y-motoneurons and tonic Ct-motoneurons considered to be responsible 
for the maintenance of muscle tone (BUSCH et aI., 1960); this effect would be an alter­
native mechanism for the muscle relaxant action of meprobamate. 
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The spinal cord effects discussed above were obtained predominantly in intact an­
esthetized or decerebrate animals. A direct spinal action of meprobamate has not been 
unequivocally demonstrated unless high doses (50-lO0 mg· kg - 1 i. v.) were admin­
istered. In the case of tybamate, relatively low doses (5 mg· kg - 1 i. v.) depressed the 
firing of unidentified intemeurons in the dorsal hom evoked by dorsal root stimula­
tion (KIRSTEN and TSENG, 1972). The effect of meprobamate on two electrophysiologi­
cal correlates of presynaptic inhibition, dorsal root potentials (DRPs) and dorsal root 
reflexes (DRRs), was studied in unanesthetized spinal cats. Up to a dose of 
lOOmg·kg- 1 i.v., meprobamate did not affect DRPs and DRRs (HAEFELY et aI., 
1978), and in another study even a depression of DRRs was observed (MURAYAMA 
et aI., 1972). 

Taken together, the effects of meprobamate on spinal cord activities appear to be 
primarily mediated through changes in supraspinal control mechanisms, in particular 
by a reduction of descending facilitatory influences. Very high doses are required for 
effects within the spinal cord, and these effects differ essentially from those of benzo­
diazepines and barbiturates by the complete absence of an enhancement of presynap­
tic inhibition. Whether the effect of meprobamate can be accounted for by a moderate 
generalized depression of neuronal excitability, as suggested by WILSON (1958), can­
not be decided at present. 

N. Effects on Evoked Potentials in the eNS 

The finding that meprobamate up to 80 mg· kg- 1 i.v. in unanesthetized immobilized 
cats did not affect evoked potentials in response to auditory stimuli, recorded in the 
specific ascending sensory system (medial geniculate body, temporal cortex) and in the 
nonspecific "arousal" system (reticular formation, centromedian thalamus) of the 
brain, led KLETZKIN and SWAN (1959) to exclude any effect of meprobamate on the 
arousal system of the reticular formation. However, meprobamate (50 mg· kg- 1 i.v.) 
was found to depress the inhibition of click-evoked responses in the dorsal cochlear 
nucleus by conditioning reticular stimulation in unrestrained freely moving as well as 
unanesthetized immobilized cats (CmN et aI., 1965). Furthermore, in unrestrained rats 
meprobamate (40 mg· kg - 1 i. p.) reduced visual evoked potentials in the tecto tegmen­
tal midbrain area, which includes both the dorsal part of the reticular formation and 
ventral optic tectum (OLDS and BALDRIGm, 1968). 

FRANK andJHAMANDAS (1970b) observed a depression by 20-40 mg· kg- 1 mepro­
bamate i.v. ofthe surface negative and the surface positive waves of the cortical poten­
tial evoked by nearby surface stimulation in neuronally isolated cortex slabs in decere­
brate cats. Meprobamate (200 mg· kg- 1 i.p.) clearly depressed cortical evoked po­
tentials induced by single shocks applied to the tooth pulp, whereas the same dose had 
no effect on posttetanic potentiation of these potentials (BANSI et aI., 1976). 

Diencephalolimbic neuronal circuits were postulated to be the site of anxiolytic ac­
tion of meprobamate (BERGER, 1968, 1977; LUDWIG and POTTERFIELD, 1971). In agree­
ment with this finding, meprobamate significantly reduced the amplitUde of the amyg­
dalohippocampal evoked potentials with the high dose of 51 mg· kg - 1 i. v. in unanes­
thetized immobilized cats (JALFRE et aI., 1971). However, meprobamate (20-
40 mg· kg - 1 i. p.) did not affect potentials elicited in the hippocampus by single shocks 
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applied to the fornix, potentials evoked in the hippocampus by stimulation of the 
amygdala, or hypothalamic activity in response to the hippocampal stimuli in ence­
phale isole rats (TAKAGI and BAN, 1960). Meprobamate (30 mg· kg- I Lv.) was also 
only slightly active in antagonizing the depression by bicuculline (0.3 mg· kg- I i.v.) 
of the strio-nigral evoked potential in unanesthetized curarized cats (SCHAFFNER, un­
published work). 

From studies of the action of meprobamate on brain evoked potentials no conclus­
ive statements are possible. It seems, however, that the same doses of meprobamate 
which have depressant effect on some limbic structures also reduce the activity of the 
ascending reticular activating system, including the cortex. 

o. Effects on the EEG 

An early investigation of meprobamate in unanesthetized immobilized cats revealed 
a synchronization of the EEG (appearance of high-amplitude slow waves), which was 
more pronounced in the thalamus than in the neocortex after relatively low intrave­
nous doses (20 mg· kg-I). This observation led HENDLEYetai. (1954) to assume a tha­
lamic site of action of meprobamate. In addition to the thalamus, later studies empha­
sized the sensitivity of other subcortical regions to the depressant action of mepro­
bamate. BERGER et ai. (1957) pointed out that the dose is a critical factor in determin­
ing sites of action of meprobamate, since doubling of the dose which elicited a spin­
dle-like(l0-15 Hz) activity in the thalamus (20 mg· kg- I i.v. to 40 mg· kg- I i.v.), pro­
duced a similar synchronization also in the cortex. In unanesthetized and anesthetized 
cats, 20-40mg·kg- 1 meprobamate Lv. induced EEG synchronization in the thala­
mus, amygdala, and basal ganglia (caudate nucleus and putamen), but not in the hy­
pothalamus (BAIRD et aI., 1957). Meprobamate (20-40 mg· kg- I Lv.) was rather inef­
fective in elevating the threshold for the EEG arousal reaction in the neocortex upon 
high-frequency stimulation of the reticular formation in encephale isole cats (BRAD­
LEY and KEy, 1959) and unanesthetized immobilized cats (GANGLOFF, 1959; KLETZKIN 
and BERGER, 1959). The same doses of meprobamate, however, markedly reduced the 
excitability of the thalamus, as shown by a depression of recruiting cortical response 
to the low-frequency stimulation of unspecific thalamic nuclei (GANGLOFF, 1959; Hu­
KUHARA, 1962; KLETZKIN, 1962). In addition, the threshold for inducing EEG after­
discharges (high-amplitude epileptoid waves overlasting the stimulation period) in the 
limbic system upon stimulation of the septum, amygdala, and hippocampus was ele­
vated after meprobamate (KLETZKIN and BERGER, 1959; SCHALLEK and KUEHN, 1960; 
KLETZKIN, 1962). Results virtually identical to those observed with meprobamate 
were obtained with intravenous injections of a newer analogue, tybamate (10-40 
mg· kg- I Lv.), in unanesthetized immobilized cats and rabbits (BERGER et aI., 1964). 

Other investigations, including those performed with unrestrained freely moving 
animals, questioned the selective sensitivity of the limbic system and thalamus to the 
depressant effect of meprobamate. In fact, rather low doses of meprobamate 
(20 mg· kg- t i.v.) attenuated the cortical and thalamic arousal response to acoustic 
and hypothalamic stimuli in unrestrained rabbits (BoVET et aI., 1957). In unanesthe­
tized immobilized cats, meprobamate (25-50mg·kg- t i.v., 80mg·kg- t i.p.) was 
found to elevate the EEG arousal threshold in cortex, amygdala, and hippocampus 
to stimulation of the reticular formation, but not to stimulation of the hypothalamus 
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and caudate nucleus (HUKUHARA, 1962; TAKAGI et aI., 1967). High-amplitude waves 
(8-20 Hz) were observed in all cortical and subcortical leads after 25 mg· kg- 1 mep­
robamate i.v. in these same cats (HUKUHARA, 1962). In freely moving cats, KIDO and 
YAMAMOTO (1962) found a synchronization (14-20 Hz) in the neocortical and thalam­
ic EEG after meprobamate (30 mg· kg- 1 i.v.). Intraperitoneal and oral administra­
tion of meprobamate (160 mg· kg-I) induced slow waves in the hippocampus and 
cortex (SCHALLEK and KUEHN, 1965), but the threshold for cortical arousal by retic­
ular stimulation was only slightly raised in unrestrained cats (SCHALLEK and KUEHN, 
1965). In freely moving monkeys, DELGADO et at. (1971) observed after meprobamate 
(100 mg· kg- 1 i.m.) an EEG synchronization in the caudate nucleus and amygdala, 
accompanied by a reduced excitability of central gray matter, thalamus, and amyg­
dala. 

In a recent study the effect of meprobamate was assessed by quantitative evalua­
tion of the frequency distribution spectra of the EEG. GEHRMANN and KILLAM (1978) 
found that 100 mg· kg- 1 meprobamate p.o. increased the power of higher frequencies 
(16-64 Hz) in the neocortex of monkeys, an effect which remained stable for several 
hours. 

P. Effects on Sleep 
Very few studies are concerned with the effects of meprobamate on sleep. Kmo and 
YAMAMOTO (1962) found a sleep-like behavior in cats after high doses of meprobamate 
(60-120 mg· kg- 1 i.v.), but they did not further analyze the sleep patterns. GOLDSTEIN 
et aI. (1967) in rabbits and GOOERTY (1973) in monkeys observed a small increase of 
the rapid eye movement sleep (REM sleep) after meprobamate (1 mg· kg - 1 i. v. in rab­
bits, 60 mg· kg- 1 p.o. in monkeys). In monkeys, the slow wave sleep was not consis­
tently altered by meprobamate (GOOERTY, 1973). In contrast to these few reports of 
a possible REM sleep enhancing effect of meprobamate, the highest dose of mepro­
bamate studied (30mg·kg- 1 i.v.) was without effects on a phasic phenomenon of 
REM sleep, the so-called ponto-geniculo-occipital (PGO) waves, induced by 
Ro 14-1284, a reserpine-like benzoquinolizine, in unanesthetized immobilized cats 
(RUCH-MoNACHON et aI., 1976b). 

Summarizing the effects of meprobamate on EEG and sleep, one may conclude that 
in unanesthetized immobilized cats, in which most studies with meprobamate were 
performed, the thalamus and limbic structures seem to be more affected by the drug 
than are the hypothalamus, reticular formation, and cortex. However, the few studies 
with meprobamate in unrestrained animals and in other species, which are in part con­
tradictory to those performed in immobilized cats, do not yet allow one to make a def­
inite statement on the assumed specific depressant action of meprobamate on the lim­
bic system and thalamus. 

Q. Effects on Specific Neurotransmitter Systems 
Acetylcholine. MALHOTRA and METHA (1966) injected dogs with 50 mg· kg- 1 mepro­
bamate i.v. The acetylcholine content determined by bioassay was increased by 45% 
in the hypothalamus and by 71 % in the hippocampus, but not significantly altered 
in the frontal cortex, cerebellar cortex, and midbrain. 
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Serotonin (5-HT). The urinary excretion of 5-hydroxyindoleacetic acid (5-HIAA) 
in rats was unaffected by 200 mg· kg- 1 meprobamate i.p. (BERGER et aI., 1956). The 
5-HIAA content in the brainstem of rats was slightly increased (by 30%) after 
50 mg· kg- 1 meprobamate i.p. (DAPRADA and PLETSCHER, 1966). Meprobamate up 
to 10 -4 mol·l- 1 did not affect the 5-HT content of isolated blood platelets of rabbits 
(PLETSCHER et aI., 1966). 

Dopamine (DA). The brain content of homovanillic acid (HV A), a major metab­
olite of dopamine, was unaffected in rats after 50 mg· kg - 1 meprobamate i. p. 
(DAPRADA and PLETSCHER, 1966). Measuring by histochemical and biochemical 
methods the decline of DA after an inhibitor of tyrosine hydroxylase, LIDBRINK et ai. 
(1972, 1973) found that 200 mg· kg- 1 meprobamate i.p. reduced the turnover ofDA 
in the striatum of unstressed rats and accentuated the decrease of turnover produced 
by immobilization stress. The stress-induced decrease of DA turnover in the median 
eminence was counteracted by meprobamate. The effects of meprobamate on DA 
turnover were similar to those of 100 mg· kg -1 phenobarbitone i. p. The increased mo­
tor activity induced in mice by the combination of the monoamine oxidase inhibitor, 
iproniazid, and L-DOPA was potentiated by 75 and 150 mg· kg- 1 meprobamate i.p. 
(BERENDsoN et aI., 1976). 

Noradrenaline (NA). In contrast to barbiturates and benzodiazepines (CoRRaDI 
et aI., 1971), 200 mg· kg- 1 meprobamate i.p. failed to decrease the turnover of NA 
in the cerebral cortex of rats, measured histochemically and biochemically by the de­
crease ofNA after tyrosine hydroxylase inhibition (LIDBRINK et aI., 1972, 1973). How­
ever, the increase ofNA turnover in all main parts provoked by immobilization stress 
was attenuated by meprobamate. 

GABA. Meprobamate did not affect presynaptic inhibition in the cat spinal cord, 
suggesting that the compound does not affect GABAergic mechanism (POLC, unpub­
lished work). 

R. Effects on Brain Energy Metabolism 

Meprobamate (200 mg· kg - 1 i. p.) did not affect the inorganic phosphate, phospho­
creatinine, AMP, ADP, and ATP contents of rat brain, in contrast to 60mg·kg- 1 

chlordiazepoxide i.p., which produced a similar degree of muscle relaxation (KAUL 
and LEWIS, 1963) but increased phosphocreatinine and ADP and consequently re­
duced the ATPjADP-ratio. 

S. Concluding Remarks 

The pharmacologic profile places meprobamate between barbiturates and benzo­
diazepines. Common to the three classes of drugs are sedative, anxiolytic, anticonvul­
sant, and muscle relaxant properties. In contrast to both barbiturates and benzo­
diazepines, meprobamate has not been used clinically as anticonvulsant. The com­
pound resembles barbiturates more than benzodiazepines in its low potency and rela­
tively narrow therapeutic range. It differs from barbiturates and resembles more ben­
zodiazepines because of virtual absence of direct effects on autonomic functions and 
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the inability to produce complete surgical anesthesia; however, if meprobamate acts 
on a specific receptor, this has to be quite different from the benzodiazepine receptor 
because it does not inhibit 3H-diazepam binding in relevant concentrations (MOHLER 
and OKADA, 1977; WILLIAMS and RISLEY, 1979) and the effects of meprobamate are 
not antagonized by specific benzodiazepine antagonists (HUNKELER et aI., 1981). 

Thirty years after the discovery of meprobamate, virtually nothing is known about 
the mechanism of its action. While barbiturates produce their effects by a combina­
tion of enhanced synaptic inhibition and depressed synaptic excitation, and benzo­
diazepines selectively enhance GABA-mediated synaptic inhibition through highly 
specific receptors (HAEFEL Y, 1977), neither molecular nor synaptic effects of mepro­
bamate have been elucidated. The most likely basis of the action of meprobamate ap­
pears to be a moderate generalized depression of neuronal excitability. No enhance­
ment of synaptic inhibition has yet been observed. The decreasing interest in mepro­
bamate as a therapeutic agent is reflected by the declining number of recent ex­
perimental studies with this drug. In view of the urgent need of basic knowledge on 
the mechanisms of psychotropic drug actions for the rational development of new 
ones, it would be extremely important to understand why grossly similar effects of 
meprobamate, barbiturates, and benzodiazepines are produced in spite of apparently 
quite dissimilar synaptic and molecular actions. 
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CHAPTER 4 

Behavioral Pharmacology of Anxiolytics 

P.B. DEWS 

A. Introduction 
Anxiety is a term applied by clinicians to certain manifestations in patients. Clinical 
anxiety has three components. First there is a verbal component: The patient says that 
he or she is anxious or fearful or gives a semantically similar description. Second, there 
is a somatic-autonomic component. The patient is restless and agitated, has a higher 
heart rate, and sweats. Third, there is an interference with normal productive ac­
tivities. Clinical anxiety should probably not be diagnosed if any of these three com­
ponents is entirely lacking. In the clinical assessment of anxiety by history and physi­
cal examination, an three components are taken into account. 

There is a consensus among physicians that certain drugs alleviate anxiety without 
abolishing all behavioral activities, as occurs with general anesthesia. We will take this 
as our definition of anxiolytic agents. These drugs are certain barbiturates, notably 
phenobarbital and butethal (Butabarbital); meprobamate; and a variety of benzo­
diazepines, notably chlordiazepoxide and diazepam. Behavioral pharmacology is con­
cerned with those behavioral effects of drugs that can be measured objectively, un­
equivocally, and reliably. This chapter, therefore, is concerned with the behavioral ef­
fects of the anxiolytic agents listed above. 

Some attempts to measure anxiety and changes in anxiety due to drugs, particu­
larly in human subjects, have sought a unitary "measure" of anxiety, as though anx­
iety were a particular one-dimensional inner state with external manifestations pro­
viding a more or less good indication of the magnitude of the anxiety. The assumption 
of a unitary state is gratuitous, and an analogy may help to make this point clear. We 
can talk about respiration and effects of drugs on respiration in terms of rate and 
depth of breathing, gas exchange, and blood flow through the lungs. None of these, 
in itself, is the measure of respiration, and in the absence of other information, none 
allows us to determine normality or abnormality. What is normal under one set of 
conditions, e.g., rest, may be quite abnormal under another set of conditions, such as 
vigorous exercise. The various aspects of respiration one can measure are related, 
however; for example, rate and depth of respiration do affect gas exchange. So it is 
with anxiety. Agitation and restlessness affect cardiovascular variables such as heart 
rate and sweating. Disruption of normal productive behavior will lead to changes in 
verbal behavior as manifested by complaints of a subject. That the manifestations are 
related does not justify the postulation of a single inner determining state any more 
than the interrelations of respiratory functions make one postulate a single inner de­
termining respiratory state. 

There is a large literature on the effects of anxiolytics, as befits the most frequently 
prescribed class of drug, comprised of studies on both humans and animals. Results 
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of comparable experiments have been generally quite concordant, so there are few dis­
putes regarding facts. How the results are to be put together and what new ex­
periments are needed to understand the behavioral pharmacology of the anxiolytics 
is another matter, however. 

Studies on drug effects on anxiety in human subjects have involved assessment 
of verbal and somatic-autonomic components, but have rarely attempted to measure 
interference with normal productive activities. Studies on anxiety in animals have in­
volved the so-called avoidance behaviors, the somatic-autonomic component, and al­
so the suppression of behavior. 

B. History. 

Shortly after the introduction of curare for muscular relaxation in clinical anesthesia, 
BERGER and BRADLEY (1946) rediscovered that certain substituted ethers of glycerol 
produced profound muscular relaxation, superficially similar to that caused by 
curare. They studied particularly the 2-methylphenoxy compound, mephenesin 
(Myanesin), and suggested that the compound exerted its effects on the spinal cord 
rather than the myoneural junction as for curare. Spinal cord effects of mephenesin 
were demonstrated directly by HENNEMAN et al. (1949), who introduced the term "in­
ter-neurone blocking agent." They also commented that mephenesin has "a more gen­
eral effect which may be described as tranquilizing or sedative." This is probably the 
earliest use of the word "tranquilize" to describe the type of effect that characterizes 
the minor tranquilizers and antedates the introduction of chlorpromazine (Morphine 
and relatives had been described as tranquilizing by BARLOW as early as 1932). As a 
drug for clinical use, mephenesin had disadvantages, one being that it was not effective 
when given by mouth. The search for an orally active drug with similar pharmacologic 
effects culminated in the development of meprobamate, inaugurating the era of 
anxio1ytics. A few years later, studies on the medicinal chemistry ofbenzodiazepines 
led to the synthesis and testing of chlordiazepoxide. In a series of animal assays, chlor­
diazepoxide was found to be more like meprobamate than other drugs. The drug was 
rapidly introduced clinically and was found, indeed, to be similar to but more effective 
than meprobamate. Chlordiazepoxide has been followed into the clinic by a continu­
ing succession of benzodiazepines, and this class of compound has virtually displaced 
meprobamate in clinical use. 

c. Behavioral Pharmacology in Humans 

I. Effects on Verbal Behavior 

Small daytime doses of barbiturates, notably the barbiturates (e.g., phenobarbital and 
butethal) with long or fairly long durations of action, fr24 h, have been used for 
decades as "sedatives" in the treatment of clinical anxiety. It was assumed that the se­
dation was the first manifestation of a unidimensional central nervous system de­
pression which, with increasing doses, led through progressively increasing depression 
to general anesthesia and death through suppression of respiratory and cardiovascu­
lar controls. When meprobamate was given to patients for relief of skeletal muscle 
spasms and stiffness, it was recognized by global clinical assessment that the drug re-
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lieved clinical anxiety. While it proved difficult in the early years to establish the ef­
fects by objective criteria (WEISS and LATIES, 1958), subsequent studies, mostly on the 
benzodiazepines, have established that the drugs can reduce clinical assessments of 
anxiety. That higher doses do not produce general anesthesia suggests that the seda­
tive effects ofbarbituates may represent a pharmacologic effect qualitatively different 
from the general anesthetic effect. 

Verbal descriptions can be made objective and quantitative by means of scales. An 
early example is the Taylor Manifest Anxiety Scale. For this, items were selected from 
the large number of items in the Minnesota Multiphasic Personality Inventory 
(MMPI) which were judged to be indicative of anxiety (TAYLOR, 1953). The MMPI 
consists of many statements that the patients respond to as "true" or "false" as ap­
plied to themselves. Examples of items relating to anxiety are: "I feel anxious about 
something or someone almost all the time" and "I do not often notice my heart 
pounding and I am seldom short of breath." A "true" to the former statement and 
a "false" to the latter represent two items scored positive for manifest anxiety. Anoth­
er scale completed by the subject is the Hopkins Symptom Checklist (HSCL) (DERO­
GATIS et aI., 1974), which asks patients to assess the personal applicability of concepts 
such as "feeling fearful" and "heart pounding or racing", using a rating of 1, not at 
all; 2, a little bit; 3, quite a bit; or 4, extremely. There are also scales to be completed 
by the observer such as the Hamilton Questionnaire which asks the physician to rate 
the patient on some dozens of items, including "worries" and "palpitations" on a five­
point scale: 0, none; 1, mild; 2, moderate; 3, severe; and 4, grossly disabling (HAMIL­
TON, 1959). 

As examples of results obtained by use of these scales, RICKELS et al. (1978) have 
reported that 4 weeks' treatment of anxious family practice patients with chlordiazep­
oxide reduced the average HSCL Anxiety Score from 2.18 to 1.58 (with a placebo the 
average score went from 2.18 to 1.81). With the Hamilton scale, outpatients with at 
least a moderate degree of anxiety showed a fall in average score from 1.63 to 0.57 
with 6 weeks of 5-1 0 mgjday diazepam; with placebo the average score went from 1.66 
to 0.88 (RICKELS et aI., 1977). In Australia, BURROWS et aI. (1976) found that 15 mg/ 
day diazepam reduced the average score on the Hamilton scale from 1.5 on day 1 to 
0.95 on day 22, while placebo takers declined to 1.2. 

Two points deserve emphasis. First, while the changes due to the drugs are un­
doubtedly significant, both statistically and biologically, they are modest in magni­
tude and placebo "effects" are appreciable. Second, the scales include many questions 
not related to specific descriptions of anxiety. The HSCL has clusters of questions that 
relate to somatization, to interpersonal sensitivity, and to depression; the changes in 
scores in these clusters are similar to those in the anxiety cluster. Other studies have 
yielded generally similar results. Thus, while effects of the drugs on anxiety scores are 
consistent and statistically significant, studies on the verbal behavior of patients sug­
gest that the effects of the drugs on anxiety are neither dramatic nor specific. 

II. Effects on Somatic-Autonomic Functions 

The effects of anxiolytics on the restlessness and agitation component of anxiety have 
been little studied, despite the desirable possibility of objective measurement by physi­
cal methods. One study has used a simple kymograph technique to measure move-
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ments during sleep following meprobamate; no effect was found (BROCKLEHURST et 
aI., 1978). Studies on heart rate and on the galvanic skin response (measuring sweat­
ing) do not show selective effects of the drugs. For example, 10 mg diazepam had no 
effect on the heart rate increase or the weight loss (due to sweating) of students under­
going a stressful oral examination (ALLEN et aI., 1976). Substantial changes in heart 
rate and sweating take place as a result of relatively minor changes in activity; conse­
quently, small changes in heart rate and sweating are uninterpretable when activity 
is unknown. No study has found large effects, and no study appears to have controlled 
for changes in autonomic function secondary to changes in bodily activity. 

III. Effects on Productive Activities 

There have been many studies on the effects of anxiolytics on psychomotor functions 
of normal subjects. Many studies have used a battery of tests and have been ingenious 
and well controlled. They have shown that therapeutic doses of the drug have only 
equivocal effects on psychomotor functions. Indeed, 5 or 10 mg diazepam improved 
performance on tasks similar to those involved in automobile driving (LINNOILA and 
MANTILLA, 1973). 

Productivity and satisfaction for the vast majority of people in most of their ac­
tivities are not appreciably affected by marginal changes in psychomotor capabilities. 
Consider the factors that generate work and play and creative activities. Conventional 
psychomotor batteries of tests provide no insight into such factors, and effects mea­
sured in such tests are more related to minor toxic side effects of the drugs than to 
the sought-after therapeutic effects. Unfortunately, there is very little information on 
the effects of the drugs on normal human productivity. 

It is fair to summarize the studies in normal humans by saying that they give no 
grounds for identifying benzodiazepines as selective anxiolytics. It has been pointed 
out that it may be inappropriate to study the clinical pharmacology of the drugs in 
normal subjects. Yet, the studies in psychiatric patients gave no greater indication of 
selectively anxiolytic effects; moreover, the most extensive clinical use of the drugs is 
not in very sick psychiatric patients. 

IV. Miscellaneous Effects 

Both meprobamate and the benzodiazepines produce drowsiness and facilitate sleep. 
Certain compounds, e.g., nitrazepam, are marketed primarily as agents for the induc­
tion of sleep, although the evidence that they have significantly different behavioral 
pharmacologic effects from those of chlordiazepoxide and diazepam is lacking. In­
deed, evidence for clinically significant qualitative differences between any of the clini­
cally used benzodiazepines is not conclusive. When benzodiazepines are taken regu­
larly, their tendency to cause sleepiness abates while the sought-after therapeutic ef­
fects may persist. This phenomenon is not a special characteristic of the drugs as an 
abatement of sleepiness with persistence of therapeutic effects is well known for 
phenothiazines in psychosis and for phenobarbital in epilepsy. Benzodiazepines are 
also effective anticonvulsant agents, and their efficacy in antagonizing pentylenete­
trazole (Metrazole) seizures correlates with their clinical effectiveness as anxiolytics. 
But the relation between the two types of effect is unknown. 
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D. Behavioral Pharmacology in Animals 
Prompted no doubt by the clinical reports of meprobamate as a "tranquilizer", there 
were early reports that the drug "tamed" wild animals such as fierce cats and rhesus 
monkeys. Unfortunately, taming is produced by any disabling action and lacks spec­
ificity. A number of tests were worked out, however, in industrial laboratories to rec­
ognize meprobamate-like activity, and these tests were sufficiently discriminating by 
1957 for an astute pharmacologist, Randall, to recognize immediately when chlordi­
azepoxide came unexpectedly into his hands that it was an interesting agent ofthe me­
probamate type (STERNBACH, 1979). 

In 1960, GELLER and SEIFTER (1960) reported that meprobamate and a barbiturate, 
but not amphetamine or promazine, could increase a rate of responding that had been 
suppressed. They studied rats that had developed consistent rates of pressing a lever, 
responding under two different conditions in daily sessions. The rats were maintained 
on a limited food supply that kept their weight at about 80% of free-feeding weight. 
Under one condition, a food pellet was delivered to the rat occasionally when a re­
sponse (a lever press) occurred, on the average once every 2 min, but with the individ­
ual intervals varying over a range. Such a program of food delivery in relation to re­
sponding generated a steady rate of responding of about one response every 2-4 s. At 
intervals during the session, an additional auditory stimulus was presented for 3 min, 
and during these periods, every response was followed by delivery of a food pellet. But 
each response was also immediately accompanied by an electric shock to the feet of 
the rat. The intensity of the shock affected the amount of suppression of responding 
during the signaled periods. Even at levels of shock that suppressed responding to very 
low rates, e.g. only one two responses in the 3-min auditory stimulus period, mepro­
bamate or a barbiturate was able to increase the rate substantially. The rates outside 
the signaled periods were little affected. Neither amphetamine nor phenothiazines led 
to an increase in rate of responding during the signaled period, although amphetamine 
increased and promazine decreased the rate outside the signaled periods. It has been 
shown subsequently that all the clinically useful benzodiazepines increase the rate of 
a suppressed response and that the relative potency of the drugs in increasing the rate 
is well correlated with their clinical potency (SEPINWALL and COOK, 1978). 

The phenomenon of selective increase of the rate of suppressed responding by 
anxiolytics has been shown to be of great generality. The procedure itself permits wide 
latitude. For example, not every response during the signaled period need be followed 
by a shock. Even when only occasional responses lead to shock, as determined by a 
variety of schedules, if suppression results, it is selectively attenuated by anxiolytic 
agents. Anxiolytic agents have this effect in every species in which they have been stud­
ied: rats, pigeons, dogs, cats, pigs, squirrel monkeys, rhesus monkeys, goldfish and hu­
mans. Finally, the suppression need not be produced by a noxious stimulus; sup­
pression engendered by the characteristics of the reinforcement schedule itself (KEL­
LEHER et aI., 1961) or superstitiously (DEWS, 1976) is attenuated by anxiolytic agents. 

There are technical limits to the selectivity of anxiolytic agents in attenuating sup­
pression and amphetamine and of other classes of drugs in not attenuating sup­
pression. But the limits are rather well defined and do not detract seriously from the 
impressive generality of the phenomenon (for a comprehensive technical discussion 
of the field, see SEPINWALL and COOK, 1978). The generality is so well established that 
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each behavioral effect of an anxiolytic agent should be examined to see whether it can 
be accounted for as an attenuation of a suppression; other explanations should be 
considered only when such attenuation has been shown to be inadequate to account 
for the findings. 

As noted, anxiolytic agents have been described as having a taming action, but 
specificity in this regard has not been established convincingly. Even the elaborate and 
very expensive and time-consuming methods of trying to record all the spontaneous 
behavioral activities of subjects such as rats, cats, or monkeys over some period of 
time, while certainly enabling investigators to detect changes due to anxiolytic agents 
in adequate doses, have provided little insight into the specific behavioral pharmacol­
ogy of the anxiolytics. Characteristic changes in the interactions between subjects 
have been noted, however. Ethologists are able to distinguish convincingly between 
the elements (defense and offense) of what they call agonistic behavior, i.e., the inter­
actions between two or more animals in conflict. Chlordiazepoxide is very effective 
in reducing defensive elements but appears not to interfere with offensive elements un­
til doses causing ataxia are reached (MICZEK and KRSIAK, 1979). In rats, 5 mg/kg 
chlordiazepoxide actually increased various elements of attack while not affecting 
grooming (MICZEK, 1974). In cats, the topography of the offensive and defensive ele­
ments is quite different from that of rats, but the differential effects of chlordiazepox­
ide in preferentially attenuating the latter is the same in both species and also in mice 
(HOFFMEISTER and WUTTKE, 1969). 

An unsolved problem in the integration of the findings in ethologic studies with 
the main body of behavioral pharmacology is the paucity of information on the ab­
solute frequency of, for example, agonistic behavior and its consequences (MICZEK 

and KRSIAK, 1979). It is well established in behavioral pharmacology that the rate of 
responding on which a drug effect is superimposed, and the program of consequences 
of the response, usually have important influcences on what the drug effect will be 
(DEWS and DEWEESE, 1977). It is consequently unsafe to make strong statements 
about differences in drug effects on different agonistic behaviors in the absence of in­
formation on the predrug frequencies of the respective behaviors, as such differences 
themselves may occasion a differential effect of the drug. Also, in dealing with more 
than one subject, the effect that changes in behavior in one subject has on the behavior 
of the second that will further modify the behavior of the first must be considered. 
For this reason, the usual practice of administering a drug to all of the interacting sub­
jects has been questioned (MICZEK and KRSIAK, 1979). It is impossible at present to 
decide to what extent the effects of anxiolytic agents on innate behavior patterns re­
flect attenuation of suppression. The lack of effect on offensive behavior and the at­
tenuation of defensive behavior (and its replacement by otherwise suppressed behav­
ior) is not incompatible with such an interpretation. It is more difficult to reconcile 
the results of the more analytic ethologic studies with the apocryphal taming effects 
of anxiolytic agents. 

E. Conclusion 
The studies of effects of anxiolytic agents in human subjects, both normal and clinical 
patients, have not provided firm evidence of a specific anxiolytic action of the agents. 
Studies in animals also provide no plausible support for a specific anxiolytic action. 
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Studies in animals have established, however, a highly consistent selective effect in at­
tenuating certain types of suppression in all species studied, an effect that may be the 
fundamental behavioral effect ofthe agents. Such a conclusion would in no way deny 
that the so-called anxiolytic agents are valuable therapeutic agents and that they may 
make patients less anxious. The conclusions do suggest that their therapeutic impact 
be reevaluated to determine the contribution of attenuation of suppressed behavior 
to their therapeutic efficacy. Patients who are enabled to be more effective and pro­
ductive may understandably report their anxiety to be somewhat lowered. As there 
is inadequate evidence of a selective anxiolytic action and abundant evidence of a se­
lective antisuppressant action, the name of the class of agents should be changed to 
antisuppressant agents to parallel antidepressant agents. An antisuppressant agent 
that may help a subject to be efficient and productive evokes a different public image 
from that of an anxiolytic agent that makes people expect him to be calm and indif­
ferent. A change in name may allay some of the irrational public alarm about the 
widespread use ofbenzodiazepines. There is no good evidence that these agents, pro­
perly used, are other than beneficial to society. 
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CHAPTERS 

Biochemical Effects of Anxiolytics 

C. BRAESTRUP 

A. Introduction 
Anxiolytic drugs, also called "minor tranquillizers" or anti-anxiety drugs, are sub­
stances which reduce pathological anxiety, tension and agitation without therapeutic 
effects on cognitive or perceptual processes. Most of these drugs are also potent an­
ticonvulsants, sedatives and hypnotics. Several classes (groups) of drugs possess 
anxiolytic properties. The most important group is the benzodiazepines, which are re­
markably non-toxic, much less toxic than the barbiturates. Meprobamate is an anxio­
lytic drug much used in the 1950s and 1960s but without a known mechanism of action 
at the biochemical or synaptic level (BERGER, 1975). Miscellaneous drugs, such as /3-
blockers, and some neuroleptic and antidepressant drugs possess anxiolytic properties 
in some clinical situations, but are not considered true anxiolytic drugs. The present 
chapter will focus on the benzodiazepines and emphasis will be given to biochemical 
effects pertinent to their mechanism of action. 

B. Benzodiazepine Receptors 

There is good evidence that the clinical and pharmacological effects of the benzo­
diazepines are mediated at the molecular level by interacting with brain specific recep­
tors. These receptors are localized on neurons and all pharmacologically and clinically 
active benzodiazepines interact with them. The interaction between the receptors and 
benzodiazepines is very specific, and at present it is shared by only a very few non­
benzodiazepine drugs. 

I. General Properties 

1. Binding Characteristics 

Brain receptors for drugs and neurotransmitters have in recent years been successfully 
characterized by high affinity binding technique using tritium-labelled agonists or an­
tagonists as binding ligands (Y AMAMURA et aI., 1978 b). 

Quite unexpectedly, it was discovered in 1977 that 3H-diazepam binds with high 
affinity to membranes prepared from rat brain and that this binding was displaced 
with low concentrations of several clinically active benzodiazepines (SQUIRES and 
BRAESTRUP, 1977; MOHLER and OKADA, 1977b; BOSMANN et aI., 1977; MACKERER et 
aI., 1978). One of these experiments (Fig. 1) shows that binding is saturable, indicating 
a limited number of binding sites; that the binding affinity is high, half maximal bind­
ing occurring at only ca. 3 nM 3H-diazepam (KD value) and that there appears to be 
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Fig. 1. A Saturation experiment with 3H-diazepam. B Scatchard analysis of the same data. A 
whole rat forebrain was excised and homogenized in 20 vol. iced 0.32 M sucrose in a Potter­
Elvehjem homogenizer fitted to 0.25 mm clearance. The homogenate was centrifuged for 5 min 
at 2,000 x gat 5 DC and the supernatant was recentrifuged for 10 min at 30,000 x g. The pellet 
from the second centrifugation (P 2 pellet) was resuspended in 20 times the original tissue weight 
of 50 mM Tris, HCl, pH 7.4, and used directly in the binding assays. Five hundred microlitres 
of this P2 suspension (corresponding to 25 mg original tissue) was pre-incubated for 5 min; 
25 III 3H-diazepam working solution (to give a final concentration of ca. 2 nM or approximate­
ly 14,000 cpm) was then added and the incubation was continued at 37 DC for an additional 
15 min. The samples were then cooled in an ice bath for 30 min. Ten millitres of iced 50 mM 
Tris, HCl, pH 7.4, was added to each sample immediately before it was filtered through What­
man GF IC glass fibre filters. The filters were washed immediately with an additional 10 ml iced 
buffer and counted for tritium by conventional scintillation counting. Other membrane prep­
arations than the P 2 membranes described above exhibit similar but not identical binding prop­
erties. Crude homogenates or briefly centrifuged (1,000 xg for 10 min) homogenates, prepared 
directly in 50 vol. or more of either TrisHCl, sodium phosphate, Trismaleate, or Krebs-phos­
phate buffer, pH 7-7.5, can be used. Membranes can be washed repeatedly and assays with or 
without pre-incubation at 37 DC can be used. (Data from BRAESTRUP and SQUIRES, 1977) 

only a single class of binding sites, since Scatchard analysis yields a single straight line. 
However, the occurrence of biphasic dissociation of 3H -diazepam from the receptors 
and of biphasic heat inactivation of binding sites as well as Hill-coefficients of ca. 0.6 
for some new drugs (i.e. CL 218,872, Fig. 2) have been interpreted as indicating the 
presence of a second type of binding site (SQUIRES et aI., 1979 b). 

3H-Flunitrazepam binds to the same receptors as 3H-diazepam (BRAESTRUP and­
SQUIRES, 1978 b) with even higher affinity than 3H-diazepam; KD for 3H-flunitraze­
pam is 1-2 nM at 0 °C in rat or man (SPETH et aI., 1978; BRAESTRUP and SQUIRES, 
1978 b). 

The dissociation rate constant for the 3H-diazepam receptor complex in rat is 
high, k-1 =0.06-0.16 min -1 at O°C (BRAESTRUP and SQUIRES, 1978b; MACKERER 
et aI., 1978). The rate for association k+ 10 is ca. 7 x 107 M- 1 min- 1 

(MACKERER et aI., 1978). The affinity constant calculated from the rate constants, 

K D= kk- 1 = 2.3 nM, is in good agreement with that determined by equilibrium 
+1 

analyses. 
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Fig.2. Structure-activity relationships of some compounds with affinity for benzodiazepine 
receptors. The concentration causing 50% inhibition of specific binding (ICso) was determined 

using 3H-diazepam as ligand and rat brain membranes at O°c. Ki=IC so x (1 + fJ-l, where 

C=concentration of 3H-diazepam=ca. 2nM, KD=affinity constant for 3H-diazepam 
=2.4-3.4 nM. (Data from BRAESTRUP and SQUIRES, 1978a; LIPPA et aI., 1979; BLANCHARD et aI., 
1979) 

The binding site is a protein which can be destroyed by proteolytic enzymes (tryp­
sin and chymotrypsin) (BRAESTRUP and SQUIRES, 1977; MOHLER and OKADA, 1977 a). 
Binding sites are rather thermostable, brain membranes can be stored for months at 
-18°C, and the half life at 50°C is about 2-3 h in Tris-HCI buffer, pH 7.4. 
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2. Distribution 

The subcellular distribution of benzodiazepine receptors is characterized hy high 
levels in the "P 2" fraction, containing synaptosomes (pinched off nerve endings) 
(BRAESTRUP et aI., 1978a; MACKERER et aI., 1978; BOSMANN et aI., 1977). The "micro­
somal" fraction, however, also contains appreciable amounts of specific binding sites, 
together with several other kinds of binding sites (DEBLAS et aI., 1978; BRAESTRUP et 
aI., 1978 a). The membrane fraction on which benzodiazepine receptors are located se­
diments at a density between 0.8 M and 1.2 M sucrose together with the marker en­
zyme Na + -K + -ATPase, indicating that the binding sites are located in the cell plasma 
membranes as opposed to, for example, membranes from mitochondria, vesicles and 
endoplasmatic reticulum (BRAESTRUP et aI., 1978 a; BOSMANN et aI., 1978). 

The brain concentration of benzodiazepine receptors show marked regional vari­
ations. Maximal levels are found in cortical areas of rat (BRAESTRUP and SQUIRES, 
1977; MOHLER and OKADA, 1977b; MACKERER et aI., 1978), baboon (SQUIRES et aI., 
1979a) and man (BRAESTRUP et aI., 1977; MOHLER and OKADA, 1978; MOHLER et aI., 
1978 a; SPETH et aI., 1978). Mid-brain structures such as thalamus and caudate nucleus 
exhibit intermediate levels, while white matter areas and spinal cord contain low 
levels. It is of interest that there is no preferential localization in limbic structures 
(BRAESTRUP et aI., 1977; MOHLER and OKADA, 1978; MOHLER et aI., 1978 a). 

3. Brain Specifity 

Benzodiazepine receptors are brain specific (BRAESTRUP and SQUIRES, 1977). 
Some diazepam binding is found in rat and baboon kidney, liver and lung, but not 

in intestine or skeletal muscle. Although the diazepam binding in kidney, liver and 
lung can be displaced by excess unlabelled diazepam, these peripheral binding sites 
display quite different properties from those in brain, e.g. the binding site in kidney 
has an affinity constant for diazepam of about 40 nM, at least ten times higher than 
in brain. Displacement of diazepam binding by clonazepam, one of the most potent 
diazepam displacers in brain, and by RO 5-4,864, one of the least potent displacers 
in brain, are just reversed with respect to their potencies in displacing diazepam bind­
ing to kidney membranes (BRAESTRUP and SQUIRES, 1977). It is striking that RO 5-
4,864 differs structurally from diazepam by only one para chloro atom (see Fig. 2). 

Serum albumin binds benzodiazepines with much lower affinity than the brain 
specific binding sites (MULLER and WOLLERT, 1973; MULLER and WOLLERT, 1976; 
BRODERSEN et aI., 1977). Both brain specific 3H-diazepam binding and binding to 
serum albumin exhibit stereoselectivity, the D-form of oxazepam being more potent 
in both binding and pharmacological tests than the L-form (WADDINGTON and OWEN, 
1978; MULLER and WOLLERT, 1975a). 

4. Ontogenetic and Phylogenetic Development of Benzodiazepine Receptors 

Benzodiazepine receptors are detectable in rat brain 8 days before birth. Their concen­
tration rises rapidly just after birth to reach almost adult levels 1-2 weeks after birth 
(BRAESTRUP and NIELSEN, 1978). 

Benzodiazepine receptors appear at a late stage in evolution. Specific diazepam 
binding is present among 15 tetrapods, including 2 species of amphibians, 2 reptiles, 
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3 birds, and 8 mammals. Receptor concentration in brain and affinity constants for 
3H-diazepam (KD 2-4 nM) are similar in all tetrapods investigated. Benzodiazepine 
receptors are present in the brain of higher bony fishes (plaice, codfish, salmon and 
sturgeon), although in forms somewhat different from those found in higher verte­
brates, while specific 3H-diazepam binding sites are not detectable in lower fishes 
(hagfish, lamprey and shark) nor in invertebrates (NIELSEN et aI., 1978; FERNHOLM et 
aI., 1979). 

II. Pharmacological Specificity 

With the exception of a very few recently discovered substances (see below) the only 
identified compounds which potently displace 3H-diazepam and 3H-flunitrazepam 
from rat and human brain binding sites are other benzodiazepines (SQUIRES and 
BRAESTRUP, 1977; BRAESTRUP et aI., 1977; MOHLER and OKADA, 1977b; BRAESTRUP 
and SQUIRES, 1978 a; SPETH et aI., 1978; MACKERER et aI., 1978). The affinities of dif­
ferent benzodiazepines for the binding sites (ICso values or K; values) are highly cor­
related to the clinical and pharmacological potencies of these compounds. Figure 3 
shows two such correlations. Cat muscle relaxant effect, inhibition of pentazol convul­
sions in mice, inhibition of mouse rotarod performance, inhibition of el-shock induc­
ed fighting in mice, inhibition of experimental human anxiety and restoration of be­
havior suppressed by punishment, effects which are indicative of anxiolytic effects in 
man, are all correlated with the affinity for the receptors (SQUIRES and BRAESTRUP, 
1977; BRAESTRUP et aI., 1977; MOHLER and OKADA, 1977b; BRAESTRUP and SQUIRES, 
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Fig.3. Correlation between 3H-diazepam displacement potency (K; values) and a cat muscle 
relaxant effect (Minimum effective dose, mg/kg p.o.), b inhibition of mouse pentazol convul­
sions (ED so, mg/kg p.o.). Drugs are: I, KC-4-2,846; 2, clonazepam; 3, U 39,219; 4, U 35,005; 
5, flunitrazepam; 6, lorazepam; 7, RO 5-3,027; 8, RO 5-3,590; 9, demethyl-diazepam; 10, diaze­
pam; 11, estazolam; 12, RO 5-2,904; 13, flurazepam; 14, nitrazepam; 15, bromazepam; 16, 
chlorazepate; 17, oxazepam;18, U 31,957; 19, ripazepam; 20, RO 5-4,528; 21, chlordiazepoxide; 
22, RO 5-5,807; 23, RO 5-3,785; 24, medazepam, 25, RO 5-3,636; 26, RO 5-4,864; 27, RO 5-
3,448; 28, alprazolam; 29, RO 5-6,227; 30, Sc31,312; 31, RO 5-2,181; 32, midazolam; Data from 
BRAESTRUP and SQUIRES, 1978a (.-e) except triangles (~) which are calculated from MACKE­
RER and KOCHMANN (1978). Most chemical structures are presented in RANDALL et al. (1974) 
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1978 a; SPETH et aI., 1978; MACKERER et aI., 1978; MOHLER et aI., 1978a; CHANG and 
SNYDER, 1978). Several enantiomers of benzodiazepines exhibit stereoselectivity for 
the receptors paralleling their pharmacological potencies (MOHLER and OKADA, 
1977b; WADDINGTON and OWEN, 1978). 

The good in vivo/in vitro correlations suggest that the benzodiazepine receptors 
characterized in vitro mediate the clinical and pharmacological effects of benzo­
diazepines in vivo. Specific benzodiazepine receptor binding in vivo can be demon­
strated with 3H-flunitrazepam (CHANG and SNYDER, 1978). 

A few benzodiazepines exhibit considerably lower affinity for the benzodiazepine 
receptors in vitro than expected from the pharmacological effects (oxazolam, clox­
azolam, pinazepam and others), probably because they are metabolized in vivo to ac­
tive compounds (BRAESTRUP and SQUIRES, 1978a). 

Because of several hypotheses suggesting that benzodiazepines exert their pharma­
cological and clinical effects by interacting with certain presumed neurotransmitters, 
particularly GABA, glycine and serotonin (see below), it is of interest to determine 
whether the brain specific diazepam binding sites correspond to the receptor for any 
known or putative neurotransmitter substance. 3H-Diazepam is not displaced by GA­
BA, glycine, serotonin, noradrenaline, dopamine, histamine, metenkephalin, sub­
stance P, somatostatin, VIP (vasoactive intestinal polypeptide), cholecystokinin, 
glutamate, aspartate or their antagonists (when available). Among more than 200 
chemical compounds tested, representing over 22 pharmacological classes, no 3H_ 
diazepam displacing compound was found with reasonably low Ki values, suggesting 
that none of these exert their pharmacological effects by interaction with the benzo­
diazepine receptors. These results indicate that the benzodiazepine receptor is not 
identical with the recognition site of any known or putative neurotransmitter receptor 
(SQUIRES and BRAESTRUP, 1977; BRAESTRUP and SQUIRES, 1978a). 

The pharmacological selectivity of the benzodiazepine receptors can be used to se­
lect new compounds, chemically different from benzodiazepines but having some of 
their pharmacological properties (i.e. RP 27,267, BLANCHARD et aI., 1979; CL 218,872, 
LIPPA et aI., 1979). 

III. Neuronal Localization 

Brain specific benzodiazepine receptors are not located on mouse primary astrocytes 
or on C6-glioma cell lines, indicating the lack of benzodiazepine receptors on brain 
glia cells (BRAESTRUP et aI., 1978b; SYAPIN and SKOLNICK, 1979). The level ofbenzo­
diazepine receptors is reduced in rat substantia nigra and cerebellum following local 
injection of the neurotoxic agent kainic acid (BRAESTRUP and SQUIRES, 1978 b; BRAES­
TRUP et aI., 1979b); it is also reduced in the cerebellum ofPurkinje cell deficient "ner­
vous" mouse mutants (LIPPA et a!., 1978; BRAESTRUP et a!., 1979b) and in the basal 
ganglia of patients dying with Huntington's chorea, a disease with profound neuronal 
degeneration (MOHLER and OKADA, 1978; REISINE et aI., 1978). Taken together these 
results strongly indicate that benzodiazepine receptors are located on neurons in the 
CNS. The marginal effects of selective lesions, however, indicate that benzodiazepine 
receptors are probably located both on cell bodies and terminals of many different 
kinds of neurons (BRAESTRUP et aI., 1979b). 
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Techniques are available to isolate with some purity glia cells from brain tissue. 
Experiments with such isolated glia cells indicate that some benzodiazepine receptors 
might be located on glia cells (HENN and HENKE, 1978). 

IV. In Vivo Receptor Modifications 

Several neurotransmitter receptors respond to prolonged exposure to agonist or an­
tagonist by changes in receptor number or affinities for their ligand (TATA, 1975; 
RAFF, 1976; NIELSEN et aI., to be published, a; COOPER et aI., 1978). 

Prolonged administration of diazepam, lorazepam and chlordiazepoxide to rats 
(up to 90 mg/kg diazepam per day, p.o. for 8 weeks) do not greatly change benzo­
diazepine receptor number or affinities for 3H-diazepam (BRAESTRUP et aI., 1979a; 
MOHLER et aI., 1978b). A small decrease in receptor number may occur (CmEu and 
ROSENBERG, 1978). Tolerance to benzodiazepines and occurrence of abstinence symp­
toms upon withdrawal are thus not clearly dependent on changes in affinity or num­
ber of benzodiazepine receptors. 

It is difficult to change benzodiazepine receptor number or affinities for their li­
gand by application of experimental stresses to laboratory animals. Small and incon­
sistent effects have been presented (BRAESTRUP et aI., 1979c; YAMAMURA et aI., 1978 a) 
after immobilization stress, isolation stress and electric foot shock stress. Experimen­
tal stresses are generally antagonized by benzodiazepines. 

A small and short-lasting increase in the number ofbenzodiazepine receptors has 
been reported following seizures induced by electric shock or pentazol (PAUL and 
SKOLNICK, 1978). 

V. In Vitro Receptor Modulation (see Table 1) 

1. GABA ()I-Amino Butyric Acid) 

Extensive evidence indicates that benzodiazepines enhance GABA-ergic transmission 
(see Sect. C) and several studies have investigated interaction between GABA and 
benzodiazepine receptors. GABA agonists, such as GABA itself (10- 5-10- 4 M), 
muscimol (10- 6-10- 5 M), trans-4-aminocrotonic acid (10- 5-10- 4 M), and others in­
crease the affinity (the affinity constant KD is decreased) of 3H-diazepam or 3H-fluni­
trazepam for benzodiazepine receptors in vitro (TALLMAN et aI., 1978; BRILEY and 
LANGER, 1978; WASTEK et aI., 1978; MARTIN and CANDY, 1978; WILLIAMS and RISLEY, 
1979; KAROBATH and SPERK, 1979; BRAESTRUP et aI., 1979d; MAURER, 1979; CmEU 
and ROSENBERG, 1979) and in vivo (GALLAGER et aI., 1978). An increase in the associ­
ation rate constant and a decrease in the dissociation rate constant is responsible 
for the increased affinity. The effects of GAB A agonists are counteracted by bicucul­
line in a stereoselective manner (TALLMAN et aI., 1978). These results indicate that the 
GABA receptor is functionally coupled to the benzodiazepine receptor. 

There has been some controversy as to whether the GABA receptors involved in 
benzodiazepine receptor regulation were similar to or different from "classical" GA­
BA-receptors. Several well described GABA agonists [imidazole acetic acid (IAA) , 
THIP, isoguvacine, 3-aminopropanesulphonic acid (APS), {J-guanidinopropionic 
acid and piperidine-4-sulphonic acid (PSA)] increased 3H-diazepam binding in vitro 
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Table 1. "Modulatory" effects and inhibiting effects of non-benzodiazepines on benzodiazepine 
receptors in vitro 

Treatment Effect on specific Affected Ref. 
3H-diazepam or binding 
3H -flunitrazepam parameter 
binding 

Ni2+ (1-5 mM) 40%-80% increase KD [1, 14] 
Hg2+ (0.1 mM) 30% increase [1] 
Cu2 + (0.1 mM) 20% increase [1] 
Zn2+ (0.1 mM) 20% increase [1] 
Cd2+ (1 mM) 40% mcrease [14] 
Mn2+ (100 mM) 30% increase [1] 
Co2+ (1 mM) 25% increase [1] 

1- (10 mM) 20%--60% increase KD' [2, 14] 
Br- (50mM) 20%-80% increase [2, 14] 
Cl- (100 mM) 40% increase [2, 15] 
N02 (100mM) 50% increase [2] 
SCN- (10 mM) 25% increase [2] 

Muscimol (10- 5-10- 6 M) 30%-80% increase KDb [3,4,5,14] 
GABA (10- 4_10- 5 M) 30%-80% increase KD [3,4, 5, 6, 14, 15] 

SQ 20,009 (10- 5-10- 6 M) 25%-40% increase KD [5] 
SQ 65,396 (10- 5-10- 6 M) 20%-30% increase [5] 

Heating (10 min, 50°C) 40%--60% increase KD [7,8, 14] 
(180 min, 37°C) 

Repeated washing Decrease KD [9] 

"Heat stabile protein" inhibitor, Decrease KD? [10] 
Mw 15,000 (10 IJ-g) 

Bicuculline (10- 5_10- 4 M) Decrease [3,4,5, 14] 

Strychnine (10- 4 M) Decrease Competition? [11] 
Chlorpromazine (10- 4 M) Decrease [12] 
Chlorzoxazone (10- 4 M) Decrease [12] 
Hypoxantine (10- 4 M) Decrease [13, 14] 

Several compounds do not exhibit effects in the above experimental situations: DABA aspartate, 
glutamate, taurine, imidazol acetic acid, (3), F- (2), IBMX, theophylline, kainic acid, nipecotic 
cid (5) and others. 

References: 
[1] MACKERER and KOCHMAN (1978) 
[2] COSTA et al. (1979) 
[3] TALLMANN et al. (1978) 
[4] BRILEY and LANGER (1978) 
[5] WILLIAMS and RISLEY (1979) 
[6] W ASTEK et al. (1978) 
[7] BRAESTRUP and SQUIRES (1977) 
[8] H. Y AMAMURA, personal communication 

• Effect on dissociation rate (Ref. [2]) 
b Effect on association rate (Ref. [3]) 

[9] M. KAROBATH, personal communication 
[10] GUIDOTTI et al. (1978a) 
[11] MULLER et al. (1978) 
[12] BRAESTRUP and SQUIRES (1978a) 
[13] SKOLNICK et al. (1978) 
[14] BRAESTRUP, unpublished; KLEPNER and 

SQUIRES, unpublished 
[15] MARTIN and CANDY (1978) 
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much less than would be expected from their GAB A receptor agonist activity (T ALL­
MAN et aI., 1978; KAROBATH et aI., 1979; BRAESTRUP et aI., 1979d; MAURER, 1979) a 
finding claimed to indicate the presence of a novel type of GABA receptors with se­
lective recognition properties. More recent data, however, are not in favour of a novel 
type of GAB A-receptor. Rather, the GABA receptor recognition site is "classical" but 
the coupling between the GABA receptor and the benzodiazepine receptor is of a new 
kind, different from the coupling between the GABA-receptor and most of the 
chloride channels. This conclusion arises from studies showing that the apparently in­
active GABA agonists in fact do interfere with the GABA receptor recognition site: 
They can inhibit the effect ofmuscimol and GABA on 3H-diazepam binding (BRAES­
TRUP et aI., 1979d; KAROBATH and LIPPITSCH, 1979). IAA, THIP, isoguvacine, APS, 
p-guanidinopropionic acid, and PSA are thus partial agonist or even pure antogonist 
(depending on the agent and the conditions) to the GABA/benzodiazepine receptor 
complex (BRAESTRUP et aI., 1979d). 

Another interaction between GABA receptors and benzodiazepine receptors may 
be exerted by GABA-modulin, a heat stable, 15,000 dalton protein found in brain 
and liver (TOFFANO et aI., 1978). GABA-modulin is an inhibitor of both GABA and 
benzodiazepine receptors. Since benzodiazepines may increase the affinity of 3H-GA­
BA for rat brain GABA-receptors in vitro (GUIDOTTI et aI., 1978 b), it was proposed 
that benzodiazepines increase the affinity of GAB A for GABA receptors by releasing 
GABA-modulin, thereby disinhibiting GABA receptors (COSTA et aI., 1978; GUIDOTTI 
et aI., 1978a). These findings indicate that the benzodiazepine receptor might be an 
allosteric modulatory site at or near the GABA receptor. However, the different re­
gional brain distribution (BRAESTRUP and SQUIRES, 1977) and the dissimilar onto­
genetic and phylogenetic developments (NIELSEN et aI., 1978; BRAESTRUP and NIELSEN, 
1978) of benzodiazepine receptors and GABA receptors is difficult to reconcile with 
the contention that there is always a functional link between benzodiazepine receptors 
and GABA receptors. Furthermore GABA-ergic drugs exhibit only very weak activity 
in conflict tests and they do not easily potentiate the effects of benzodiazepines (see 
below). 

2. Miscellanous Modulators 

Increase in affinity of 3H-diazepam or 3H-flunitrazepam for benzodiazepine receptors 
can be achieved in several other ways than those described in Sect. B. V.I. Simple heat­
ing of rat brain membranes (50°C for 10 min) increases binding affinity (Fig. 4). Simi­
larly, several divalent cations (MACKERER and KOCHMAN, 1978) and halides (COSTA 
et aI., 1979) can increase binding affinity under certain conditions in in vitro assays. 

It is striking that these different modulatory changes in benzodiazepine receptor 
affinity all obtain a maximal affinity of about KD=2.5-3 nM for 3H-diazepam in the 
high-affinity form and very often KD ~ 4-6 nM in the low-affinity form, indicating 
that the receptor may exist in two or more conformations, depending on several 
factors. 

VI. Endogenous Ligands 

The discovery of opiate receptors in 1973 intensified the search for endogenous sub­
stances in brain tissue with opiate-like activity. Such compounds were later identified 
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Fig. 4. Increased benzodiazepine receptor affinity after heating. Frozen rat whole brains were 
homogenized at 4 °c in 10 vol. 50 mM sodium phosphate, pH 7.4. The PI + P 2 pellet was pre­
pared by centrifugation at 30,000 x g for 10 min and resuspended in 50 vol. buffer. Heated and 
non-heated aliquots were incubated with 3H-diazepam (0.6-20 nM) for 60 min at 0 0c. Other 
details as described previously (BRAESTRUP and SQUIRES, 1977) 

as peptides (the enkephalins and endorphines). The suspected endogenous ligand (en­
dogenous diazepam-like compound) for benzodiazepine receptors (SQUIRES and 
BRAESTRUP, 1977) has not yet been identified. The "endogenous protein inhibitor" de­
scribed above has been proposed as a "modulating ligand" (COSTA et al., 1978). Hy­
poxanthine, which is present in high concentrations in brain (MoRl et al., 1973), and 
inosine and nicotineamide have been proposed as endogenous ligands for the benzo­
diazepine receptor (SKOLNICK et al., 1978; MOHLER et al., 1979) even though the af­
finity of these compounds is extremely low. The Kj value for hypoxanthine is about 
10- 3 M (SKOLNICK et al., 1978; NIELSEN et al., 1979b) compared to about 10-8 M 
for active benzodiazepines. A neutral, lipophilic, low-molecular-weight, aromatic 
compound with high affinity for the benzodiazepine receptor has been obtained from 
human urine. The K j value of this compound, ethyl p-carboline-3-carboxylate, for 3H_ 
diazepam displacement is about 4 nM (NIELSEN et al., 1979b; BRAESTRUP et al., 1980). 

c. Benzodiazepines and GABA 

I. Electrophysiological and Biochemical Interaction 

HAEFELY et al. (1975) and COSTA et al. (1975 a) suggested that GABA is involved in 
the mechanism of action of benzodiazepines. Extensive electrophysiological evidence 
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now supports this contention. Benzodiazepines enhance GABA-mediated presynaptic 
inhibition in the spinal cord (SCHMIDT et aI., 1967; POLC et aI., 1974; STRATTEN and 
BARNES, 1971; SCHLOSSER, 1971; POLZIN and BARNES, 1976). In the central nervous 
system, benzodiazepines enhance GABA-mediated presynaptic inhibition, postsynap­
tic inhibition and recurrent inhibition (TSUCillYA and FUKUSillMA, 1978; POLC and 
HAEFELY, 1976; PIERI and HAEFELY, 1976; WOLF and HAAS, 1977, GALLAGER, 1978; 
SCHAFFNER and HAEFELY, 1975, CURTIS et aI., 1976a). Postsynaptic inhibition in the 
spinal cord is mediated by glycine and this inhibition is not potentiated by benzo­
diazepines (SCHMIDT et aI., 1967). 

Iontophoretic application of chlordiazepoxide potentiates the inhibitory effect of 
GABA on single rabbit sensorimotor neurons (KOZHECHKIN and OSTROVSKA Y A, 
1977). Chlordiazepoxide (10- 5-10-4 M) and flurazepam « 10- 5 M) (CHOI et aI., 
1977; FISCHBACH, personal communication) and iontophoretically applied chlordiaz­
epoxide and diazepam (MACDONALD and BARKER, 1978) augment GABA actions in 
spinal cord neuron cultures. 

Bicuculline is the most selective GABA-antagonist available. Benzodiazepines are 
antagonists to the effect of bicuculline on the firing rate of some neurons (BOWERY 
and DRAY, 1978; DRAY and STRAUGHAN, 1976; OSTROVSKAYA and MOLODAVKIN, 
1976), but there is only weak antagonism on cerebellar Purkinje cells (LIPPA et aI., 
1979). 

Some electrophysiological studies, however, find effects ofbenzodiazepines which 
are not "GABA-like" (STEINER and FELIX, 1976; GAHWILER, 1976; DAVIES and POLC, 
1978; BOAKES et aI., 1977; LIPPA et aI., 1979; CURTIS et aI., 1976a). 

Several non-benzodiazepine drugs, such as barbiturates (NICOLL, 1972, 1975a, 
1975b, 1978; WOLF and HAAS, 1977; BOWERY and DRAY, 1976; BROWN and CON­
STANTI, 1978; TSUCillYA and FUKUSillMA, 1978; CURTIS and LODGE, 1977a, 1977b; 
POLC and HAEFELY, 1976; EVANS, 1977; ECCLES et aI., 1963), ethanol (MIYAHARA et 
aI., 1966; HAEFELY et aI., 1978), phenytoin (DEISZ and Lux, 1977; DAVIDOFF, 1972; 
RAABE and AYALA, 1976), possibly droperido1 (MARUYAMA and KAWASAKI, 1976), 
and methaqualone (HAEFELY et aI., 1978), but not meprobamate, enhance GABA­
like effects or reverse the effects of GAB A-antagonists in e1ectrophysiologica1 models 
(see also review by HAEFELY et aI., 1978). 

Several behavioral studies are consistent with a GABA-ergic mechanism of action 
of benzodiazepines (MAO et aI., 1975b; COSTA et aI., 1975a; HAEFELY et aI., 1975; 
WADDINGTON, 1978), while other studies are not (JUHAZC and DAIRMAN, 1977; Sou­
BRIE et aI., 1976; BOLME and FUXE, 1977; LIPPA and REGAN, 1977; STONE and JAVID, 
TillEBOT et ai. 1979). 

Results with "anticonflict tests" are controversial. Benzodiazepines selectively re­
store behaviors suppressed by punishment in these tests and their effects can some­
times be reduced by GABA antagonists (OSTROVSKAYA and VORONINA, 1977; 
ZAKUSOV et aI., 1977; STEIN et aI., 1977; BILLINGSLEY and KUBENA, 1978), but also by 
strychnine (STEIN et aI., 1977) and by naloxone (BILLINGSLEY and KUBENA, 1978). Fur­
ther, an inhibitor of GABA catabolism, cycloserine (WOOD et aI., 1978), exhibits an­
ticonflict properties (W. HAEFELY, personal communication). In contrast, other stud­
ies indicate that potentiation of GABA-ergic neurotransmission by the GABA trans­
aminase inhibitors amino-oxyacetic acid or ethanolamine O-sulphate (FILE and Hy­
DE, 1977; COOK and SEPINWALL, 1975) or by stimulation of the GABA receptors by 
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muscimol (SULLIVAN et aI., 1978; THIEBOT et aI., 1979) or THIP [4,5,6,7-tetrahy­
droisoxazolo(5,4-c)pyridin-3-01] does not elicit anticonflict activity in several conflict 
situations. 

ll. GABA Turnover 

High doses of benzodiazepines reduce GABA turnover. 
Diazepam (3-30 mg/kg) increases the levels of endogenous GABA in mouse cere­

bral cortex and whole forebrain, in rat substantia nigra and cat spinal cord, but not 
in rat caudate, cingulate cortex and pyriform cortex (HAEFELYet aI., 1975; SAAD, 1972; 
PERICIC et aI., 1977). The increased levels of GABA may indicate a reduced turnover. 

Reduced GABA-turnover is more directly shown by isotope methods. Diazepam 
(1-30 mg/kg i.p.) reduces the incorporation of 14C-glucose and 13C-glucose into GA­
BA in rat caudate nucleus and nucleus accumbens and mouse whole brain (MAO et 
aI., 1977; HAEFELY et aI., 1975). 

The accumulation of GABA after inhibition of GABA metabolism by amino­
oxyacetic acid or gabaculine is counteracted by diazepam (10 mg/kg, i.p.) (FuXE et aI., 
1975; BERNASCONI and MARTIN, 1978; PERICIC et aI., 1977; TARVER et aI., 1975). Re­
duced turnover is also indicated by the benzodiazepine-induced reversal of GABA­
disappearence after synthesis inhibition with isoniazid (SAAD, 1972; L6sCHER and 
FREY, 1977; GUIDOTTI, 1978). The effects of benzodiazepines on GABA level and 
turnover are partly shared by barbiturates and phenytoin (SAAD et aI., 1972; PERICIC 
et aI., 1977; L6sCHER and FREY, 1977) and by the direct GABA receptor agonist, 
muscimol (MAO et aI., 1977). 

The decreased GABA-turnover may be explained by assuming that benzo­
diazepines act either directly or indirectly as GABA-agonists thus leading to a com­
pensatory, "feed-back inhibition" of GAB A turnover (PERICIC et aI., 1977). 

Ill. Enzymes 

Clonazepam, diazepam and chlordiazepoxide do not inhibit the enzymes catabolizing 
GABA, GABA-transaminase [4-aminobutyrate: 2 oxoglutarate amino transferase 
(EC 2.6.1.19)] or succinic semialdehyde dehydrogenase (EC 1.2.1.16), to any great ex­
tent at concentrations about 10- 4 M (SAWAYA et aI., 1975). 

IV. GABA Uptake 

Uptake of GABA in cerebral cortex slices of rats or brain synaptosomes is inhibited 
by diazepam and chlordiazepoxide only at high, unphysiological concentrations 
(0.05-0.5 mM) (HARRIS et aI., 1973; NELSON-KRAUSE and HOWARD, 1976; IVERSEN 
and JOHNSTON, 1971; OLSEN et aI., 1977). Uptake of GAB A into rat or cat cerebellar 
slices is not inhibited by diazepam, flurazepam or chlordiazepoxide at 10- 5 M (CUR­
TIS et aI., 1976a). Diazepam (10- 4 and 10- 6 M) increased the Ca2+ -independent and 
the low K + (15 mM) induced GABA-release from preloaded mouse or rat brain syn­
aptosomes (OLSEN et aI., 1978b; MITCHELL and MARTIN, 1978). Other studies using 
rat brain synaptosomes failed to show a spontaneous or K + (30 mM) induced GABA 
release by diazepam (10- 5-5 x 10- 4 M) (NELSON-KRAUSE and HOWARD, 1976; 
MAISOV et aI., 1976). 
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v. Interaction with GADA-Receptors 

Benzodiazepines may increase the affinity of 3H-GABA for fresh rat brain mem­
branes (see Sect. B.V.l). Benzodiazepines do not, however, increase the affinity of 3H_ 
muscimol for its brain binding site (GUIDOTII, unpublished), nor are 3H-GABA and 
3H-muscimol binding sites inhibited by benzodiazepines (BEAUMONT et al., 1978; OL­
SEN et aI., 1978 a; ZUKIN et aI., 1974). 3H-Bicuculline binding sites (GABA receptors) 
are not inhibited by chlordiazepoxide and diazepam (10- 5 M) (MOHLER and OKADA, 
1977 c). 

VI. Cyclic GMP 

The level of cyclic GMP is decreased in cerebellum by several sedative drugs, such as 
benzodiazepines in small doses (0.1-5 mg/kg) (diazepam, chlordiazepoxide, des­
methyl diazepam, clonazepam, flunitrazepam, chlordesmethyl diazepam), muscimol, 
barbiturates, ethanol, haloperidol and morphine (BIGGIO et at, 1977b; MAO et at, 
1975b; OPMEER et aI., 1976; MAILMAN et aI., 1978; GOVONI et aI., 1976; GUDIOTII, 
1978; LUNDY and MAGOR, 1978). 

Cyclic GMP is increased in cerebellum by stimulant or convulsant compounds 
such as isoniazid, harmaline, pentazol, glutamate, picrotoxin, oxotremorin, soman 
and bicyclic phosphorous ester (EPTBO), and these increases are counteracted by 
benzodiazepines and also in most cases by barbiturates (BIGGIO et al., 1977b; MAO 
et aI., 1975a, b; OPMEER et aI., 1976; COSTA et aI., 1975b; LUNDY and MAGOR, 1978; 
MATTSSON et al., 1977). Other treatments increase cyclic GMP levels in cerebellum 
without reported interactions with benzodiazepines (cold exposure, apomorphine, in­
tracerebral glycine) (MAO et aI., 1974a, b; VOLICER et aI., 1977). 

The second messenger cyclic GMP in cerebellum is confined mainly to Purkinje 
cells (COSTA et aI., 1975c) and the level is apparently regulated by several factors, in­
cluding the GABA input from basket cells, glutamate input from climbing fibres and 
remote factors such as stimulation and blockade of dopamine receptors in corpus 
striatum (BIGGIO et al., 1978; BIG<!I~ and GUIDOTTI, 1977). The effects of benzo­
diazepines on cyclic GMP in cerebellum is consistent with a GABA-potentiating effect 
(see review by GUIDOTII, 1978). 

Benzodiazepines have other biochemical.effects proposed to be secondary to GA­
BA-ergic stimulation (see Sect. F.I1). 

VII. Conclusion 

Benzodiazepines and barbiturates enhance GABA-ergic transmission, but the mech­
anism of action is not yet clear. It cannot be excluded that benzodiazepines improve 
the stimulus-induced GABA-release (HAEFELY et aI., 1978). Alternatively, benzo­
diazepines might enhance the sensitivity of GABA receptors. 

D. Benzodiazepines and Serotonin 

Pharmacological studies suggest that serotonin (5-hydroxytryptamine) is involved in 
the anxiolytic action ofbenzodiazepines. Serotonin antagonists (methysergide, cinan-
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serin and D-2-bromlysergic acid diethyl amide) or serotonin synthesis inhibitors (p­
chlorophenyl alanine) can restore behaviors suppressed by punishment in conflict 
tests (STEINet aI., 1975; STEINet aI., 1973; COOK and SEPINWALL, 1975; FILE and HYDE, 
1977; for a review, STEIN et aI., 1977). 

I. Serotonin Receptors 

Diazepam does not interact directly with serotonin receptors as measured by 3H-LSD 
binding to brain membranes (BENNETT and SNYDER, 1975), nor does serotonin act on 
benzodiazepine receptors (see Sect. B.II). 

II. Serotonin Level and Metabolism 

Uptake of serotonin is not affected in brain tissue by diazepam or fludiazepam (NAKA­
MURA and FUKUSffiMA, 1977; CHASE et aI., 1970) or in blood platelets by chlordiazep­
oxide and diazepam (PLETSCHER, 1969; LINGJAERDE, 1973). 

Effects of benzodiazepines on endogenous brain serotonin level are variable. The 
brain serotonin has been reported to be unchanged (PLETSCHER, 1969; FILE and 
VELUCCI, 1978; FENNESYand LEE, 1972; LIDBRINK et aI., 1974; DOMINIC et aI., 1975) 
or slightly increased (JENNER et aI., 1975; FENNESY and LEE, 1972; FERNSTROM et aI., 
1974; RASTOGI et aI., 1977) following chlordiazepoxide, clonazepam, nitrazepam, clo­
bazam and diazepam. 

The level of the major serotonin metabolite, 5-HIAA, is increased in rat and mouse 
brain after acute administration of clonazepam (2.5 mg/kg, i.p.) and diazepam 
(10 mg/kg, i.p.) (FERNSTROM et aI., 1974; JENNER et aI., 1975; RASTOGI et aI., 1977). 

The turnover of serotonin is reduced by benzodiazepines. The disappearance of 
intracerebrally injected 14C-5-HT is decreased in rat brain by oxazepam (20 mg/kg, 
i.p.) and diazepam (20 mg/kg, i.p.) (CHASE et aI., 1970; WISE et aI., 1972). Flurazepam 
(5 mg/kg, i.p.), diazepam (5 mg/kg, i.p.) and chlordiazepoxide (20 mg/kg, i.p.) reduce 
the formation of3H-5-HT from 3H-tryptophan in mice (DOMINIC et aI., 1975). Chlor­
diazepoxide (25 mg/kg) reduces the disappearance of endogenous serotonin after syn­
thesis inhibition by o:-propyldopacetamide (H 22/54) (LIDBRINK et aI., 1973). The for­
mation of the serotonin precursor, 5-hydroxytryptophan, is decreased by diazepam 
(3 mg/kg) (BISWAS and CARLSSON, 1978). 

Benzodiazepines may increase 5-HIAA and 14C-5-HIAA in brain by a probene­
cid-like inhibition of the elimination from brain (RASTOGI et aI., 1977); the mechanism 
of action of other serotonin effects is not known. 

Diazepam, oxazepam and chlordiazepoxide may increase free plasma tryptophan 
by competing for its serum albumin binding site (BOURGOIN et aI., 1975; MULLER and 
WOLLERT, 1975b). Increased plasma level of free tryptophan may increase brain 
serotonin and 5-HIAA levels. 

E. Benzodiazepines and Acetylcholine 
Pharmacological evidence suggests that acetylcholine is involved in the anticonvul­
sant effects of benzodiazepines (see review by LADINSKY et aI., to be published). 
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I. Acetylcholine Level 
The levels of endogenous acetylcholine are increased by chlordiazepoxide, diazepam, 
flurazepam, triazolam, N-methyloxazepam, lorazepam, nitrazepam, N-desmethyl 
diazepam and oxazepam (5-100 mg/kg) in several but not all rat and mouse brain 
areas (CONSOLO et aI., 1972, 1974, 1975, 1977; DOMINO and WILSON, 1972; SETHY, 
1978; TONKOPY et aI., 1978). Brain choline levels were not affected (CONSOLO et aI., 
1975; LADINSKY et aI., 1973). 

The level of acetylcholine may be related to impulse flow in cholinergic neurons 
and the increased level of acetylcholine after benzodiazepines suggests a decreased im­
pulse-flow and reduced acetylcholine release. This conclusion is in keeping with a re­
duced turnover of acetylcholine after diazepam (3 mg/kg, i.p.) in various rat brain 
areas (ZSILLIA et aI., 1976). 

The mechanism of benzodiazepine effects on brain acetylcholine is unclear, but 
pharmacological and biochemical evidence indicates that GABA is not involved (LA­
DINSKY et aI., to be published). 

Barbiturates and several other drugs increase brain acetylcholine levels (GIARMAN 
and P!lPEU, 1962; CONSOLO et aI., 1972; DOMINO and WILSON, 1972; CONSOLO et aI., 
1975). 

II. Acetylcholine Receptors 
Diazepam and chlordiazepoxide (10 - 5 M) do not act directly on muscarinic acetyl­
choline receptors as measured by binding of 3H-quinuclidinyl-benzilate eH-QNB) to 
rat brain membranes (YAMAMURA and SNYDER, 1974). Conversely, muscarinic and 
antimuscarinic substances do not interfere with benzodiazepine receptors (see Sect. 
B.Il). 

F. Benzodiazepines and Catecholamines 
There is no good evidence that catecholamines are involved in the mechanism of ac­
tion of benzodiazepines. Other psychotropic drugs may have their major actions on 
catecholamines. For example, neuroleptics block dopamine and noradrenaline recep­
tors, resulting in increased turnover of catecholamines. Antidepressant drugs may in­
hibit catecholamine uptake into nerve endings, inhibit oxidation by MAO or release 
catecholamines from nerve terminals. 

I. Catecholamine Turnover 
High doses (10-25 mg/kg) of diazepam, chlordiazepoxide, triazolam and nitrazepam 
decrease dopamine turnover in rat striatum or whole brain (CORRODI et aI., 1971; TAY­
LOR and LAVERTY, 1969, 1973; PUGSLEY and LIPPMAN, 1976; 5mBUYA, 1976; FUXE et 
aI., 1975; LIDBRINK et aI., 1973; BISWAS and CARLSSON, 1978). Noradrenaline turnover 
was decreased in rat cortex or rat or mouse whole brain (FUXE et aI., 1975; TAYLOR 
and LAVERTY, 1969, 1973; 5mBUYA, 1976; CORRODI et aI., 1971; DOMINIC et aI., 1975; 
LIDBRINK et aI., 1973). The effects on catecholamine turnover were determined as the 
influence either on catecholamine disappearance rate following synthesis inhibition by 
IX-methyl tyrosine, on disappearance rate of intra cerebrally injected 3H-dopamine, on 
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accumulation of L-Dopa after inhibition of L-Dopa-decarboxylase by NSD 1015 or 
on semiquantitative fluorescence histochemistry. 

The reported decrease in dopamine turnover is not substantially supported by 
measurements of the major dopamine metabolites, HV A and DOPAC. Brain levels 
of HVA and DOPAC are either decreased, probably because of hypothermia (BAR­
THOLINI et aI., 1973; KARASAWA et aI., 1978; RAsTOGI et aI., 1977; NAKAMURA and 
NAKAMURA, 1976; KELLER et aI., 1976; DAPRADA and PLETCHER, 1966), or unchanged 
(KARASAWA et aI., 1978; WESTERINK et aI., 1977; RASTOGI et aI., 1977; SHARMAN, 1966; 
SETOGUCm et aI., 1978) by diazepam (3-30 mg/kg), clonazepam (1-10 mg/kg), chlor­
diazepoxide (10--50 mg/kg), flunitrazepam (1 mg/kg) and clobazam (10 mg/kg). 

The level of the major brain noradrenaline metabolite, MOPEG-S04 (3-methoxy-
4-hydroxy-phenylglycol sulphate), is not decreased by diazepam (3-30 mg/kg, i.p.) or 
Y-7,131 (5 mg/kg, i.p.) (KARASAWA et aI., 1978; CONSOLO et aI., 1975; SETOGUCm et 
aI., 1978), indicating no major effects on noradrenaline turnover. 

Experimental stresses increase catecholamine turnover. Benzodiazepines (diaze­
pam, 2.5-20 mg/kg; N-desmethyldiazepam, 5 mg/kg; chlordiazepoxide, 10--25 mg/kg; 
nitrazepam,20 mg/kg; RO 5,807, 5 mg/kg; Y -7,131,0.3-2.5 mg/kg) counteractthe in­
creased brain catecholamine turnover in response to stress (TAYLOR and LAVERTY, 
1969; CORRODI et aI., 1971; SETOGucm et aI., 1978; DOTEucm and COSTA, 1973; LID­
BRINK et aI., 1973). 

IT. Indirect Effect on Catecholamines 

The effects of benzodiazepines on the catecholamines may be secondary to an inhibi­
tory GABA-ergic action on dopamine cell bodies in substantia nigra and noradrena­
line cell bodies in locus coeruleus (FUXE et aI., 1975). Thus benzodiazepines (1-10 mg/ 
kg) counteract the increase in HVA (KELLER et aI., 1976) and the increase in tyrosine 
hydroxylase activity (GALE et aI., 1978) induced by neuroleptic drugs. A low dose of 
diazepam (0.5 mg/kg) strongly potentiates the increase in mouse brain DOPAC in­
duced by the GABA mimetic muscimol (BIGGIO et aI., 1977 a). Both diazepam (10 mg/ 
kg) and muscimol inhibit the increased release of 3H-dopamine from striatum of cats 
induced by the GABA antagonist, picrotoxin (CHERAMY et aI., 1977). These studies 
indicate that benzodiazepines may potentiate the presumed GABA-ergic input into 
dopamine cell bodies in substantia nigra even though the great complexity of nigral 
neuronal connections (CHERAMY et aI., 1978; SCHEEL-KRUGER et aI., 1978; ARNT and 
SCHEEL-KRUGER, 1979) calls for caution. 

ITI. Dopamine Receptors 

Diazepam does not interact directly with dopamine receptors eH-haloperiodol and 
3H-dopamine binding to brain membranes) (BURT et aI., 1976; SEEMAN et aI., 1975) 
or noradrenaline p-receptors eH-dihydroalprenolol binding to brain membranes 
(BYLUND and SNYDER, 1976). 

IV. Other Minor Tranquillizers 
Barbiturates and meprobamate, like benzodiazepines, counteract stress-induced in­
creased noradrenaline turnover (LIDBRINK et. aI., 1972) and barbiturates alone de­
crease noradrenaline turnover (LIDBRINK et aI., 1972; PERSSON and WALDECK, 1971). 
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G. Miscellaneous 

I. Glycine Receptors 
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An interaction ofbenzodiazepines with glycine receptors was proposed because diaze­
pam in a high concentration (26 11M) and other benzodiazepines displaced 3H-strych­
nine from specific binding sites on rat brain membranes (YOUNG et aI., 1974). Electro­
physiological and biochemical studies have not confirmed the proposed interaction of 
benzodiazepines with glycine receptors (CURTIS et aI., 1976b; HUNT and RAYNAUD, 
1977). Further, glycine and the antagonist, strychnine, exhibit low affinity for benzo­
diazepine receptors (BRAESTRUP and SQUIRES, 1978 a). 

IT. Phosphodiesterases 

An interaction of benzodiazepines with the "second messenger" cyclic AMP was pro­
posed because diazepam and other benzodiazepines inhibited phosphodiesterase, the 
enzyme responsible for cyclic AMP metabolism (BEER et aI., 1972; HOROVITZ et aI., 
1972). Many other psychoactive substances, however, inhibit phosphodiesterases 
(SHEKOLDINA et aI., 1978) in similar concentrations, while several potent benzo­
diazepines are weak phospodiesterase inhibitors. 

ITI. Glucose Metabolism 

Intracellular glucose levels in rat brain are reported to be increased by diazepam 
(4 mg/kg, i.p.) and chlordiazepoxide (10-30 mg/kg, i.p.) (RUTISHAUSER, 1963; NAHOR­
SKI, 1972; GEY, 1973). The brain levels of glycogen, glucose-6-phosphate, fructose 1,6-
diphosphate, dihydroxyacetone, pyruvate, lactate and malate are unchanged (GEY, 
1973). These results indicated lack of effect of benzodiazepines on glycolysis. In­
creased glucose levels might reflect increased glucose uptake into the brain. In contrast 
the hypnotics and neuroleptics inhibited glycolysis. 

IV. Chloride Channels 

Barbiturates in rather high concentrations (1-100 11M) inhibit the binding of 3H -dihy­
dropicrotoxinin to rat brain membranes (OLSEN et aI., 1978c). This finding suggests 
that the GABA potentiating effect of barbiturates may involve a chloride channel 
which is coupled to the GABA receptor. 

Acknowledgement. This study was aided by a grant from the Danish Medical Re­
search Council Jr. Nr. 512-8405. I thank Dr. RICHARD F. SQUIRES for critical reading 
of this manuscript and for valuable cooperation in experimental studies. 

References 

Arnt, J., Scheel-Kriiger, J.: GABA-ergic and glycinergic mechanisms within the Substantia Ni­
gra. Pharmacological specificity of dopamine dependent counterlateral turning behavior 
and interaction with other neurotransmitters. Psychopharmacology 62, 267-277 (1979) 

Bartholini, G., Keller, H., Pieri, L., Pletscher, A.: Diazepam and cerebral dopamine. In: The 
benzodiazepines. Garattini, S., Mussini, E., Randall, L.O. (eds.), pp. 235-240. New York: 
Raven 1973 



310 C. BRAEsTRuP 

Beaumont, K., Chilton, W., Yamamura, H.I., Enna, S.J.: Muscimol binding in rat brain: As­
sociation with synaptic GABA receptors. Brain Res. 148, 153-162 (1978) 

Beer, B., Chasin, M., Clody, D.E., Vogel, J.R., Horovitz, Z.P.: Cyclic adenosine monophos­
phate phosphodiesterase in brain: Effect on anxiety. Science 176, 428--430 (1972) 

Benp.ett, J.P., Snyder, S.H.: Stereospecific binding of n-Iysergic acid diethylamide (LSD) to 
brain membranes: Relationship to serotonin receptors. Brain Res. 94, 523-544 (1975) 

Berger, F.M.: The pharmacology of antianxiety (anxiolytic) agents. In: Psychopharmacological 
treatment. Denber, H.C.B. (ed.), pp. 135-156. New York: Dekker 1975 

Bernasconi, R., Martin, P.: Effects of diazepam and baclofen on the GABA turnover rate in 
various mouse brain regions. Arch. Pharmacol. [Suppl.] 302, R58 (1978) 

Biggio, G., Casu, M., Corda, M.G., Vernaleone, F., Gessa, G.L.: Effectofmuscimol, a GABA­
mimetic agent, on dopamine metabolism in the mouse brain. Life Sci. 21, 525-532 (1977 a) 

Biggio, G., Guidotti, A.: Regulation of cyclic GMP in cerebellum by a striatal dopaminergic 
mechanism. Nature 265, 240-242 (1977) 

Biggio, G., Brodie, B.B., Costa, E., Guidotti, A.: Mechanisms by which diazepam muscimol, 
and other drugs change the content of cGMP in cerebellar cortex. Proc. Natl. Acad. Sci. 
USA 74, 3592-3596 (1977b) 

Biggio, G., Corda, M.G., Casu, M., Gessa, G.L.: Kainic acid-induced lesion of dopaminergic 
target cells in the striatum: Consequences on the dynamics of cerebellar cGMP. Naunyn­
Schmiedebergs Arch. Pharmacol. 304, 5-7 (1978) 

Billingsley, M.L., Kubena, R.K.: The effects of naloxone and picrotoxin on the sedative and 
anticonflict effects of benzodiazepines. Life Sci. 22, 897-906 (1978) 

Biswas, B., Carlsson, A.: On the mode of action of diazepam on brain catecholamine metab­
olism. Naunyn Schmiedebergs Arch. Pharmacol. 303, 73-78 (1978) 

Blanchard, J.e., Boireau, A., Jolon, L.: In Vitro and in Vivo Inhibition by zopiclone of benzo­
diazepine binding to rodent brain receptors. Life Sci. 24, 2417-2420 (1979) 

Boakes, R.J., Martin, I.L., Mitchell, P.R.: Burst firing of cerebellar Purkinje neurones induced 
by benzodiazepines. Neuropharmacology 16, 711-713 (1977) 

Bolme, P., Fuxe, K.: Possible involvement of GABA mechanisms in central cardiovascular and 
respiratory control. Studies on the interaction between diazepam, picrotoxin and clonidine. 
Med. BioI. 55, 301-309 (1977) 

Bosmann, H.B., Case, K.R., DiStefano, P.: Diazepam receptor characterization: specific bind­
ing of a benzodiazepine to macromolecules in various areas of rat brain. FEBS Lett. 82, 
368-372 (1977) 

Bosmann, H.B., Penney, D.P., Case, K.R., DiStefano, P., Averill, K.: Diazepam receptor: spe­
cific binding of [3H]diazepam and [3H]flunitrazepam to rat brain subfractions. FEBS Lett. 
87, 199-202 (1978) 

Bourgoin, S., Hery, F., Ternaux, J.P., Hamon, M.: Effects ofbenzodiazepines on the binding 
of tryptophan in serum. Consequences on 5-hydroxyindoles concentrations in the rat brain. 
Psychopharmacol. Commun. 1,209-216 (1975) 

Bowery, N.G., Dray, A.: Barbiturate reversal of amino acid antagonism produced by consul­
sant agents. Nature 264, 276-278 (1976) 

Bowery, N.G., Dray, A.: Reversal of the action of amino acid antagonists by barbiturates and 
other hypnotic drugs. Br. J. Pharmacol. 63, 197-215 (1978) 

Braestrup, C., S~uires, R.F.: Specific benzodiazepine receptor in rat brain characterized by 
high-affinity H-diazepam binding. Proc. Natl. Acad. Sci. USA 74, 3805-3809 (1977) 

Braestrup, c., Albrechtsen, R., Squires, R.F.: High densities ofbenzodiazepine receptors in hu­
man cortical areas. Nature 269, 702-704 (1977) 

Braestrup, c., Squires, R.F.: Pharmacological characterization ofbenzodiazepine receptors in 
the brain. Eur. J. Pharmacol. 78, 263-270 (1978 a) 

Braestrup, c., Squires, R.F.: Brain specific benzodiazepine receptors. Br. J. Psychiatry 133, 
249-260 (1978 b) 

Braestrup, C., Squires, R.F., Bock, E., Torp Pedersen, c., Nielsen, M.: Benzodiazepine recep­
tors: Cellular and subcellular localization in brain. Adv. Pharm. Ther. 7, 173-185 (1978 a) 

Braestrup, c., Nissen, C., Squires, R.F., Schousboe, A.: Lack of brain-specific benzodiazepine 
receptors on mouse primary astroglial cultures, which specifically bind haloperidol. 
Neurosci. Lett. 9,45--49 (1978b) 



Biochemical Effects of Anxiolytics 311 

Braestrup, C., Nielsen, M.: Ontogenetic development of benzodiazepine receptors in the rat 
brain. Brain Res. 147, 17{}-173 (1978) 

Braestrup, C., Nielsen, M., Squires, R.F.: No changes in rat benzodiazepine receptors after 
withdrawal from continuous treatment with lorazepam and diazepam. Life Sci. 24,347-350 
(1979 a) 

Braestrup, c., Nielsen, M., Squires, R.F.: Neuronal localization of benzodiazepine receptors 
in cerebellum. Neurosci. Lett. 13, 219-224, (1979b) 

Braestrup, C., Nielsen, M., Nielsen, E.B., Lyon, M.: Benzodiazepine receptors in brain are af­
fected by several different experimental stresses, the changes are small and not unidirection­
al. Psychopharmacologia, 65, 273-277 (1979c) 

Braestrup, C., Nielsen, M., Krogsgaard-Larsen, P., Falch, E.: Partial agonists for brain GABA/ 
benzodiazepine receptor complex. Nature 280, 331-333 (1979d) 

Braestrup, c., Nielsen, M., Olsen, C-E.: Urinary and brain p-carboline-3-carboxylates as po­
tent inhibitors of brain benzodiazepine receptors. Proc. Natl. Acad. Sci. USA 77, 2288-
2292 (1980) 

Briley, M.S., Langer, S.Z.: Influence of GAB A receptor agonists and antagonist on the binding 
of 3H-diazepam to the benzodiazepine receptor. Eur. J. Pharmacol. 52, 129-132 (1978) 

Brodersen, R., SjOdin, T., Sjoholm, I.: Independent binding of ligands to human serum albu­
min. J. BioI. Chern. 252, 5067-5072 (1977) 

Brown, D.A., Constanti, A.: Interaction of pentobarbitone and I'-aminobutyric acid on mam­
malian sympathetic ganglion cells. Br. J. Pharmacol. 63, 217-224 (1978) 

Burt, D.R., Creese, I., Snyder, S.H.: Properties of [3H] haloperidol and [3H]dopamine binding 
associated with dopamine receptors in calf brain membranes. Mol. Pharmacol.12, 80{}-812 
(1976) 

Bylund, D., Snyder, S.H.: Beta adrenergic receptor binding in membrane preparations from 
mammalian brain. Mol. Pharmacol. 12, 568-580 (1976) 

Chang, R.S.L., Snyder, S.H.: Benzodiazepine receptors: Labeling in intact animals with 
[3H]flunitrazepam. Eur. J. Pharmacol. 48, 213-218 (1978) 

Chase, T.N., Katz, R.I., Kopin, I.J.: Effect of diazepam on fate of intracisternally injected 
serotonin-C14• Neuropharmacology 9, 103-108 (1970) 

Cheramy, A., Nieoullon, A., Glowinski, J.: Blockade of the picrotoxin-induced in vivo release 
of dopamine in the cat caudate nucleus by diazepam. Life Sci. 20, 811-816 (1977) 

Cheramy, A., Nieoullon, A., Glowinski, J.: Gabaergic processes involved in the control of do­
pamine release from nigrostriatal dopaminergic neurons in the cat. Eur. J. Pharmacol. 48, 
281-295 (1978) 

Chieu, T.H., Rosenberg, H.C.: Reduced diazepam binding following chronic benzodiazepine 
treatment. Life Sci. 23, 1153--1158 (1978) 

Chieu, T.H., Rosenberg, H.C.: GABA receptor-mediated modulation of 3H-diazepam binding 
in rat cortex. Eur. J. Pharmacol. 56, 337-345 (1979) 

Choi, D.W., Farb, D.H., Fischbach, G.D.: Chlordiazepoxide selectively augments GABA ac­
tion in spinal cord cell cultures. Nature 269, 342-344 (1977) 

Consolo, S., Ladinsky, H., Peri, G., Garattini, S.: Effect of central stimulants and depressant 
on mouse brain acetylcholine and choline levels. Eur. J. Pharmacol. 18,251-255 (1972) 

Consolo, S., Ladinsky, H., Peri, G., Garattini, S.: Effect of diazepam on mouse whole brain 
and brain area acetylcholine and choline levels. Eur. J. Pharmacol. 27, 266-268 (1974) 

Consolo, S., Garattini, S., Ladinsky, H.: Action of the benzodiazepines on the cholinergic sys­
tem. In: Mechanism of action ofbenzodiazepines. Costa, E., Greengard, P. (eds.), pp. 63-
80. New York: Raven 1975 

Consolo, S., Ladinsky, H., Bianchi, S., Ghezzi, D.: Apparent lack of a dopaminergic-choliner­
gic link in the rat nucleus accumbens septi-tuberculum olfactorium. Brain Res. 135, 255-
263 (1977) 

Cook, L., Sepinwall, J.: Behavioral analysis of the effects and mechanisms of action of benzo­
diazepines. In: Mechanism of action of benzodiazepines. Costa, E., Greengard, P. (eds.), 
pp. 1-28. New York: Raven 1975 

Cook, L., Sepinwall, J.: Relationship of anticonflict activity of benzodiazepines to brain recep­
tor binding, serotonin, and GABA. ACNP December 1978 

Cooper, B., Handin, R.I., Young, L.H., Alexander, R.W.: Agonist regulation of the human 
platelet IX-adrenergic receptor. Nature 274, 703-706 (1978) 



312 C. BRAESTRUP 

Corrodi, H., Fuxe, K., Lidbrink, P., Olson, L.: Minor tranquillizers, stress and central catechol­
amine neurons. Brain Res. 29, 1-16 (1971) 

Costa, E., Guidotti, A., Mao, C.C., Suria, A.: New concepts on the mechanism of action of 
benzodiazepines. Life Sci. 17, 167-186 (1975 a) 

Costa, E., Guidotti, A., Mao, C.C.: Diazepam, cyclic nucleotides and amino acid neurotrans­
mitters in rat cerebellum. In: Neuropsychopharmacology. Boissier, J.R., Hippius, H., 
Pichot, P. (eds.), pp. 849-856. Amsterdam: Excerpta Medica 1975b 

Costa, E., Guidotti, A., Mao, C.c.: Evidence for involvement of GABA in the action of ben­
zodiazepines. In: Mechanism of action ofbenzodiazepines. Costa, E., Greengard, P. (eds.), 
pp. 113-130. New York: Raven 1975c 

Costa, E., Guidotti, A., Toffano, G.: Molecular mechanisms mediating the action of diazepam 
on GABA receptors. Br. J. Psychiatry. 133, 239-248 (1978) 

Costa, T., Rodbard, D., Pert, c.B.: The benzodiazepine receptor coupled to a chloride anionic 
channel. Nature 277,315-317 (1979) 

Curtis, D.R., Lodge, D., Johnston, G.A.R., Brand, S.J.: Central actions of benzodiazepines. 
Brain Res. 118, 344-347 (1976a) 

Curtis, D.R., Game, C.J.A., Lodge, D.: Benzodiazepines and central glycine receptors. Br. J. 
Pharmacol. 56, 307-311 (1976b) 

Curtis, D.R., Lodge, D.: Pentobarbitone enhancement of the inhibitory action of GABA. Na­
ture 270, 543--544 (1977 a) 

Curtis, D.R., Lodge, D.: Effect of pentobarbitone on the inhibition of spinal interneurones, in 
the cat by glycine and GABA. J. Physiol. (Lond.) 272, 48P--49P (1977b) 

DaPrada, M., Pletscher, A.: On the mechanism of chlorpromazine-induced changes of cerebral 
homovanillic acid levels. J. Pharm. Pharmacol. 18,628-630 (1966) 

Davidoff, R.A.: Diphenylhydantoin increases spinal presynaptic inhibition. Trans. Am. 
Neurol. Assoc. 97, 193--196 (1972) 

Davies, J., Polc, P.: Effect of a water soluble benzodiazepine on the responses of spinal neurones 
to acetylcholine and excitatory amino acid analogues. Neuropharmacology 17, 217-220 
(1978) 

DeBlas, A., Mahler, H.R.: Studies on nicotinic acetylcholine receptors in mammalian brain. 
Characterization of a microsomal subfraction enriched in receptor function for different 
neurotransmitters. J. Neurochem. 30, 563-577 (1978) 

Deisz, R.A., Lux, H.D.: Diphenylhydantoin prolongs postsynaptic inhibition and ionto­
phoretic GABA action in the crayfish stretch receptor. Neurosci. Lett. 5, 199-203 (1977) 

Dominic, J.A., Sinha, A.K., Barchas, J.D.: Effect of benzodiazepine compounds on brain 
amine metabolism. Eur. J. Pharmacol. 32, 124-127 (1975) 

Domino, E.F., Wilson, A.E.: Psychotropic drug influcences on brain acetylcholine utilization. 
Psychopharmacology 25,291-298 (1972) 

Doteuchi, M., Costa, E.: Pentylenetetrazol convulsions and brain catecholamine turnover rate 
in rats and mice receiving diphenylhydantoin or benzodiazepines. Neuropharmacology 12, 
1059-1072 (1973) 

Dray, A., Straughan, D.W.: Benzodiazepines: GABA and glycine receptors on single neurons 
in the rat medulla. J. Pharm. Pharmacol. 28, 314-315 (1976) 

Eccles, J.C., Schmidt, R., Willis, W.D.: Pharmacological studies on presynaptic inhibition. J. 
Physiol. (Lond.) 168, 500-530 (1963) 

Evans, R.H.: GABA-potentiating action of pentobarbitone on the isolated superior cervical 
ganglion of the rat. J. Physiol. (Lond.) 272, 49P-50P (1977) 

Fennessy, M.R., Lee, J.R.: The effect ofbenzodiazepines on brain amines of the mouse. Arch. 
Int. Pharmacodyn. Ther. 197, 37--44 (1972) 

Fernholm, B., Nielsen, M., Braestrup, C.: Absence of brain specific benzodiazepine receptors 
in cyclostomes and elasmobranchs. Compo Biochem.Pysiol. 62C, 209-211 (1979) 

Fernstrom, J.D., Shabshelowitz, H., Faller, D.V.: Diazepam increases 5-hydroxyindole concen­
trations in rat brain and spinal cord. Life Sci. 15, 1577-1584 (1974) 

File, S.E., Hyde, J.R.G.: The effects of p-chlorophenylalanine and ethanolamine O-sulphate in 
an animal test of anxiety. J. Pharm. Pharmacol. 29, 735-738 (1977) 

File, S.E., Velucci, S.V.: Studies on the role of ACTH and of 5-HT in anxiety using an animal 
model. J. Pharm. Pharmacol. 30, 105-110 (1978) 



Biochemical Effects of Anxiolytics 313 

Fux~ K., Agnati, L.F., Bolme, P., Hokfelt, T., Lidbrink, P., Ljungdahl, A, Mora, P. de la, 
ugren, S.V.: The possible involvement of GABA mechanisms in the action of benzo­
diazepines on central catecholamine neurons. In: Mechanism of action of benzodiazepines. 
Costa, E., Greengard, P. (eds.), pp. 45-61. New York: Raven 1975 

Giihwiler, B.H.: Diazepam and chlordiazepoxide: powerful GABA antagonists in explants of 
rat cerebellum. Brain Res. 107, 176-179 (1976) 

Gale, K., Costa, E., Toffano, G., Hong, J.-S., Guidotti, A.: Evidence for a role of nigral y­
aminobutyric acid and substance P in the haloperidol-induced activation of striatal tyrosine 
hydroxylase. J. Pharmacol. Exp. Ther. 206, 29-37 (1978) 

Gallager, D.W.: Benzodiazepines: Potentiation of a GABA inhibitory response in the dorsal 
raphe nucleus. Eur. J. Pharmacol. 49, 133-143 (1978) 

Gallager, D.W., Thomas, J.W., Tallman, F.: Effect of GABAergic drugs on benzodiazepine 
binding site sensitivity in rat cerebral cortex. Biochem. Pharmac. 27, 2745--2749 (1978) 

Gey, K.F.: Effect ofbenzodiazepines on carbohydrate metabolism in rat brain. In: The Benzo­
diazepines. Garattini, S., Mussini, E., Randall, L.O. (eds.), pp. 243-255. New York: Raven 
1973 

Giarman, N.J., Pepeu, G.: Drug-induced changes in brain acetylcholine. Br. J. Pharmacol. 19, 
226-234 (1962) 

Govoni, S., Fresia, P., Spano, P.F., Trabucchi, M.: Effect of desmethyldiazepam and chlordes­
methyldiazepam on 3/,5'-cyclic guanosine monophosphate levels in rat cerebellum. Psycho­
pharmacology 50, 241-244 (1976) 

Guidotti, A.: Synaptic mechanisms in the action ofbenzodiazepines. In: Psychopharmacology: 
A Generation of Progress. Lipton, M.A., DiMascio, A., Killam, K.F. (eds.), pp. 1349-1357. 
New York: Raven 1978 

Guidotti, A., Toffano, G., Costa, E.: An endogenous protein modulates the affinity of GAB A 
and benzodiazepine receptors in rat brain. Nature 275, 553-555 (1978a) . 

Guidotti, A., Toffano, G., Costa, E.: A molecular mechanism for the action ofbenzodiazepines 
on GABA receptors. In: GABA-Neurotransmitters. Krogsgaard-Larsen, P., Scheel-Kru­
ger, J., Kofod, H. (eds.), pp. 406-419, Copenhagen: Munksgaard 1978b 

Haefely, W., Kulcsar, Mohler, Pieri, L., Polc, P., Schaffner, R.: Possible involvement of GABA 
in the central actions ofbenzodiazepines. In: Mechanism of action ofbenzodiazepines. Cos­
ta, E., Greengard, P. (eds.), pp. 131-151. New York: Raven 1975 

Haefely, W., Polc, P., Schaffner, R., Keller, H.H., Pieri, I., Mohler, H.: Facilitation of GAB A­
ergic transmission by drugs. In: GABA-Neutrotransmitters. The Alfred Benzon Sym­
posium. Krogsgaard-Larsen, P., Scheel-KrUger, J., Kofod, H. (eds.), pp. 357-375. Copen­
hagen: Munksgaard 1978 

Harris, M., Hopkin, J. M., Neal, M.J.: Effect of centrally acting drugs on the uptake of y­
aminobutyric acid (GABA) by slices of rat cerebral cortex. Br. J. Pharmacol. 47, 229-239 
(1973) . 

Henn, F.A., Henke, D.J., Cellular localization of [3H]-diazepam receptors. Neuropharmacol­
ogy 17, 985--988 (1978) 

Horovitz, Z.P., Beer, B., Clody, D.E., Vogel, J.R., Chasin, M.: Cyclic AMP and anxiety. Psy­
chosomatics 13, 85--92 (1972) 

Hunt, P., Raynaud, J.-P.: Benzodiazepine activity: is interaction with the glycine receptor, as 
evidenced by displacement of strychnine binding, a useful criterion? J. Pharm. Pharmacol. 
29,442-444 (1979) 

Iversen, L.L., Johnston, G.A.R.: GABA uptake in rat central nervous system: comparison of 
uptake in slices and homogenates and the effects of some inhibitors. J. Neurochem. 18, 
1939-1950 (1971) 

Jenner, P., Chadwick, D., Reynolds, E.H., Marsden, C.D.: Altered 5-HT metabolism with 
clonazepam, diazepam and dipenylhydantoin. J. Pharm. Pharmacol. 27, 707-710 (1975) 

Juhasz, L., Dairman, W.: Effect of sub-acute diazepam administration in mice on the sub­
sequence ability of diazepam to protect against metrazol and bicuculline induced convul­
sions. Fed Proc. 36, 377 (1977) 

Karasawa, T., Furukawa, K., Ochi, Y., Shimizu, M.: Monoamine metabolites as indicators of 
the effect of centrally acting drugs on monoamine release in rat brain. Arch. into Pharma­
codyn. 231, 261-273 (1978) 



314 C. BRAESTRUP 

Karobath, M., Lippitsch, M.: THIP and isoguvacine are partial agonists of GABA-stimulated 
benzodiazepine receptor binding. Eur. J. Pharmacol. 58, 48~88 (1979) 

Karobath, M., Sperk, G.: Stimulation of benzodiazepine receptor binding by y-aminobutyric 
acid. Proc. Nat!. Acad. Sci. USA 76, 1004-1006 (1979) 

Karobath, M., Placheta, P., Lippitsch, M., Krogsgaard-Larsen, P.: Is stimulation of benzo­
diazepine receptor binding mediated by a novel GABA receptor? Nature 278, 748-749 
(1979) 

Keller, H.H., Schaffner, R., Haefely, W.: Interaction of benzodiazepines with neuroleptics at 
central dopamine neurons. Naunyn-Schmiedebergs Arch. PharmacoI. 294, 1-7 (1976) 

Kozhechkin, S.N., Ostrovskaya, R.U.: Are benzodiazepines GABA antagonists? Nature 269, 
72-73 (1977) 

Ladinsky, H., Consolo, S., Peri, G., Garattini, S.: Increase in mouse and rat brain acetylcholine 
levels by diazepam. In: The Benzodiazepines. S. Garattini, E. Mussini, Randall, L.O. (eds.), 
pp. 241-242. New York: Raven Press 1973 

Ladinsky, H., Consolo, S., Bellantuono, C., Garattini, S.: Interaction of benzodiazepines and 
chemical mediators in the brain. To be published in Handbook of Biological Psychiatry, 
Rafae1sen and Lader (eds.) New York: Marcel Dekker, Inc. 1979 (in press). 

Lidbrink, P., Corrodi, H., Fuxe, K., Olson, L.: Barbiturates and meprobamate: decreases in 
catecholamine turnover of central dopamine and noradrenaline neuronal systems and the 
influcence of immobilization stress. Brain Res. 45, 507-524 (1972) 

Lidbrink, P., Corrodi, H., Fuxe, K., Olson, L.: The effects of benzodiazepines meprobamate, 
and barbiturates on central monoamine neurons: In: The Benzodiazepines, pp. 203-220. 
Garattini, S., Mussini, E., Randall, L.O. (eds.). New York: Raven Press 1973 

Lidbrink, P., Corrodi, H., Fuxe, K.: Benzodiazepines and barbiturates: Turnover changes in 
central 5-hydroxytryptamine pathways. Eur. J. Pharmacol. 26, 35-40 (1974) 

Lingjaerde, 0.: Effect of benzodiazepines on uptake and effiux of serotonin in human blood 
patelets in vitro. In: The benzodiazepines. Garattini, S., Mussini, E., Randall, L.O. (eds.), 
pp. 225-233. New York: Raven 1973 

Lippa, A.S., Regan, B.: Additional studies on the importance of glycine and GABA in mediat­
ing the actions of benzodiazepines. Life Sci. 21, 1779-1784 (1977) 

Lippa, A.S., Critchett, D., Sano, M.C., Klepner, C.A., Greenblatt, E.N., Coupet, J., Beer, B.: 
Benzodiazepine Receptors: Cellular and Behavioral Characteristics. Pharmacol. Biochem. 
Behav. 10, 831-843 (1979) 

Lippa, A.S., Sano, M.e., Coupet, J., Beer, B.: Evidence that benzodiazepine receptors reside 
on cerebellar purkinje cells: Studies with "nervous" mutant mice. Life Sci. 23, 2213-2218 
(1978) 

Loscher, W., Frey, H.-H.: Effect of convulsant and anticonvulsant agents on level and metab­
olism of y-aminobutyric acid in mouse brain. Naunyn-Schmiedebergs Arch. Pharmacol. 
296, 263-269 (1977) 

Lundy, P.M., Magor, G.F.: Cyclic GMP concentrations in cerebellum following organophos­
phate administration. 1. Pharm. Pharmacol. 30, 251-252 (1978) 

MacDonald, R., Barker, J.L.: Benzodiazepines specifically modulate GABA-mediated post­
synaptic inhibition in cultured mammalian neurones. Nature 271, 563-564 ~978) 

Mackerer, e.R., Kochman, R.L.: Effects of cations and anions on the binding of H-diazepam 
to rat brain. Proc. Soc. Exp. BioI. Med. 158, 393-397 (1978) 

Mackerer, e.R., Kochman, R.L., Bierschenk, A., Bremner, S.S.: The binding of[3Hl diazepam 
to rat brain. J. Pharmacol. Exp. Ther. 206, 40~13 (1978) 

Mailman, R.B., Frye, G.D., Mueller, R.A., Breese, G.R.: Thyrotropin-releasing hormone re­
versal of ethanol-induced decrease in cerebellar cGMP. Nature 272, 832-833 (1978) 

Maisov, N.I., Tolmacheva, N.S., Raevsky, K.S.: Liberation of 3H-gamma-aminobutyric acid 
eH-GABA) from isolated nerve endings of the rat's brain under the effect of psychotropic 
substances (in Russian). Farmakol. Toksikol. 39, 517-520 (1976) 

Mao, C.C., Guidotti, A., Costa, E.: The regulation of cyclic guanosine monophosphate in rat 
cerebellum: possible involvement of putative amino acid neurotransmitters. Brain Res. 79, 
510-514 (1974a) 

Mao, C.e., Guidotti, A., Costa, E.: Interactions between y-aminobutyric acid and guanosine 
cyclic 3',5'-monophosphate in rat cerebellum. Mol. Pharmacol. 10, 736-745 (1974 b) 



Biochemical Effects of Anxiolytics 315 

Mao, C.C., Guidotti, A., Costa,: Inhibition by diazepam of the tremor and the increase ofcer­
ebellar cGMP content elicited by harmaline. Brain Res. 83, 516-519 (1975a) 

Mao, c.c., Guidotti, A., Costa, E.: Evidence for an involvement of GABA in the mediation 
of the cerebellar cGMP decrease and the anticonvulsant action of diazepam. Naunyn­
Schmiedebergs Arch. Pharmacol. 289, 369-378 (1975b) 

Mao, C.C., Marco, E., Revuelta, A., Bertilsson, L., Costa, E.: The turnover rate of y-amino­
butyric acid in the nuclei of telencephalon: Implications in the pharmacology of antipsy­
chotics and of a minor tranquilizer. Biol. Psychiatry 12, 359-371 (1977) 

Martin, I.L., Candy, J.M.: Facilitation ofbenzodiazepine binding by sodium chloride and GA­
BA. Neuropharmacology 17, 993-998 (1978) 

Maruyama, S., Kawasaki, T.: Further electrophysiological evidence of the GABA-like effect 
of droperidol in the purkinje cells of the cat cerebellum. Jpn. J. Pharmacol. 26, 765-767 
(1976) 

Mattsson, H., Brandt, K., Heilbronn, E .. Bicyclic phosphorus esters increase the cyclic GMP 
level in rat cerebellum. Nature 268, 52-53 (1977) 

Maurer, R.: The GABA agonist THIP, a muscimol analogue, does not interfere with the ben­
zodiazepine binding site on rats cortical membranes. Neurosci. Lett. 12, 65-68 (1979) 

Mitchell, P.R., Martin, I.L.: The effects ofbenzodiazepines ofK + -stimulated release of GAB A. 
. Neuropharmacology 17, 317-320 (1978) 

Miyahara, J.T., Esplin, D.W., Zablocka, B.: Differential effects of depressant drugs on presyn­
aptic inhibition. J. Pharmacol. Exp. Ther. 154, 119-127 (1966) 

Mori, A., Ohkusu, H., Kohsaka, M., Kurono, M.: Isolation of hypoxanthine from calf brain. 
J. Neurochem. 20, 1291-1292 (1973) 

Mohler, H., Okada, T.: Properties of 3H-diazepam binding to benzodiazepine receptors in the 
rat cerebral cortex. Life Sci. 20, 2101 (1977 a) 

Mohler, A., Okada, T.: Benzodiazepine receptor: Demonstration in the central nervous system. 
Science 198, 848-851 (1977b) 

Mohler, A., Okada, T.: GABA receptor binding with 3H( +) bicuculline-methiodide in rat 
CNS. Nature 267,65-67 (1977c) 

Mohler, H., Okada, T.: The benzodiazepine receptor in normal and pathological human brain. 
Br. J. Psychiatry 133, 261-268 (1978) 

Mohler, H., Okada, T., Heitz, Ph., Ulrich, J.: Biochemical identification of the site of action 
ofbenzodiazepines in human brain by 3H-diazepam binding. Life Sci. 22, 985-996 (l978 a) 

Mohler, H., Okada, T., Enna, S.J.: Benzodiazepine and neurotransmitter receptor binding in 
rat brain after chronic administration of diazepam or phenobarbital. Brain Res. 156, 391-
395 (1978 b) 

Mohler, H., Pole, P., Cumin, R., Pieri, L., Kettler, R.: Nicotinamide is a brain constituent with 
benzodiazepine-like actions. Nature 278, 563-565 (1979) 

Muller, W., Wollert, U.: Characterization of the binding ofbenzodiazepines to human serum 
albumin. Naunyn-Schmiedebergs Arch. Pharmacol. 280, 229-237 (1973) 

Muller, W., Wollert, U.: High stereospecificity of the benzodiazepine binding site on human 
serum albumin. Mol. Pharmacol. 11, 52-60 (1975 a) 

Muller, W., Wollert, U.: Benzodiazepines: Specific competitors for the binding of I-tryptophan 
to human serum albumin. Naunyn-Schmiedebergs Arch. Pharmacol. 288, 17-27 (1975 b) 

Muller, W., Wollert, U.: Interaction ofbenzodiazepine derivates with bovine serum albumin. 
J. Biochem. Pharmacol. 25, 141-145 (1976) 

Muller, W., Schlafer, U., Wollert, U.: Benzodiazepine receptor binding in rat spinal cord mem­
branes. Neurosci. Lett. 9, 239-243 (1978) 

Nahorski, S.R.: Biochemical effects of the anticonvulsants trimethadione, ethosuximide and 
chlordiazepoxide in rat brain. J. Neurochem. 19, 1937-1946 (1972) 

Nakamura, K., Nakamura, K.: Interaction ofbenzodiazepine drugs with striatal dopaminergic 
neurons in the brain. Jpn. J. Pharmacol. [Suppl.] 26, 101P (1976) 

Nakamura, M., Fukushima, H.: Effect of benzodiazepines on central serotonergic neuron sys­
tems. Psychopharmacology 53, 121-126 (1977) 

Nelson-Krause, D.C., Howard, B.D.: Release of glycine and gamma aminobutyric acid from 
synaptosomes prepared from rat central nervous tissue. Fed. Proc. 35, 543 (l97(!) 



316 C. BRAEsTRuP 

Nicoll, R.A.: The effects of anesthetics on synaptic excitation and inhibition in the olfactory 
bulb. J. Physioi. (Lond.) 223, 803-814 (1972) 

Nicoll, R.A.: Presynaptic action of barbiturates in the frog spinal cord. Proc. Nati. Acad. Sci. 
USA 72, 1460-1463 (1975a) 

Nicoll, R.A.: Pentobarbital: action on frog motoneurons. Brain Res. 96, 119-123 (1975b) 
Nicoll, R.A.: Pentobarbital: Differential postsynaptic actions on sympathetic ganglion cells. 

Science 199, 451-452 (1978) 
Nielsen, M., Braestrup, c., Squires, R.F.: Evidence for a late evolutionary appearance of brain­

specific benzodiazepine receptors: an investigation of 18 vertebrate and 5 invertebrate spe­
cies. Brain Res. 141, 342-346 (1978) 

Nielsen, M., Nielsen, E.B., Ellison, G., Braestrup, C.: Modification of dopamine receptors in 
brain by continuous amphetamine administrations to rats. lInd World Congress of BioI. 
Psychiatry. Barcelona 1979 to be published, a 

Nielsen, M., Gredal, 0., Braestrup, C.: Some properties of 3H-diazepam displacing activity 
from human urine. Life Sci. 25, 679-686 (1979b) 

Olsen, R.W., Lamar, E.E., Bayless, J.D.: Calcium-induced release ofy-aminobutyric acid from 
synaptosomes: Effects of tranquilizer drugs. J. Neurochem. 28, 299-305 (1977) 

Olsen, R.W., Greenlee, D., Ness, P. van, Ticku, M.K.: Studies on the gammaaminobutyric acid 
receptor/ionophore proteins in mammalian brain. In: Amino acids as neurotransmitter. 
Fonnum, F. (ed.), pp. 467-486. New York: Plenum 1978a 

Olsen, R.W., Ticku, M.K., Ness, P. van, Greenlee, D.: Effects of drugs on y-aminobutyric acid 
receptors, uptake, release and synthesis in vitro. Brain Res. 139,277-294 (1978b) 

Olsen, R.W., Ticku, M.K., Greenlee, D., Ness, P. van: GABA receptor and ionophore binding 
sites: Interaction with various drugs. In: GABA-Neurotransmitters. Alfred Benzon Sym­
posium. Krogsgaard-Larsen, P., Scheel-Kruger, J., Kofod, H. (eds.), p. 28. Copenhagen: 
Munkgsgaard 1978 c 

Opmeer, F.A., Gumulka, S.W., Dinnendahl, V., SchOnhOfer, P.S.: Effects of stimulatory and 
depressant drugs on cyclic guanosine 3',5'-monophosphate and adenosine 3',5'-monophos­
phate levels in mouse brain. Naunyn Schmiedebergs Arch. Pharmacoi. 292, 259-265 (1976) 

Ostrovskaya, R.U., Molodavkin, G.M.: A study of the GABA-ergic action mechanism of 
diazepam on the cortical neurons (in Russian). ByuI. Eksp. Bii. Med. 82, 1073-1076 (1976) 

Ostrovskaya, R.U., Voronina, T.A.: Antagonistic effects ofbicuculline and thiosemicarbazide 
on diazepam tranquilizing action (in Russian). ByuI. Eksp. BioI. Med. 83, 293-295 (1977) 

Paul, S.M., Skolnick, P.: Rapid changes in brain benzodiazepine receptors after experimental 
seizures. Science 202, 892-894 (1978) 

Pericic, D., Walters, J.R., Chase, T.N.: Effects of diazepam and pentobarbital on amino­
oxyacetic acid-induced accumulation of GABA. J. Neurochem. 29, 839-846 (1977) 

Persson, T., Waldeck, B.: A reduced rate of turnover of brain noradrenaline during pentobar­
bitone anaesthesia. J. Pharm. Pharmacoi. 23, 377-378 (1971) 

Pieri, L., Haefely, W.: The effect of diphenylhydantoin, diazepam and clonazepam on the ac­
tivity of purkinje cells in the rat cerebellum. Naunyn Schmiedebergs Arch. Pharmacoi. 296, 
1-4 (1976) 

Pletscher, A.: Biochemistry and psychosomatic medicine: The effects of psychotropic drugs on 
neurohumoral transmitters. In: Psychotropic drugs in internal medicine. Pletscher, A., 
Marino, A., Pinkerton, P. (eds.), pp. 1-15. Amsterdam: Excerpta Medica 1969 

Pole, P., Mohler, H., Haefely, W.: The effect of diazepam on spinal cord activities, possile sites 
and mechanisms of action. Naunyn Schmiedebergs Arch. Pharmacoi. 284, 319-337 (1974) 

Pole, P., Haefely, W.: Effects of two benzodiazepines, phenobarbitone, and baclofen on synap­
tic transmission in the cat cuneate nucleus. Naunyn Schmiedebergs Arch. Pharmacoi. 294, 
121-131 (1976) 

Polzin, R., Barnes, C.D.: The effect of diazepam and picrotoxin on brainstem evoked dorsal 
root potentials. Neuropharmacology 15, 133-137 (1976) 

Pugsley, T.A., Lippmann, W.: Effects ofpyrroxan and chlordiazepoxide on biogenic amine me­
tabolism in the rat brain. Psychopharmacology 50, 113-118 (1976) 

Raabe, W., Ayala, G.F.: Diphenylhydantoin increases cortical postsynaptic inhibition. Brain 
Res. 105, 597~01 (1976) 

Raff, M.: Self regulation of membrane receptors. Nature 259, 265-266 (1976) 



Biochemical Effects of Anxiolytics 317 

Randall, L.O., Schallek, W., Sternbach, L.H., Ning, R.Y.: Chemistry andpharmacology of the 
1,4-benzodiazepines. In: Psychoharmacological agents. Gordon, M. (ed.), Vol. 3, pp. 175-
281. New York: Academic Press 1974 

Rastogi, R.B., Agarwal, R.A., Lapierre, Y.D., Singhal, R.L.: Effects of acute diazepam and clo­
bazam on spontaneous locomotor activity and central amino metabolism in rats. Eur. J. 
Pharmacol. 43, 91-98 (1977) 

Reisine, T.D., Wastek, G.J., Yamamura, H.I.: Alterations in benzodiazepine binding sites in 
Huntington's disease. Pharmacologist 20, 240 (1978) 

Rutishauser, M.: Beeinflussung des Kohlenhydratstoffwechsels des Rattenhirns durch Psycho­
pharmaka mit sedativer Wirkung. Naunyn Schmiedebergs Arch. Pharmacol. 245, 396-413 
(1963) 

Saad, S.F.: Effect of diazepam on y-aminobutyric acid (GABA) content of mouse brain. J. 
Pharm. Pharmacol. 24, 839-840 (1972) 

Saad, S.F., El Masry, A.M., Scott, P.M.: Influence of certain anticonvulsants on the concen­
tration of y-aminobutyric acid in the cerebral hemispheres of mice. Eur. J. Pharmacol. 17, 
386-392 (1972) 

Sawaya, M.C., Horton, R.W., Meldrum, B.S.: Effects of anticonvulsant drugs on the cerebral 
enzymes metabolizing GABA. Epilepsia 16, 649-655 (1975) 

Schaffner, R., Haefely, W.: The effects of diazepam and bicuculline on the striato-nigral evoked 
potential. Experientia 31, 732 (1975) 

Scheel-Kruger, J., Arnt, J., Braestrup, C., Christensen, V., Magelund, G.: Development of new 
animal models for GABA-ergic actions using muscimol as a tool. In: GABA-Neurotrans­
mitters. The Alfred Benzon Symposium. Kofod, H., Krogsgaard-Larsen, P., Scheel-Kru­
ger, J. (eds.), pp. 447-464. Copenhagen: Munksgaard 1978 

Schlosser, W.: Action of diazepam on the spinal cord. Arch. Int. Pharmacodyn. Ther. 194,93-
102 (1971) 

Schmidt, R.F., Vogel, M.E., Zimmermann, M.: Die Wirkung von Diazepam auf die priisynap­
tische Hemmung und andere Riickenmarksreflexe. Naunyn Schmiedebergs Arch. Pharma­
col. 258, 69-82 (1967) 

Seeman, P., Chau-Wong, M., Tedesco, J., Wong, K.: Brain receptors for antipsychotic drugs 
and dopamine: Direct binding assays. Proc. Nat!. Acad. Sci. USA 72, 4376-4380 (1975) 

Sethy, V.H.: Effect of hypnotic and anxiolytic agents on regional concentration of acetylcholine 
in rat brain. Naunyn Schmidebergs Arch. Pharmacol. 301, 157-161 (1978) 

Setoguchi, M., Takehara, S., Nakajima, A., Tsumagari, T., Takigawa, Y.: Effects of 6-(0-
Chlorophenyl)-8-ethyl-l-methyl-4H-s-triazolo [3,4-c]thieno [2,3-e] [1,4]diazepine (Y -7,131) 
on the metabolism of biogenic amines in brain. Arzneim. Forsch. 28,1165-1173 (1978) 

Sharman, D.F.: Changes in the metabolism of 3,4-dihydroxyphenylethylamine (dopamine) in 
the striatum of the mouse induced by drugs. Br. J. Pharmacol. 28,153-163 (1966) 

Shekoldina, T.G., Vatolkina, O.E., Libinzon, R.E.: Effect of psychotropic preparations on the 
activity of cAMP phosphodiesterase in brain cortex (in Russian). Vopr. Med. Khim. 24, 
166-169 (1978) 

Shibuya, T.: Effects ofbenzodiazepines on brain monoamines. Jpn. J. Pharmacol. [Suppl.] 26, 
102P (1976) 

Skolnick, P., Marangos, P.J., Goodwin, P.K., Edwards, M., Paul, S.: Identification of inosine 
and hypoxanthine as endogenous inhibitors of 3H diazepam in the central nervous system. 
Life Sci. 23, 1473-1480 (1978) 

Soubrie, P., Simon, P., Boissier, J.R.: Antagonism of diazepam against central anticholinergic 
drug-induced hyperactivity in mice: involvement of a GABA mechanism. Neuropharma­
cology 15, 773-776 (1976) 

Speth, R.C., Wastek, G.J., Johnson, P.e., Yamamura, H.I.: Benzodiazepine binding in human 
brain: Characterization using 3H flunitrazepam. Life Sci. 22, 859-866 (1978) 

Squires, R.F., Braestrup, C.: Benzodiazepine receptors in rat brain. Nature 266, 732-734 (1977) 
Squires, R., Naquet, R., Riche, D., Braestrup, C.: Increased thermolability of benzodiazepine 

receptors in cerebral cortex of a baboon with spontaneous seizures. Epilepsia 20,215-221, 
(1979 a) 

Squires, R.F., Beer, B., Benson, D.I., Coupet, J., Klepner, e.A., Lippa, A.S., Myers, V.: Some 
evidence for two or more brain-specific benzodiazepine receptors. Pharmacol. Biochem. 
Behav. 10, 825-830 (1979b) 



318 C. BRAESTRUP 

Stein, L. Wise, C.D., Berger, B.D.: Antianxiety action ofbenzodiazepines. Drecrease in activity 
of serotonin neurons in the punishment system. In: The Benzodiazepines. Garattini, S., 
Mussini, E., Randall, L.O. (eds.), 299-326. New York: Raven 1973 

Stein, L., Wise, C.D., Belluzzi, J.D.: Effects ofbenzodiazepines on central serotonergic mech­
anisms. In: Mechanism of action of benzodiazepines. Costa, E., Greengard, P. (eds.), pp. 
29-44. New York: Raven 1975 

Stein, L., Beluzzi, J.D., Wise, C.D.: Benzodiazepines: Behavioral and neurochemical mecha­
nism. Am J. Psychiatry 134, 665-669 (1977) 

Steiner, F.A., Felix, D.: Antagonistic effects of GABA and benzodiazepines on vestibular and 
cerebellar neurones. Nature 260, 346-347 (1976) 

Stone, W.E., Javid, M.1.: Benzodiazepines and phenobarbital as antagonists of dissimilar 
chemical convulsants. Epilepsia 19, 361-368 (1978) 

Stratten, W.P., Barnes, C.D.: Diazepam and presynaptic inhibition. Neuropharmacology 10, 
685-696 (1971) 

Sullivan, J.W., Sepinwall, 1., Cook, L.: Anticonflict evaluation ofmuscimol, a GABA receptor 
agonist, alone and in combination with diazepam. Faseb 1978 

Syapin, P.J., Skolnick, P.: Characterization ofbenzodiazepine binding sites in cultured cells of 
neural origin. J. Neurochem. 32, 1047-1051 (1979) 

Tallman, J.F., Thomas, 1.W., Gallager, D.W.: GABAergicmodulation ofbenzodiazepine bind­
ing site sensitivity. Nature 274, 383-384 (1978) 

Tarver, J., Bautz, G., Horst, W.D.: A new method for the determination ofy-aminobutyric acid 
(GABA) in brain. Fed. Proc. 34 (1975) 

Tata, J.R.: Hormonal regulation of hormone receptors. Nature 257, 740--741 (1975) 
Taylor, K.M., Laverty, R.: The effect of chlordiazepoxide, diazepam and nitrazepam on cate­

cholamine metabolism in regions of the rat brain. Eur. J. Pharmacol. 8, 296-301 (1969) 
Taylor, K.M., Laverty, R.: The interaction of chlordiazepoxide, diazepam, and nitrazepam 

with catecholamine and histamine in regions of the rat brain. In: The Benzodiazepines. 
Garattini, S., Mussini, E., Randall, L.O. (eds.), pp. 191-202. New York: Raven 1973 

Thiebot, M.H., Jobert, A., Soubrie, P.: Effects compares du muscimol et du diazepam sur les 
inhibitions du comportements induite chez Ie rat par la nouveaute la punition et Ie nonrein­
forcement. Psychopharmacology 61, 85-89 (1979) 

Toffano, G., Guidotti, A., Costa, E.: Purification of an endogenous protein inhibitor of the 
high affinity binding of y-aminobutyric acid to synaptic membranes of rat brain. Proc. Natl. 
Acad. Sci. USA 75,4024-4028 (1978) 

Tonkopy, V.D., Sofronov, G.A., Alexandriiskaya, I.E., Brestkina, L.M.: Study of the mecha­
nism of diazepam influence on acetylcholine level in the mouse brain (in Russian). Byul. 
Eksp. BioI. Med. 86, 38--40 (1978) 

Tsuchiya, T., Fukushima, H.: Effects of benzodiazepines and pentobarbitone on the GABA­
ergic recurrent inhibition of hippocampal neurons. Eur. J. Pharmacol. 48, 421--424 (1978) 

Volicer, L., Puri, S.K., Choima, P.: Cyclic GMP and GABA levels in rat striatum and cerebel­
lum during morphine withdrawal: Effect of apomorphine. Neuropharmacology 16, 791-
794 (1977) 

Waddington, J.L.: Behavioral evidence for GABAergic activity of the benzodiazepine fluraze­
pam. Europ. J. Pharmacol. 51, 417--422 (1978) 

Waddington, J.L., Owen, F.: Stereospecific benzodiazepine receptor binding by the en­
antiomers of oxazepam sodium hemisuccinate. Neuropharmacology 17, 215-216 (1978) 

Wastek, G.J., Speth, R.C., Reisine, T.D., Yamamura, H.I.: The effect ofy-aminobutyric acid 
on 3H-flunitrazepam binding in rat brain. Eur. J. Pharmacol. 50, 445-447 (1978) 

Westerink, B.H.C., Lejeune, B., Korf, J., Praag, H.M. van: On the significance of regional do­
pamine metabolism in the rat brain for the classification of centrally acting drugs. Eur. J. 
Pharmacol. 42, 179-190 (1977) 

Williams, M., Risley, E.A.: Enhancement of the binding of 3H-diazepam to rat brain mem­
branes in vitro by SQ 20,009 a novel anxiolytic, y-aminobutyric acid (GABA) and musci­
mol. Life Sci., 24, 833-842 (1979) 

Wise, D.C., Berger, B.D., Stein, L.: Benzodiazepines: Anxiety-reducing activity by reduction 
of serotonin turnover in the brain. Science 177, 180--183 (1972) 

Wolf, P., Haas, H.L.: Effects of diazepines and barbiturates on hippocampal recurrent inhibi­
tion. Naunyn-Schmidebergs Arch. Pharmacol. 299, 211-218 (1977) 



Biochemical Effects of Anxiolytics 319 

Wood, J.D., Peesker, S.J., Gorecki, D.K.J., Tsui, D.: Effect of L-cydoserine on brain GABA 
metabolism. Can. J. Physiol. Pharmacol. 56, 62-68 (1978) 

Yamamura, H.I., Snyder, S.H.: Muscarinic cholinergic binding in rat brain. Proc. Natl. Acad. 
Sci. USA 71,1725-1729 (1974) 

Yamamura, H.I., Speth, R.C., Reisine, T.D., Wastek, G.J., Chen, F.M., Kobayashi, R.M.: Bio­
chemical characterization of 3H-flunitrazepam binding to benzodiazepine receptors in the 
rat brain. 7th Intern. Congr. Pharmacol., Paris 1978a 

Yamamura, H.I., Enna, S.J., Kuhar, M.J.: Neurotransmitter receptor binding. New York: 
Raven 1978b 

Young, A.B., Zukin, S.R., Snyder, S.H.: Interaction of benzodiazepines with central nervous 
glycine receptors: Possible mechanism of action. Proc. Natl. Acad. Sci. USA 6, 2246-2250 
(1974) 

Zakusov, V.V., Ostrovskaya, R.U., Kozhechkin, S.N., Markovich, V.V., Molodavkin, G.M., 
Voronina, T.A.: Further evidence for GABA-ergic mechanisms in the action of benzo­
diazepines. Arch. Int. Pharmacodyn. Ther. 229, 313-326 (1977) 

Zsilla, G., Cheney, D.L., Costa, E.: Regional changes in the rate of turnover of acetylcholine 
in rat brain following diazepam or muscimol. Naunyn-Schmiedebergs Arch. Pharmacol. 
294, 251-255 (1976) 

Zukin, S.R., Young, A.B., Snyder, S.H.: Gamma-aminobutyric acid binding to receptor sites 
in the rat central nevous system. Proc. Natl. Acad. Sci. USA 71,4802--4807 (1974) 



CHAPTER 6 

Pharmacokinetics and Metabolism of Anxiolytics 

S.A. KAPLAN and M.L. JACK 

A. Introduction 
Anxiety may be defined as a prevailing feeling of apprehension and/or dread, some­
times associated with an immediately stressful or fearful stimulus. Frequently, anxiety 
overlaps with fear (TINKELBERG, 1977). Anxiety rarely occurs in isolation but is often 
accompanied by other emotions such as drepression and anger. Subjective and objec­
tive symptoms such as muscular tension, palpitations, headaches, dizziness, abdomi­
nal distress, chest pains, tremulousness, and nausea are often"associated with anxiety. 
Many are drugs available for the treatment of anxiety. Anxiolytic agents encompass 
drugs from several drug classes, including benzodiazepines, propanediols, and some 
barbiturates and antidepressants. Ideally, these agents are used to reduce anxiety in 
the awake individual without inducing sedation. 

HOLLISTER (1973) divides antianxiety agents into two major classes, namely seda­
tive hypnotics and autonomic sedatives. The sedative hypnotics include all antianxiety 
agents that are relatively pure antianxiety or sedative agents lacking major autonomic 
side effects. The benzodiazepines, propanediols, and barbiturates would be classified 
as sedative hypnotics since they are sedative and antianxiety agents at low doses and 
induce sleep at higher dosages. The autonomic sedatives, such as the antidepressants 
and antihistamines, also induce sedation and reduce anxiety. However, these drugs are 
generally prescribed for other purposes and have anticholinergic and often adrenergic 
porperties. They are known to cause dry mouth, blurred vision, dysuria, hypotension, 
and tachycardia at some doses. Some of the differential pharmacologic properties of 
the drug classes most commonly prescribed as anxiolytic agents (sedative hypnotics 
and autonomic sedatives) are presented in Table 1. 

Once a diagnosis is made, the clinician is then faced with a vast number of agents 
available for the treatment of anxiety. The benzodiazepines have emerged as the drug 
class of choice for the treatment of anxiety, The pharmacokinetic profiles for the ben­
zodiazepine compounds presented herein are designed to highlight the similarities and 
differences between the anxiolytic benzodiazepines. 

Pharmacokinetics is the study of the time course of drug absorption, distribution, 
biotransformation, and excretion and the relationship of these processes to the inten­
sity and time course of therapeutic and toxicologic effects (GIBALDI, 1977). Knowl­
edge of a pharmacokinetic profile of a drug in man is most useful to the clinician for 
several reasons. Such profiles permit estimation of the rates and extent of absorption, 
distribution, biotransformation, and excretion of a drug; allow for the prediction of 
drug level profiles on chronic administration; aid in optimizing dosage regimes in rela­
tively healthy patients and in patients with various pathologic conditions; and assist 
in predicting potential drug interactions. 
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Table 1. Differential pharmacologic properties of antianxiety drugs (COLE, 1978) a 

Pheno- Mepro- Benzo- Anti- Pheno- Tricyclics 
barbital hamate diazepines histamines thiazines 

Antianxiety/sedative ratio + ++ ++ ± ± ± 
Muscle relaxation ± ++ +++ 0 0 
Anticonvulsant action +++ ++ +++ 
Duration of action +++ +++ +++ + ++ ++ 
Tolerance ++ + + 0 0 0 
Habituation ± +++ ± 0 0 0 
Physical dependence + +++ + 0 0 0 
Disturbed sleep pattern ++ ++ ± ++ ++ ++ 
Potential suicidal use ++ +++ 0 ++ 0 +++ 

a Symbols indicate degree or probability, ranging from ( - ) opposite effect, (0) none, (±) minimal, 
( + ) slight, ( + + ) moderate, and ( + + + ) great 

B. Benzodiazepines 
I. Biotransformation Pathways 
The 1,4-benzodiazepines as a drug are extensively metabolized. Although some differ­
ences occur, the overall biotransformation pathways ofthe benzodiazepines are simi­
lar in that: 
Substituents are removed from the B ring of the 1,4-benzodiazepine nucleus. 
Position R3 is hydroxylated. 
The hydroxylated metabolite undergoes conjugation and subsequent elimination in 
the urine. 

x 

The biotransformation pathways for all the anxiolytic benzodiazepines discussed 
are presented in Fig. 1. The similarities in pathways are immediately apparent. 

Chlordiazepoxide, diazepam, clorazepate, and prazepam all form nordiazepam by 
different pathways. Chlordiazepoxide is dealkylated in the liver in two steps with sub­
sequent loss of the oxide to form nordiazepam. Diazepam is directly N-demethylated 
in the liver of form nordiazepam, its major metabolite. A minor pathway for diazepam 
bypasses nordiazepam with the formation of temazepam. Prazepam undergoes vir­
tually complete pre systemic dealkylation of the cyclopropylmethyl side chain in the 
liver to form nordiazepam. The very slow but complete presystemic formation of 
nordiazepam suggests possible binding of prazepam in the gastrointestinal tract or 
liver and slow release to metabolic sites most probably in the liver (DI CARLO et aI., 
1970). Clorazepate, on the other hand, undergoes acid hydrolysis to form nordiaze­
pam in the gastric fluid prior to absorption. 

Nordiazepam is hydroxylated in the 3-position by hepatic enzymes to form oxaze­
pam which is subsequently conjugated and excreted in the urine. Temazepam can be 
conjugated directly or demethylated in the liver to form oxazepam. Lorazepam, the 
2'-chloro derivative of oxazepam, is also metabolized by conjugation. 
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Chlordiazepoxide Demethylchlordiazepoxide 

CH3 
I 0 

~ 
Diazepam 

H 0 

,~ 
Clorazepate 

Prazepam 

~~ -- ~~~OH 
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I "N I "N 
4 4 

Bromazepam 3-Hydroxy - bromazepam 

2-Amino-5-
bromobenzoylpyridine 

Diazepam 

! Minor pathway 

~~30 H __ Glucuronide 

CI 

o 
Demoxepam Temazepam 

-- Glucuronide 

Oxazepam 

~
HOH 

CI 

o CI 

- Glucuronide 

Lorazepam 

----------<.~ Conjugates 

LH2 M_ -- Conjugates 
Br c=o 

6 
2- Amino -3- hydroxy -5-

bromobenzoylpyridine 

Fig. I. Biotransformation pathways of the benzodiazepines used as anxiolytic agents 



324 S.A. KAPLAN and M.L. JACK 

Bromazepam exhibits two major metabolic pathways: hydroxylation in the liver 
at the 3-position with subsequent conjugation of the 3-0H metabolite, and a ring 
opening to form the benzoypyridine derivative which is hydroxylated in the 3-position 
and conjugated. 

n. Pharmacokinetic Profiles 

All the benzodiazepine compounds discussed herein exhibit linear "apparent" first­
order pharmacokinetic profiles over the therapeutic dose range. Such an observation 
is substantiated by the multiple dose data reported which confirm the predictability 
of steady-state levels from single dose pharmacokinetic parameters. Since the majority 
of drugs are administered orally, the rate and extent of absorption, i.e., the biovaila­
bility following oral administration are of primary concern. Biovailability is in­
fluenced by physicochemical and physiologic factors such as solubility, dissolution 
rate, permeability, and presystemic gastrointestinal and liver metabolism. The plasma 
peak times and heights may be used as an index of the rate of absorption, whereas 
the extent of absorption can be estimated by comparing the areas under the plasma 
level-time curves or cumulative urinary excretion data following oral and intravenous 
administration. 

1. Single Dose Pharmacokinetics 

The pharmacokinetic parameters for the benzodiazepine compounds are summarized 
in Tables 2 and 3 for intravenous and oral administrations, respectively. 

Table 2. Mean pharmacokinetic parameters of the benzodiazepine anxiolytic agents following 
intravenous administration a 

Parameter Chlordiazepoxide Brom- Loraz- Diaz- Nordiazepam 
hydrochloride azepam b eparn eparn following 

diazepam 

Dose (mg) 30 6 4 10 10 
Peak time (h) 48 
Peak height (jlgjml) 0.02--0.04 
Volume of distribution as % 31 90 84 186 110 

of body wt. 
Protein binding (%) 94 70.1 90.9 98.6 98.4 
Half-life of elimination (h) 9.4 20.6 13.2 31.3 55--99 c 

Total body clearance (mljmin) 45 55.3 26-35 
% of dose exreted in urine < 1 2.3 1 < 0.05 < 0.05 

as intact drug 
Total excretion as known 34-61 70 69 5-10 5--10 

substances 

a Information obtained from the following sources: Chlordiazepoxide, KOECHLIN et ai., 1965; 
GREENBLATI and KOCH-WESER, 1975; BoXENBAUM et ai., 1977a; GREENBLATT et ai., 1977a; 
MACLEOD et ai., 1977; ROBERTS et ai., 1977, 1978. Bromazepam, RAAFLAUB and SPEISER­
COURVOISIER, 1974. Lorazepam, GREENBLATT et ai., 1977b, 1979b; JOHNSON et ai., 1979. Diaz­
epam, KAPLAN et ai., 1973; KLOTZ et ai., 1975; ANDREASEN et ai., 1976; HENDEL et ai., 1976; 
KLOTZ et ai., 1976a, b; Drug Action, 1978. Nordiazepam, KAPLAN et ai., 1973 

b Radioactive drug used 
c Determined following chronic administration 
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2.0 

o 2 4 6 8 10 12 14 16 18 
Time (hours) 

Fig. 2. Chlordiazepoxide plasma concentration-time profiles following intravenous administra­
tion of 30 mg • and oral administration of 10 0 and 30 mg t::. (Boxenbaum et aI., 1977 a) 

a) Chlordiazepoxide 

A typical single dose intravenous and oral plasma level curve indicates rapid and com­
plete absorption of an orally administered dose (Fig. 2). It should be noted that in con­
trast with diazepam, the metabolites of chlordiazepoxide are generally not detectable 
following a single dose administration. 

b) Diazepam 

The blood level curves of diazepam and nordiazepam following a lO-mg single intra­
venous and oral dose are presented in Fig. 3. The comparable areas under the diaze­
pam intravenous and oral blood level curves indicate complete absorption, whereas 
the early and sharp blood level peak following oral administration is indicative of rap­
id absorption. The areas under the blood level curves of the metabolite, nordiazepam, 
following intravenous and oral administrations of diazepam are virtually the same, 
further reflecting the completeness of absorption of diazepam. The formation rate 
constants for nordiazepam after intravenous diazepam administration are reported in 
Table 4. It should be noted that the initial formation rate constant of nordiazepam 
is 10-20 times more rapid than the formation rate constant calculated after the 12 h 
postadministration. This slower formation rate constant of nordiazepam is equal to 
the overall elimination rate constant of diazepam. Such equivalency of rate constants 
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Fig. 3. Diazepam 0 and. and nordiazepam (desmethyldiazepam) 6. and • blood level-time 
curves following lO-mg intravenous and oral administrations to a healthy volunteer (Kaplan et al., 
1973) 

Table 4. Formation rate constants for nordiazepam. (KAPLAN et aI., 1973) 

Overall elimination rate constant of diazepam (h -1) 
Formation rate constant of nor diazepam after 12 h, (h- 1) 

Initial formation rate constaIit of nordiazepam (h - t) mg 

Subject 

1 

0.019 
0.020 
0.546 

2 

0.026 
0.028 
0.427 

3 

0.024 
0.030 
0.329 

4 

0.021 
0.016 
0.351 

suggests that diazepam is virtually completely metabolized to nordiazepam in man; 
temazepam is a minor metabolite of diazepam. 

Based on the data obtained following intravenous administration, an open three­
compartment pharmacokinetic model system for diazepam was developed and is pre­
sented in Fig.4 with the mean calculated rate constants (KAPLAN et at, 1973). Com­
partment I is the so-called central compartment into which a drug is administered and 
from which elimination occurs. Compartments 2 and 3 are peripheral compartments 
for which no anatomic designations are given as they merely reflect two distinguish­
able partition phenomena between the blood and distribution and/or binding sites. 
Overall, the characteristics of this deep peripheral compartment, compartment 3, may 
be of importance in understanding the physiologic disposition characteristics of diaze-



328 S. A. KAPLAN and M. L. JACK 

k31 =0.13 k12 =4.19 

k13 =0.51 k21 =3.89 

kel =0.14 

Fig. 4. The open three-compartment pharmacokinetic model and the mean calculated rate con­
stants proposed for diazepam (Kaplan et aI., 1973) 

Prazepam 

200 20 mg P.O. 
, J ' 

>-.~ J. -____ • , ----. 
I --~ 

100 

• 

• 
1 

o 24.0 48.0 72.0 96.0 120.0 144.0 168.0 
Time (hours) 

Fig. 5. Nordiazepam plasma level-time curve following a 20-mg oral administration of praze­
pam (Greenblatt and Shader, 1978b) 

pam in man. This results since the rate of return of drug from this compartment to 
the central compartment may be the rate-limiting step in terms of the elimination of 
diazepam and the formation of nordiazepam. 

c) Prazepam 

Prazepam undergoes virtually complete pre systemic dealkylation most probably in 
the liver in which the cyclopropylmethyl side chain is removed to form nordiazepam 
(GREENBLATT and SHADER, 1978a, b). GREENBLATT and SHADER (1978b) found no in­
tact prazepam level following 20-mg single doses of prazepam to fasting volunteers. 
Following the oral administration of 20 mg prazepam, drug levels of nordiazepam 
peaked between 2.5-72 h postadministration, indicating either slow gastrointestinal 
absorption, slow metabolism, or possible binding of prazepam at some site prior to 
the formation and passage of nordiazepam into systemic circulation (DI CARLO et aI., 
1970). A typical nordiazepam plasma curve following a 20-mg prazepam oral dose is 
presented in Fig. 5. 
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Fig. 6. Plasma level-time curves of nordiazepam (desmethyldiazepam) following the administra­
tion of 15 mg cIorazepate with water _ and with magnesium aluminum hydroxide (Maalox) 0 
(Shader et aI., 1978) 

d) Clorazepate 

Clorazepate undergoes hydrolysis in the acidic environment of the stomach to form 
nordiazepam which is subsequently rapidly absorbed (ABRUZZO et aI., 1977; CHUN et 
aI., 1977). Nordiazepam peak levels of 140-188 ng/ml occur at approximately 0.5-2 h 
following oral administration of a 15-mg dose chlorazepate (Table 3). Intact clorze­
pate is not readily absorbed (SHADER and GREENBLATI, 1977). 

The early peak times of nordiazepam following the administeration of clorazepate 
suggest that nordiazepam is formed and absorbed rapidly. ABRUZZO et al. (1977) ob­
served prolongation of blood level peak times and a decrease in blood level peak 
heights and areas under the blood level curves of nordiazepam in subjects whose gas­
tric pH had been elevated with sodium bicarbonate. SHADER et al. (1978) observed 
similar effects in patients dosed concomitantly with magnesium aluminium hydroxide 
(Maalox) (Fig. 6). 

Pharmacologically active nordiazepam is the major metabolite of diazepam and 
of the prodrugs prazepam and chlorazepate. The pharmacokinetic profile of nordiaze­
pam following single dose oral administrations of diazepam, clorazepate, and praze­
pam are presented in Table 3 and comparative blood level curves are presented in 
Fig. 7. 

The late peak times and low peak heights of nordiazepam following the adminis­
tration of diazepam and prazepam reflect the slow dealkylation of these compounds 
to form nordiazepam. The differences in nordiazepam plasma concentrations and 
peak times observed following the administration of diazepam, prazepam, and clor­
azepate, therefore, reflect differences in the rate and extent of nordiazepam formation. 

e) Lorazepam, Oxazepam, and Temazepam 

The plasma level peaks of lorazepam, oxazepam, and temazepam each occur at ap­
proximately 2 h postadministration, suggesting rapid absorption with similar rates of 
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0.001 

0.0001 ~~~~~~~~~~~--~~ 
o 15 30 45 60 75 90 105 120 135150165 180 

Time (hours) 

Fig.7. Nordiazepam plasma levels versus time following the administration of c10razepate 
(-i.-), diazepam* (-.-), and prazepam (-0-). Nordiazepam plasma levels are normalized with 
respect to dose of the parent compound, i.e., 14.4 mg c1orazepate, 10 mg diazepam, and 11.4 mg 
prazepam, (*blood levels) 

absorption for these compounds (Fig. 8-10). The plasma level peak heights reported 
in Table 3 for these three structurally related benzodiazepines are of the same order 
of magnitude when corrected for differences in dose. Although the reported urinary 
recovery following oral administration range from 40%-100%, there is nothing which 
suggests incomplete absorption of these compounds. 

f) Bromazepam 

Bromazepam is virtually completely absorbed following oral administration. The uri­
nary excretion data following oral administration (KAPLAN et aI., 1976) indicate a 
mean recovery of 70% of the dose in the urine. Oral and intravenous urine profiles 
following 14C doses show that 70% of the dose is excreted in the urine following both 
administrations, indicating complete absorption of the oral dose (RAAFLAUB and 
SPEISER-COURVOISIER, 1974). The mean blood level maxima ofbromazepam occur at 
2.5 h, although the drug tends to exhibit flat rather than sharp peaks (KAPLAN et aI., 
1976). Typical blood level curves are presented in Fig. 11. 

2. Distribution Characteristics 

Protein binding and volume of distribution values of the benzodiazepines are reported 
in Table 2. The benzodiazepine anxiolytic agents are all extensively protein bound, all 
greater than 90% bound except for bromazepam which is 70% bound. The benzo­
diazepines are extensively distributed except for chlordiazepoxide which has a volume 
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Fig. 8. Lorazepam plasma concentration-time profiles foHowing 4-mg intravenous infusion. 
and oral 0 administrations to a subject (Greenblatt and Shader, 1978b) 

o 10 20 30 40 50 60 
Hours 

Fig.9. Plasma concentrations of oxazepam (0) and its conjugates (1-.) foHowing oral adminis­
tration of 15 mg oxazepam to a subject (Alvan et a!., 1977) 
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Fig. 10. Plasma levels versus time profiles oftemazepam following the single oral administration 
of 3D-mg capsules to four healthy volunteers (Fuccella et ai., 1972) 

of distribution approximately three times smaller than the other benzodiazepines. 
Generally the more lipophilic the compound, the greater the volume of distribution. 
Structurally, the -NHCH3 and N ~ 0 substituents of chlordiazepoxide and the-OH 
substituents of oxazepam on the benzodiazepine nucleus diminish lipophilicity; diaze­
pam and nordiazepam lack such substituents. 

Radioautograms obtained with benzodiazepines in several animal species indi­
cated that labeled compound accumulates very rapidly in the brain. It localizes first 
in the gray matter, whereas shortly thereafter the radioactivity is primarily concen­
trated in the white matter (MORSELLI et aI., 1973 b). This is exemplified in the 
radioautograms obtained from the brain of the cat killed 1 min after intravenous in­
jection of 14C-diazepam. Initially, when the radioactivity was confined to the gray 
matter, the highest uptake was found in such sites as the thalamus, colliculli, genicu­
late bodies, midbrain nuclei, and cerebral and cerebellar cortex. At this time, the 
radioactivity in the white matter was low. As time progressed, the concentration of 
the labeled material tended to become more uniform throughout the whole brain, and 
the radioautograms obtained 30 min after drug administration did not show marked 
differences between gray and white matter. One and 4 h after the intravenous injection 
of 14C-diazepam, radioactivity was much higher in the white than in the gray matter. 

It is of interest to contrast these distribution and redistribution findings in the cat 
with the pharmacokinetics of diazepam in man. Immediately upon intravenous ad­
ministration of diazepam to man, one observes sedation and amnesia during the 1st 
hour which is not observed following comparable oral doses (DRISCOLL et aI., 1972). 
Such observations reflect the rapid distribution of intravenously administered diaze­
pam into the central nervous system and subsequent redistribution. During this inter­
val following intravenous administration, blood concentrations decline to approxi-
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Fig. 11. Bromazepam blood level curves in man following the administration of single oral 12· 
mg doses (Kaplan et ai., 1976) 

mately one-half maximum values, whereas following oral administration blood con­
centrations increase due to absorption. In addition, since metabolite concentrations 
are very low or nonexistent during this interval, the clinical observations must be at­
tributed to the high concentrations of diazepam per se. 

3. Elimination Rate Characteristics 

The benzodiazepines under consideration are all eliminated from the body by bio­
transformation via one or several steps. The "apparent" half-life elimination of the 
several benzodiazepines can vary from less than 10 h to over 100 h (Tables 2, and 3). 
The variability reflects differences in physicochemical properties, rates of presystemic 
metabolism, and the intricacies of the metabolic pathways. 

Compounds such as oxazepam, lorazepam, temazepam, chlordiazepoxide, and 
bromazepam are eliminated fairly rapidly with apparent half-lives for each ranging 
from the teens to under 10 h. It is interesting to note that all these benzodiazepines 
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Table 5. Mean plasma diazepam levels (ng/ml) following a single 10 mg dose (AsSAF et al., 1974) 

Number of patients Route of Mean plasma levels of diazepam (ng/ml) at time 
Administration (min) after administration 

15 30 60 90" 

40 Orally 75 100 208 177±11.4 
10 i.m. buttock 96 105 110 l00± 5.1 
33 i.m. thigh 80 110 152 149± 13.7 
10 i.m. thigh (exercise) 214 284 272 243±26.9 

" Plasma levels at 90 min indicate mean results ± S.E. 

have polar functional groups such as a 3-0H, a N4-oxide, or a pyridine (bromazepam) 
in place of the 5-phenyl ring. 

Diazepam and nordiazepam, however, exhibited much longer half-lives probably 
because they do not possess corresponding polar functional groups. The differences 
in apparent elimination rates of nordiazepam when observed after clorazepate, praze­
pam, or diazepam administration reflect the influence of the formation rate constant 
on the apparent elimination rate constant of the drug. 

The elimination profiles of all the benzodiazepines can be characterized as "appar­
ent" first-order processes, implying that the elimination rate is not dose dependent. 

4. Intramuscular Absorption 

Chlordiazepoxide, diazepam, and lorazepam are administered intramuscularly 
(GREENBLATT et al., 1974b, 1977c, 1978, 1979b; AssAFet al., 1974; Drug Action, 1978; 
HILLESTAD et al., 1974). All three are completely absorbed from the intramuscular site; 
however, the rate of absorption and the corresponding peak plasma level will vary as 
a function of the site and depth of intramuscular administration, the amount of adi­
pose tissue, and possible precipitation of drug at the injection site. Such variability 
may result in alterations in some "apparent" pharmacokinetic parameters. 

An interesting study indicates that variability in the intramuscular diazepam ad­
ministration can result in diazepam plasma levels that vary from one-half to two times 
the plasma levels observed following oral administration of diazepam at the same dose 
level (ASSAF et al., 1974). Differences were also observed in intramuscular absorption 
of diazepam in rested an exercised muscle (Table 5). 

5. Multiple Dose Pharmacokinetics 

Confirmation of the apparent first-order elimination kinetics of the benzodiazepines 
is based on the ability of each of the compounds to achieve predictable multiple dose 
steady-state drug level profiles. Overall, the experimental steady-state concentrations 
of the 1,4-benzodiazepines can be predicted from the single dose pharmacokinetic pa­
rameters. The ability of achieve such profiles confirms the constancy and reproduc­
ibility of absorption, distribution, metabolism, and elimination from administration 
to administration. 
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Fig. 12. Plasma concentration-time profiles of chlordiazepoxide, desmethylchlordiazepoxide, 
demoxepam, and desoxydemoxepam (nordiazepam) following oral administration of chlordi­
azepoxide HCI to a subject. On days 1-21, the dose was 10 mg every 8 h; on days 22-30, the 
dose was 30 mg once daily. Abcissa, time after the morning dose (Boxenbaum et aI., 1977b). 
-e- Chlordiazepozide, -6.- Desmethylchlordiazepoxide, -0- Demoxepam, x - x Desoxyde­
moxepam 

Interpretation of the pharmacokinetic profiles of the benzodiazepines following 
multiple dose administration in man must consider their extensive metabolism and ac­
cumulation of the parent compounds and metabolites following chronic dosing. The 
administered benzodiazepines are absorbed, accumulate to steady-state levels, and are 
metabolized at different rates; their respective metabolites are subsequently formed, 
metabolized, and excreted at rates differing from those of the parent compound. For 
some benzodiazepines, the metabolites are pharmacologically and pharmacokineti­
cally unimportant following single dose administration, but become significant fol­
lowing chronic dose schedules. 

a) Chlordiazepoxide 

BOXENBAUM et al. (1977b) investigated the plasma level profiles of chlordiazepoxide 
following 10 mg t.i.d. and 30 mg once daily oral dosage regimens in man (Fig. 12). The 
pharmacokinetic parameters determined following single dose studies were used to 
predict the drug level profiles of chlordiazepoxide following chronic administration. 
Steady-state plasma levels of chlordiazepoxide are achieved within 72 h following the 
commencement of the ti.d. chronic dosage regimen as evidenced in Fig. 12. The des­
methylchlordiazepoxide metabolite also achieves steady state by day 3, while the de­
moxepam and desoxydemoxepam metabolites attain steady state by day 8. These me­
tabolites are undetectable following single dose administration. 

As anticipated, the average steady state levels following a 10 mg t.i.d. and 30 mg 
once-daily dosage regimen remain unchanged for chlordiazepoxide (BOXENBAUM et 
aI., 1977 b). It is interesting to note that metabolite plasma levels during both the t.i.d. 
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Table 6. Pharmacokinetic parameters ke1 , clearance, 
and t1/2 (fJ) following the administration of chlor­
diazepoxide as a 30 mg single dose, 10 mg t.i.d. for 
21 days and 30mg once daily chronic dose for 15 days 
(BoXENBAUM et aI., 1977a, b) 

Dose Mean Range 

ke1 (h- 1) 

30 mg single dose 0.126 0.083- 0.157 
10 mg t.i.d. 0.110 0.076- 0.159 
30 mg once daily 0.112 0.060- 0.170 

Clearance (ljh) 

30 mg single dose 2.74 1.60 - 3.54 
lOmg ti.d. 2.33 1.61 - 3.10 
30 mg once daily 2.39 1.17 - 3.77 

t 1/2(P), (h) 

30 mg single dose 9.39 6.63 -13.6 
10 mg t.i.d. 10.9 7.79 -16.1 
30 mg once daily 11.5 6.24 -15.6 

and once-daily dosage regimes remain constant and do not reflect the change in chlor­
diazepoxide dosage. Such data suggest that a once-daily administration is pharma­
cokinetically equivalent to the ti.d. dosage regimen for chlordiazepoxide. 

The pharmacokinetic parameters keh clearance, and t1/2 (/3) for chlordiazepoxide 
following a 30-mg single dose, 10 mg ti.d., and 30 mg once-daily chronic dosage re­
gimens remain unchanged (Table 6). Such findings confirm the constancy of absorp­
tion, distribution, metabolism and excretion of chlordiazepoxide following single and 
multiple dose therapy as well as confirm the lack of unpredicted drug accumulation 
with chronic doses of chlordiazepoxide. 

b) Diazepam and Nordiazepam (Clorazepate and Prazepam) 

Several investigators have studied the disposition profiles of diazepam and nordiaze­
pam following chronic oral administration of diazepam to man. KAPLAN et al. (1973) 
studied the steady-state profile of diazepam following lO-mg once daily administra­
tion of diazepam for 15 days. Pharmacokinetic constants obtained after single dose 
intravenous studies allowed for the prediction of the typical oral steady-state blood 
level profile of diazepam presented in Fig. 13. Steady-state diazepam blood levels were 
achieved within 7 days, and the steady-state maximum and minimum blood levels are 
approximately twice the corresponding blood levels observed following single dose 
studies. The calculated elimination rate constant, p, observed following the last dose 
in the chronic administration approximated the corresponding rate constant observed 
following the single dose administration. The calculated and experimental minimum 
and maximum diazepam steady-state levels for four subjects are presented in Table 7. 
This finding of relatively constant steady-state diazepam blood levels substantiates 
the constancy of the absorption, distribution, metabolism, and excretion of diazepam 
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Fig. 13. Oral blood level data of diazepam in a subject receiving lO mg diazepam every 24 h for 
15 days. Solid lines represent calculated blood level curve; ., the experimental data points 
(Adapted from Kaplan et al., 1973) 

Table 7. Calculated and experimental diazepam steady-state blood levels (J,lg/ml) (KAPLAN et aI., 
1973) 

Subject 

1 2 3 4 

Calculated minimum steady-state level 0.088 0.066 0.099 0.094 
Experimental minimum steady-state level 0.104 0.068 0.085 0.078 
Calculated maximum steady-state level 0.212 0.204 0.289 0.277 
Experimental maximum steady-state level 0.235 0.210 0.224 0.238 

following chronic administration and indicates that unpredicted drug accumulation 
does not occur when diazepam is administered chronically. 

Nordiazepam is the major metabolite formed following the administration of 
diazepam and of the prodrugs, clorazepate and prazepam, to human subjects. Certain 
aspects of the pharmacokinetic profile of nordiazepam following chronic administra­
tion of the parent drug are dependent on the origin of the nordiazepam. 

KAPLAN et al. (1973) reported steady-state concentrations of nor diazepam follow­
ing the administration of diazepam which were essentially equivalent to the mean stea­
dy-state blood levels of diazepam. The small range of maximum to minimum blood 
levels of nordiazepam reflects its slow formation and elimination following the admin­
istration and metabolism of diazepam (Fig. 14). 

Following the chronic administration of clorazepate, the differences between the 
maximum and minimum nordiazepam blood levels at steady state are greater than 
those observed following chronic administration of diazepam (Fig. 15). Such findings 
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Fig. 14. Nordiazepam blood level data following the administration of 10 mg diazepam every 
24 h for 15 days to a subject (Adapted from Kaplan et at, 1973) 
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Fig. 15. Observed and predicted minimum steady-state serum levels of nordiazepam following 
the administration of 7.5 mg clorazepate dipotassium capsules every 6 h for three doses per day 
for 10 days (Carrigan et aI., 1977) 

reflect the more rapid rate of formation of nordiazepam from clorazepate than from 
diazepam. 

It has been previously noted that the formation of nordiazepam following single 
dose administrations of prazepam is slow due to either slow gastrointestinal absorp­
tion, slow metabolism, and/or binding of prazepam prior to the formation of 
nordiazepam. Such characteristics should also be reflected in the pharmacokinetic 
profile of nordiazepam following the chronic administration of prazepam; however, 



Pharmacokinetics and Metabolism of Anxiolytics 339 

there are very limited data available on the steady-state profile following prazepam 
administration. GLAZKO et ai. (1979) report minimum steady-state nordiazepam plas­
ma levels of 900 ng/ml and 463 ng/ml following the administration of 10 mg praze­
pam ti.d. and bj.d., respectively. In the same study, 10 mg diazepam administered 
bj.d. produced comparable minimum steady-state levels of nordiazepam averaging 
456 ng/mi. 

It is interesting to note that following equivalent doses and dosage regimes, the 
minimum steady-state levels of diazepam were as anticipated, whereas the corre­
sponding prazepam levels were below the 5-ng/ml sensitivity of the assay, confirming 
the lack of systematic availability of intact prazepam following single or multiple dose 
administrations (GREENBLATT and SHADER, 1978 a, b; GLAZKO et aI., 1979). 

c) Lorazepam, Oxazepam, Temazepam 

Steady-state plasma level profiles of lorazepam and oxazepam and their conjugates 
following chronic administration are presented in Figs. 16 and 17. Based on their re­
spective half-lives, both drugs will achieve steady-state within 48-72 h after drug 
therapy has been initiated. 

Following single dose administrations, the plasma levels of oxazepam and its con­
jugate are essentially equivalent (ALVAN et aI., 1977), while the plasma concentration 
oflorazepam glucuronide are somewhat greater than the plasma concentrations of the 
parent compound. With chronic doses, the steady-state plasma concentrations of ox­
azepam and its conjugate are again equivalent while the steady-state plasma levels of 
the conjugate of lorazepam are approximately twice those of the parent drug. The 
pharmacokinetic profile of lorazepam and lorazepam glucuronide presented by 
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Fig. 16. Steady-state plasma concentrations of lorazepam • and lorazepam glucuronide 0 deter­
mined 4 h following the morning oral administration of lorazepam. The subjects received lor­
azepam twice daily, 2 mg in the morning and 2 or 4 mg at bedtime (Greenblatt et aI., 1917d) 
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Fig. 17. Minimum steady-state plasma concentrations of oxazepam (e) and its conjugates (.6.) 
following multiple oral doses of oxazepam, 5 mg t.i.d. for 10 days (Alvan et aI., 1977) 

Table 8. Elimination half-lives of oxazepan observed following single 
dose and chronic administrations and comparison of predicted and 
observed steady-state concentrations (CsJ observed after 5 mg oxazepam 
orally ti.d. (Adapted from ALVAN et aI., 1977) 

Subject Single dose Chronic dose Predicted Css Observed Css 

tl/2 (h) tl/2 (h) (ltg/m!) (ltg/m!) 

1 6.7 8.2 55 51.7 
2 10.5 9.0 95 89.5 
3 11.2 10.2 97 42.2 
4 8.9 15.7 210 277.5 
5 8.8 11.9 200 133.0 
6 11.1 21.0 64 57.3 
7 6.9 11.6 92 36.8 
8 9.2 13.3 131 72.0 
9 69 76.5 

a Based on single dose kinetics 

KYRIAKOPOULOUS (1976) indicates that the half-lives oflorazepam and lorazepam glu­
curonide are essentially the same; however, the volume of distribution of the glu­
curonide is smaller than that of the parent compound, resulting in higher plasma con­
centrations of the glucuronide. 

The steady-state drug level profile may be predicted from single dose studies, pro­
vided the kinetics are first order and the plasma clearance, bioavailability, distribution 
profiles, and metabolism remain constant. The steady-state plasma concentrations of 
oxazepam were significantly lower (P <0.05) in a majority of the subjects than the 
predicted levels based on single dose studies as shown in Table 8. This probably results 
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from the somewhat slower half-life of oxazepam elimination following chronic admin­
istration. Such finding indicates some change in the pharmacokinetic profile of oxaze­
pam on chronic dosing; however, the clinical significance, if any, of such a change is 
not known. 

The pharmacokinetic profile of temazepam following multiple dose adminis­
trations has not been reported in the literature. Single dose studies indicate that te­
mazepam is rapidly absorbed with a plasma peak time of 1-2 h and a peak height of 
0.5 IJg/ml following 30-mg single doses temazepam. Temazepam has a slower half-life 
of elimination (15-20 h) than either lorazepam or oxazepam (FUCCELLA et aI., 1972). 
The single dose data indicate that temazepam exhibits apparent first-order kinetics, 
and therefore, following chronic administration, temazepam should achieve steady 
state in 3-5 days. 

d) Bromazepam 

A typical experimental blood level profile of bromazepam following a chronic oral ad­
ministration is presented in Fig. 18. The solid line represents the simulated blood level 
profile based on the pharmacokinetic parameters obtained following a single dose 
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Fig. 18. Oral bromazepam blood level profile following the administration of bromazepam to 
a subject on the chronic dosage regimen indicated. The solid lines represent the simulated blood 
level curve (Kaplan et ai., 1976) 
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Table 9. Steady-state blood concentrations (C) of bromaz­
epam in man following chronic oral administration to six 
subjects (Adapted from KAPLAN et aI., 1976) 

C maximum experimental (Jlg/ml) 
C maximum theoretical (Jlg/ml) 
C minimum experimental (Jlg/ml) 
C minimum theoretical (Jlg/ml) 

Mean SE 

0.120 
0.130 
0.085 
0.085 

0.011 
0.012 
0.010 
0.011 

study. The experimental and theoretical steady-state maximum and minimum blood 
levels for six subjects are reported in Table 9. 

The excellent agreement between the experimental and theoretical mean steady­
state bromazepam blood levels indicates that all processes follow apparent first-order 
kinetics and substantiates the constancy of absorption, distribution, metabolism, and 
excretion with each administration of the drug. The steady-state profile confirms that 
the extent of absorption of bromazepam is constant in the 3-l2-mg dose range and 
indicates that unpredicted drug accumulation will not occur. 

ill. Influence of Physiologic and Pathologic Variables on Pharmacokinetics 

1. Age 

The pharmacokinetic profiles discussed have been obtained in healthy volunteers. 
However, in a clinical setting, patients of various age groups may possess a variety 
of pathologic, genetic, and environmental characteristics. Age, disease state, and drug 
interactions may also affect the physiologic disposition profile of a drug. Such changes 
may be reflected in specific changes in the pharmacokinetic parameters which, in turn, 
may influence the clinical profile of the drug. For example, metabolic reactions such 
as oxidations, reductions, hydrolyses, and conjugations, which routinely occur within 
the livers of children and adults, occur at reduced rates in newborns (VEST and 
ROSSlER, 1963). Hydroxylation and glucuronidation capabilities, which are major 
metabolic pathways for the benzodiazepines, appear to be related to the degree of he­
patic maturation. Such alterations in metabolism are reflected in the pharmacokinetic 
parameters of these drugs. 

The urinary excretion profiles of diazepam metabolites in premature 8-81-day-old 
infants, full term infants who were 4-162 days old, and children 3.5-8 years old are 
presented in Fig. 19. The three groups all have the ability to demethylate diazepam to 
form nordiazepam. However, the ability to hydroxylate and conjugate is limited in the 
premature and full-term infant but not in older children. 

It should be noted that diazepam, bromazepam, clorazepate, chlordiazepoxide, 
and prazepam all undergo demethylation, hydroxylation, and/or conjugation 
reactions in their metabolic pathways. Based on the results obtained following diaze­
pam administration, one should anticipate that these drugs would also exhibit longer 
half-lives when administered to infants. TOMSON et al. (1979) observed that the half­
life of oxazepam and its metabolite was prolonged in the newborn as compared to the 
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Fig. 19. The metabolites of diazepam excreted in the urine reported as percent of dose excreted 
following the administration of diazepam to premature 8-81-day-old infants, full term 4--162-
day-old infants, and children 3.5-8 years old (Adapted from Morselli et aI., 1973b) 

Table 10. Half-lives of oxazepam and oxazepam conjugate in the 
newborn and the mother following the administration of 25 mg 
oxazepam to the mother prior to delivery (TOMSON et aI., 1979) 

Subject Oxazepam half-life Oxazepam conjugate 
(h) half-life (h) 

Newborn" Mother" Newborn Mother 

D.P. 5.3 5.6 
L.E. 12.4 7.0 7.0 
A.c. 27.0 549 
S.B. 19.0 20.3 
c.L. 20.7 40.9 
P.E. 21.5 6.4 7.2 
E.G. 27.2 6.4 23.4 4.6 
N.M. 25.4 6.2 15.6 5.0 
P.R. 7.8 6.7 
N.I. 7.5 6.8 
H.E. 5.8 4.7 
Mean±SD 21.9±5.3 6.5±0.8 

a Analyses performed on maternal plasma and neonatal blood 

mother (Table 10). One should anticipate a comparable effect with other hydroxylat­
ed benzodiazepines. 

The pharmacokinetic parameters of diazepam in prematures, children, and adults 
are presented in Table 11. The long half-life of diazepam in prematures reflects he­
patic immaturity. The volume of distribution (V d) is less for newborns than for adults. 
Differences in Vd may reflect the lesser amount of plasma proteins and protein bind­
ing capacity in newborns and/or differences in body composition, e.g., greater body 
water, low fat content. 
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Table 11. Pharmacokinetic parameters following 
the administration of diazepam to various age 
groups· 

Subjects 

Prematures (8-81 days) 
Children (3-7 years) 
Adult (25-43 years) 

40-100 
20- 45 
21- 46 

J!d(ljkg) 

1.10 
1.99 
1.86 

• MORSELLI et al. (1973 b) and KAPLAN et al. (1973) 

• 
• 
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o 10 20 30 40 50 60 70 80 
Age (years) 

Fig.20. The correlation of diazepam t'l,(P) and age in normal subjects. Solid circles refer to 
nonsmokers and open circles to smokers (more than 20 cigarettes per day) (Klotz et aI., 1975) 

The pharmacokinetic parameters of half-life and volume of distribution that differ 
in the infant also differ in geriatric patients when both groups are compared with 
young adults. The correlation between the half-life of diazepam and age shown in 
Fig. 20 indicates a marked increase in diazepam half-life with age. Figure 21 demon­
strates that there is also an increase in volume of distribution of diazepam with age. 
Although these are the same pharmacokinetic parameters that were altered when 
diazepam was administered to newborns, these parameters are probably changing in 
the geriatric subject for different reasons. The prolonged half-lives of the benzo­
diazepines in aging normal subjects are probably due to changes in distribution char­
acteristics (V d) rather than hepatic dysfunction or alterations in protein binding. Such 
pharmacokinetic observations may reflect normal physiologic changes of aging, such 
as diminishing lean body mass. In addition, in the geriatric patients, absorption and 
metabolism are often slowed, and there is diminished renal function. 

The pharmacokinetic profiles of several anxiolytics are known to change in the 
geriatric patient. In addition to diazepam, the half-lives of nordiazepam (desmethyl­
diazepam) (KLOTZ and MULLER-SEYDLlTZ, 1979), chlordiazepoxide (SHADER et aI., 
1977; ROBERTS et aI.; 1978), lorazepam (KYRIAKOPOULOS, 1976), amobarbital (IRVINE 
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Fig. 21. Correlation of volume of distribution, V d(s.), of diazepam and age in normal individuals 
(Klotz et aI., 1975) 
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Fig. 22. Correlation of half-life of elimination of lorazepam and age (Kyriakopoulos 1976) 

et ai., 1974), and phenobarbital (TRAEGER et aI., 1974) are known to increase with age 
in man. Figures 22 and 23 show the change in half-life with age for lorazepam 
(KYRIAKOPOULOS, 1976) and chlordiazepoxide (ROBERTS et ai., 1978), respectively. 

Pharmacokinetic parameters of particular interest are half-life and volume of dis­
tribution since they determine clearance. Although changes in half-life and volume of 
distribution may occur with age, if the clearance of a drug is age independent then un­
anticipated drug accumulation will not occur and chronic dosage regimen modifi­
cations based on pharmacokinetic considerations are unnecessary for the geriatric 
patient. Correlations of clearance and age for chlordiazepoxide and diazepam in 
adults are shown in Figs. 24 and 25, respectively. Whereas the clearance of lorazepam 
(KYRIAKOPOULOS, 1976) and chlordiazepoxide (ROBERTS et aI., 1978) decreases with 
age, the clearance of diazepam is independent of age. 
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Fig. 23. Correlation of chlordiazepoxide elimination half-life and age (Roberts et aI., 1978) 
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Fig.24. Correlation of plasma clearance of chlordiazepoxide and age (Roberts et aI., 1978) 

2. Hepatic Disease 

The pharmacokinetics of drugs may be altered in the presence of hepatic disease 
requiring adjustment in dose or dose frequency. The pharmacokinetic parameters af­
fected by liver disease include binding, extraction ratio, hepatic clearance, and half-life 
of elimination of the administered drug. The pharmacokinetic profiles of some ben­
zodiazepines in patients with acute and chronic parenchymal liver disease are pre­
sented in Table 12. Chlordiazepoxide and diazepam exhibit changes in half-lives, 
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Fig. 25. Correlation of total plasma clearance of diazepam with age. Solid circles refer to non­
smokers and open circles to smokers (more than 20 cigarettes per day) (Klotz et aI., 1975) 

Table 12. The half-lives, plasma clearances, and volumes of distribution of chlordiazepoxide, 
diazepam, lorazepam, and oxazepam in normal subjects and patients with hepatitis and 
cirrhosis· 

Chlordiazepoxide b Diazepam b 

tl/2 (h) 
Normals 11.1 
Hepatitis 91.0 
Normals 23.8 
Cirrhosis 62.7 

Plasma clearance (mljmin) 
Normals 18.1 
Hepatitis 6.1 
Normals 15.3 
Cirrhosis 7.7 

Volume of distribution (ljkg) 
Normals 0.27 
Hepatitis 0.44 
Normals 0.33 
Cirrhosis 0.48 

32.7 
60-75 
46.6 

105.6 

26.6 
13-18 
26.6 
13.8 

1.13 
1.74 

Lorazepam Oxazepam b 

24 (12)C 5.1 
25 5.3 
24 (12)C 5.6 
31.9 5.8 

0.75 d 113 
0.81 d 137 
0.75 d 136 
0.74 d 155 

1.28 0.64 
1.52 0.82 
1.28 0.76 
2.01 0.88 

• Information obtained from the following sources: Chlordiazepoxide, ROBERTS et aI., 1978; 
Diazepam, KWTZ et al., 1975; Lorazepam, KYRIAKOPOWUS, 1976 and KRAUS et aI., 1978; 
Oxazepam, SHULL et al., 1976 

b Age-matched controls 
C Half-life values reported by KRAUS et aI., 1978, of 24 h are at variance with all other studies. 

KYRIAKoPOwuS, 1976 and GREENBLATT et aI., 1977b, 1979b; where normals have reported 
half-lives of 12 h as indicated above 

d Lorazepam, ml/minjkg; other drugs reported as ml/min 
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Table 13. Dosage interval calculated to maintain steady-state plasma levels (Ilg/ml) equal to 
normal subjects in simulated cirrhotic patients exhibiting potential twofold or fivefold increase 
in half-life (KAPLAN and JACK, 1979) 

Parameter 

Half-life increase 

Dosage interval 
Cmin (Ilg/ml) 
Cm.Jllg/ml) 

Normal 

24h 
0.144 
0.256 

Cirrhotic 

2x 5x 

24h 24h 
0.225 0.607 
0.300 0.682 

Cirrhotic (corrected) 

2x 5x 

31 h 78 h 
0.166 0.163 
0.241 0.237 

clearances, and volumes of distribution. There is a two-threefold decrease in clearance 
for both diazepam and chlordiazepoxide, suggesting that adjustments in dose 
schedules may be necessary in the presence of hepatic dysfunction. 

The clearance values for lorazepam are essentially unchanged in the presence of 
liver disease; however, changes in half-life and volume of distribution are noted. Ox­
azepam exhibits slight changes in clearance and volume of distribution in patients 
with hepatitis and cirrhosis. 

Changes in pharmacokinetic parameters of other anxiolytic agents have been ob­
served. Meprobamate (HELD and VON OLDERSHAUSEN, 1969), amobarbital (MAWER 
et aI., 1972), pentobarbital (HELD and VON OLDERSHAUSEN, 1969), and phenobarbital 
(ALVIN et aI., 1975) have all been found to have longer half-lives in patients with liver 
disease. 

Once the influence of disease on the pharmacokinetic parameters is established, 
a new dosage regimen may be calculated to yield desired plasma levels. The steady­
state maximum and minimum plasma levels of a benzodiazepine following a once dai­
ly dosage regimen for normals and cirrhotics with a potential for two- and five-fold 
increases in half-life are reported in the first three columns of Table 13. As calculated, 
the steady-state maximum and minimum plasma levels for the cirrhotic patient would 
be high when compared to those of normals. To achieve comparable steady-state 
levels in the cirrhotic, the dosage regimen may be adjusted by taking into account 
changes in half-life. The resulting regimen for a two- and fivefold increase in half-life 
would be a change from a dosage once every 24 h to once every 31 and 78 h, respec­
tively (columns five and six, Table 13). The steady-state maximum and minimum for 
the cirrhotic (corrected) would then be equivalent to the steady-state levels in normals, 
and unanticipated drug accumulation will not occur unless there are other changes in 
the pathologic state. Therefore, in spite of changes in the pharmacokinetic parameters 
of the benzodiazepines due to hepatic dysfunction or other pathologic states, new dos­
age regimens may be readily calculated to assure maintenance of plasma levels associ­
ated with clinical efficacy and safety of the drugs. 

3. Renal Disease 

In general, drugs which are extensively metabolized in vivo can be given in normal 
doses to uremic patients (REIDENBERG, 1971, 1975). However, in renal failure, water 
soluble drugs or metabolites will accumulate and, if pharmacologically active, mayex­
hibit an enhanced or prolonged response. In addition, protein binding is reduced in 
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Fig. 26. Plasma concentration curves of the unchanged (e, 0) and conjugated (., fl.) lorazepam; 
data taken from six normal subjects (0, fl.) and seven patients with terminal renal insufficiency 
(e,.) after a 2.5-mg single oral dose oflorazepam (Verbeeck et al., 1976) 

renal disease. Since the l,4-substituted benzodiazepines are highly protein bound and 
extensively metabolized, the pharmacokinetics of these drugs may be affected by renal 
failure. 

Lorazepam and oxazepam are metabolized to water soluble, pharmacologically 
inactive conjugates which are readily excreted in the urine of healthy subjects. How­
ever, when these drugs are administered to uremic patients, a somewhat different 
pharmacokinetic profile emerges. The plasma concentrations and half-life of loraze­
pam are essentially the same in uremic patients as in normals, suggesting that the me­
tabolism of lorazepam to the glucuronide is uninhibited in uremia (VERBEECK et aI., 
1976). However, the urinary excretion of lorazepam glucuronide was decreased in 
these patients, resulting in a three- to sixfold increase in both plasma concentrations 
and half-lives of the metabolite (Fig. 26). Since the lorazepam glucuronide is pharma­
cologically inactive, the clinical significance of lorazepam glucuronide accumulation 
is not known. 

Following single dose administrations of oxazepam to uremic patients (ODAR­

CEDERLOF et aI., 1977), a two- to fivefold increase in half-life of oxazepam was ob­
served, whereas the plasma clearance was not altered. However, accumulation of the 
conjugate, oxazepam glucuronide and a several-fold increase in half-life of this metab­
olite were both observed. The plasma level profiles and some pharmacokinetic param­
eters of oxazepam following single dose administration to normals and uremic 
patients are presented in Fig. 27 and Table 14. 

The plasma levels of oxazepam following multiple doses to uremic patients were 
within the range found in normals as might be anticipated from the constancy of plas­
ma clearance in the single dose study (ODAR-CEDERLOF et aI., 1977). However, the me­
tabolite, oxazepam glucuronide, accumulated in the plasma following mUltiple doses 
of oxazepam (ODER-CEDERLOF et aI., 1977). 

No data have yet been published on the pharmacokinetic profile oftemazepam in 
uremic patients. However, the formation of the water-soluble glucuronide metabolite 
suggests that this metabolite will have a pharmacokinetic profile similar to that oflor­
azepam glucuronide and oxazepam glucuronide in uremic patients. 
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Fig. 27. Plasma levels of oxazepam following a IS-mg oral dose of oxazepam to a normal subject 
(<» and a uremic patient (.) (Adapted from Odar-Cederlof et aI., 1977; Alvan et aI., 1977; and 
Wretlind et aI., 1977) 

Table 14. Pharmacokinetic parameters of oxazepam following oral 
administration to normal subjects and uremic patients· 

Normals Uremics 
Dose ISmg 0.2mg/kg 

Half-life of elimination (h) 
Mean 12.3 47.6 
Range 

Plasma clearance (1 kg - 1 h - 1) 
7.5-24.9 23.7-91.2 

Mean 0.108 0.141 
Range 0.050--0.171 0.025-0.284 

% protein binding 94.9--9S.9 86.2-93.6 
% of dose in the urine (0--72 h) 

Mean 67 21.5 
Range 41-89 3.87-47.2 

% of dose in feces (0--72 h) 
Mean 2.S 8.3 
Range 0--3 0.1-19.1 

a Adapted from ALVAN et al. (1977) and ODARCEDERWF et al. (1977) 
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Diazepam and nordiazepam are highly protein bound benzodiazepines. KANGAS 
et al. (1976) report that the binding of both diazepam and nordiazepam is reduced in 
uremic patients from 98.4% and 98.3% to 92% and 94.5%, respectively. Such 
changes in protein binding have the potential to enhance the pharmacologic effect of 
diazepam and nordiazepam. Similar findings would be anticipated following the ad­
ministration of clorazepate and prazepam to uremic patients. 

C. Pharmacokinetic Profiles of Meprobamate 
and Propanediol Carbamates 
Meprobamate was the first antianxiety agent ofthe propanediol carbamate drug class 
and for this reason may be considered the prototype drug. Meprobamate was orig­
inally synthesized as a potential muscle relaxant, a "longer acting" successor to me­
phenesin. Tybamate, another propanediol carbamate, is also marketed as an anxio­
lytic agent. The structures of meprobamate and tybamate are presented in Fig. 28. 
Meprobamate with a pKa of 14 is slightly soluble in water (0.34% w/w at 20°C) and 
is stable in gastric and intestinal fluids (Merck Index, 1976). Tybamate is less water 
soluble and more lipophilic than meprobamate. The partition coefficient for tybamate 
is several orders of magnitude greater than for meprobamate. 

I. Single Dose Pharmacokinetics 

The pharmacokinetic profiles of meprobamate and tybamate in man are presented in 
Table 15. Meprobamate is not bound by plasma proteins and exhibits a half-life of 
11.3 h. It is eliminated 3-4 times more slowly than tybamate. The substitution of a 
butyl group in place of a carbamyl hydrogen (tybamate) results in a compound with 
a 3-h half-life and which is 80% protein bound. 

These differences in the physicochemical properties of meprobamate and tyba­
mate influence the absorption, distribution, elimination, and protein binding profiles 
of these drugs. Following oral administration, the blood level peak times of mepro­
bamate and tybamate occur at 2 h, suggesting rapid oral absorption of both drugs. 
The blood level peak height for meprobamate is greater than that oftybamate, reflect­
ing differences in volume of distribution due to differences in physicochemical prop­
erties. Following whole-body radioautography in mice, tybamate distributes more 
rapidly than meprobamate into the brain and central nervous system (VAN DER 
KLElIN, 1969). Such data reflect its greater lipophilicity. Meprobamate and tybamate 

o 
II 

CH3 CH20CNH2 
........ /' 0 

/,C........ " 
CH3CH2CH2 CH20CNH2 

Meprobamate Tybamate 

Fig.28. Structures of meprobamate and tybamate 
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Table 15. Biopharmaceutical and pharmacokinetic profiles of mepro­
bamate and tybamate a 

Meprobamate Tybamate 

Dose (mg) 800 1,050 
Peak time (h) 1-2 2 
Peak height (~ml) 16 12 
Protein binding (%) 0 80 
Half-life (h) 11.3 3 
Clearance (ml/min) 100 

Urinary excretion date 
Percent of dose in the 0-48-hour urine as: 
Intact drug 8-20 
Metabolites and conjugates 10 

Partition coefficient 
Chloroform/water 3.3 > 500 
Cottonseed oil/water 0.3 > 20 
pKa 14.0 

• Information taken from the following sources: Meprobamate: 
LUDWIG et aI., 1961; HOLLISTER, 1962; DoUGLAS et aI., 1964; 
HOLLISTER and LEVY, 1964; VAN DER KLEUN, 1969; LUDWIG and 
POTIERFlELD, 1971; RICE et aI., 1972. Tybamate: DOUGLAS et aI., 
1964; HOLLISTER and CLYDE, 1968; VAN DER KLEUN, 1969; LUDWIG 
and POTIERFIELD, 1971. 

have also been shown to pass through the placenta into the fetuses of pregnant mice 
(VAN DER KLEIJN, 1969). Possible teratogenicity associated with meprobamate in hu­
mans has also been reported (MILKOVICH and VANDENBERG, 1974; ROSENBERG, 1975). 

The urinary excretion profile of meprobamate is reported in Table 15. Of the dose 
8 %-20% is excreted as intact drug, suggesting extensive metabolism of meprobamate 
in vivo. 

Meprobamate is metabolized in man to hydroxymeprobamate [2-methyl-2-(p-hy­
droxypropyl)-1,3-propanediol dicarbamate] and to the glucosyluronide of mepro­
bamate (LUDWIG et aI., 1961). Approximately 10% of the administered dose is ex­
creted as metabolites and conjugates in the urine. 

Little has been reported concerning the metabolism of tybamate in man; however, 
DOUGLAS et aL (1966) have shown that tybamate is metabolized to hydroxytybamate, 
hydroxymeprobamate, and meprobamate in the dog and the rat. These three metab­
olites, as well as unchanged tybamate, are excreted in the urine of these animals. 

II. Multiple Dose Studies 
It has been reported that the disposition profile of meprobamate changes on chronic 
administration. DOUGLAS et aL (1963) report that meprobamate induces its own me­
tabolism on chronic administration as evidenced by the increased urinary excretion 
of metabolite following chronic administration of meprobamate. HOLLISTER (1964) 
and HOLLISTER and GLAZENER (1960), however, noted a two- to fivefold prolongation 
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in the half-life of meprobamate on chronic administration, suggesting inhibition of 
metabolism. Such differences remain to be resolved. There is no data available on ty­
bamate following chronic administration. 

III. Clinical Toxicology 

MISRA et aI. (1971) showed that chronic ethanol consumption results in acceleration 
of blood clearance of meprobamate. The average half-life of meprobamate decreased 
from 13.7 h to 8.2 h in the same subjects following 1 month of controlled alcohol in­
gestion. 

Although HOLLISTER and CLYDE (1968) found no correlation between meprobam­
ate blood or plasma level and antianxiety response, MADDOCK and BLOOMER (1967) 
demonstrated a correlation between meprobamate plasma levels and meprobamate 
intoxication (Fig. 29). At plasma concentrations below 5 mg-%, all patients were 
awake. Plasma concentrations greater than 10 mg-% are associated with deep coma, 
and plasma concentrations between 6 and 12 mg-% are associated with light coma. 

Meprobamate has little or no affinity for plasma proteins, suggesting that hemo­
dialysis and diuresis would be beneficial in meprobamate overdose (DOUGLAS et aI., 
1964; MADDOCK and BLOOMER, 1967). 

IV. Structure Correlations 

The extensive acceptance and success of meprobamate as an anxiolytic agent that did 
not decrease awareness or impair the physical and intellectual abilities of patients 
stimulated interest in the propanediol dicarbamate compounds. For this reason, 
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Table 16. Propanediol carbamate drug compounds (LUDWIG and POTTERFlELD, 1971). 

o 

Drug 

Meprobamate 

Mebutamate 

Carisoprodol 

Tybamate 
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structurally related compounds in this drug class were investigated. Seemingly simple 
alkyl substitutions resulted in compounds with very different pharmacologic and 
pharmacokinetic properties. The propanediol carbamates structurally related to mep­
robamate are shown in Table 16. 

Differences in half-life, protein binding, and distribution characteristics between 
meprobamate and tybamate have been previously noted. Substitution of a secondary 
butyl group in the Rl position results in a compound (mebutamate) which, like mep­
robamate, is not protein bound but is pharmacologically active as an antihypertensive 
(LUDWIG and POTTERFffiLD, 1971). Carisoprodol results from the substitution of an 
isopropyl group in the R2 position. Tybamate and carisoprodol are protein bound 
(80% and 55%, respectively) and are more lipophilic than meprobamate or mebuta­
mate. Carisoprodol has muscle relaxant and analgesic properties. The pharmacology 
of these compounds is discussed by LUDWIG and POTTERFffiLD (1971). Such data in­
dicate the difficulties encountered in any structure-activity correlations with 
propanediol carbamates. 

D. Summary 
The pharmacokinetic profiles of the benzodiazepine anxiolytic agents and the 
propanediol carbamates are presented. 

Following single dose administrations, the pharmacokinetic profiles of the benzo­
diazepines suggest that these compounds exhibit "apparent" first-order pharmacoki­
netic profiles and the multiple dose profiles are predictable from the parameters ob­
tained following single dose administration. The ability to achieve such predictable 
multiple dose profiles confirms the constancy and reproducibility of absorption, dis­
tribution, and elimination from administration to administration. 
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The effects of age and disease state on the pharmacokinetic profiles of the benzo­
diazepines are also discussed. With the exception of oxazepam, the overall elimination 
rate of the benzodiazepines and meprobamate is usually prolonged in the geriatric 
patient and in patients with hepatic dysfunction. The pharmacokinetic profiles oflor­
azepam, oxazepam, and their respective metabolites are altered in the presence of re­
nal disease, while the pharmacokinetic profiles of the other benzodiazepines appear 
to be essentially unchanged. Understanding the influence of various pathologic con­
ditions on the pharmacokinetic profiles of the benzodiazepines will aid the clinician 
in the proper selection of dose and dosage regimen to maintain efficacy. 
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CHAPTER 7 

Toxicology and Side-Effects of Anxiolytics 

L.R. HINES 

A. Introduction 

I. Ubiquity of Anxiety 

Although we tend to regard anxiety as a product of twentieth century living, anxiety, 
stress, and tension in their various forms must have been with man throughout his en­
tire history. Indeed, as early as about 380 B.c., a statement was made by Plato in The 
Republic associating anxiety with a disease state: "Man is always fancying that he is 
being made ill, and is in constant anxiety about the state of his body" (JOWETT, 1952). 
William Heberden also associated anxiety with disease in his celebrated lecture on 
angina pectoris to the Royal College of Physicians of London in 1768 (HEBERDEN, 
1772). During the last 50 years, thousands of papers have appeared in medical and 
scientific journals and dozens, if not hundreds, of books and monographs have been 
published on the pervasive subject of anxiety. "Indeed, anxiety has become the corner­
stone of both psychosomatic medicine and psychiatric theory and practice" (LIEF, 
1967). 

II. Use of Anxiolytic Drugs 

It is, therefore, not surprising that when the practice of medicine and the related sci­
ences became sufficiently sophisticated, efforts were directed toward the development 
of therapeutic agents for the management of these conditions. The subsequent exten­
sive use by the medical profession of the anxiolytics or antianxiety drugs was therefore 
to be expected. During the past several years, the total number of prescriptions written 
in the United States for antianxiety drugs has been greater than that of any other class 
of medication; within the class of anxiolytics, the use made of the benzodiazepines has 
exceeded that of all other anxiolytics combined (BLACKWELL, 1973; LASAGNA, 1977; 
SHADER and GREENBLATT, 1977). 

III. Scope of Present Discussion 

In most countries, benzodiazepines are now the most widely prescribed anxiolytics. 
They are rapidly replacing the barbiturates, which have been deemed to be obsolete 
(KOCH-WESER and GREENBLATT, 1974; EDITORIAL, 1975; MATTHEW, 1975). Nonethe­
less, the latter class of drugs is still widely used and has great historical importance. 
The so-called nonbarbiturate anxiolytics, exemplified by meprobamate, hydroxyzine 
and others, are also currently in the process of being replaced by benzodiazepines. 
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Since the popularity of the nonbarbiturates was brief, and as they have little historical 
significance, only the benzodiazepines and barbiturates will be considered in the pre­
sent discussion, and major emphasis will be placed on the benzodiazepines. Several 
reviews on the barbiturates have recently been published (ALMEYDA and LEVANTINE, 
1972; BROWNING and MAYNERT, 1972; MATTHEW, 1975; GAULT, 1976; HOSKINS, 1976; 
LOUIS-FERDINAND, 1976; COOPER, 1977). 

IV. Defmition of Adverse Reactions 

Side effects or adverse reactions have been defined in a number of ways (KARCH and 
LASAGNA, 1975; WESTON and WESTON, 1977); for present purpose, a side effect is taken 
to mean "an effect of a drug other than the one it was administered to evoke" (GOVE, 
1963). Traditionally, we have assumed that when a side effect was observed, it was 
the fault of the drug, since if the drug had not been given, the side effect would not 
have occurred. However, there are two variables: the drug and the drug recipient. 

Adverse effects of drugs are generally of three types. Pharmacodynamic adverse 
effects, the most common type by far, are simply an extension of known pharmaco­
logic actions of the drugs. Many factors influence the prevalence of such reactions. 
Incorrect prescribing practices usually are not a major source of such reactions, but 
rather vagaries in the way drugs are handled by different patients. A small minority 
of patients show individual differences in the rates of absorption, excretion, and me­
tabolism sufficient to provide a 20-fold or greater variation in .the plasma level ob­
tained from the identical dose of the same drug (HAMMER and SJOQUIST, 1967; KUNTZ­
MAN et aI., 1968 b; LUND, 1973). Unwanted effects probably are more frequent and 
more severe in those patients with higher plasma levels. The greatest contribution 
from pharmacokinetic studies of anxiolytic drugs has been the realization that differ­
ent patients require a wide range of doses. However, plasma concentrations of 
anxiolytics have not been very useful in gauging clinical efficacy. For example, KANTO 
et ai. (1979) recently reported that they found no correlation between diazepam or ox­
azepam plasma levels and clinical effects in children. 

Allergic and idiosyncratic adverse reactions, the other two types, are more at­
tributable to the patient than to any property of the drug. Drugs do vary in their abil­
ity to act as haptens and combine with proteins in the body to form immunogens. Yet, 
factors in the patient seem to be of greater importance. A great variety of allergic 
reactions to drugs are possible. Idiosyncratic reactions imply that the major cause is 
something peculiar to the patient receiving the drug. It may be the genetic background 
of the person, the presence of concurrent drugs or diseases, the past history of ex­
posure to other drugs, and very likely, other factors still unidentified. 

Prevalence rates for adverse reactions to drugs are still extremely difficult to ascer­
tain. We have poor numerators and uncertain denominators. Scarcely any reports of 
adverse reactions provide data that would allow one to deduce the rate of such 
reactions. The best one can do is to form some sort of estimate, based on the frequency 
of reports versus the known frequency of drug use. On such a basis, the incidence of 
serious side effects with the widely prescribed class of anxiolytic drugs, the benzos­
diazepines, is remarkably low (BLACKWELL, 1973; HOLLISTER, 1973; AYD, 1975, 
SHADER et aI., 1975; SHAPMAN, 1976; ZALL, 1978). 
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B. Benzodiazepines 

Six benzodiazepines are currently marketed in the United States as anxiolytics and are 
listed in chronologic order of their introduction: chlordiazepoxide (Librium, 1960), 
diazepam (Valium, 1963), oxazepam (Serax, 1965), clorazepate dipotassium 
(Tranxene, 1972), prazepam (Verstran, 1977), and lorazepam (Ativan, 1977). Other 
benzodiazepines, for indications other than anxiety, are also referred to in the appro­
priate context. These are flurazepam (Dalmane) and nitrazepam (Mogadon), both 
hypnotics, and clonazepam (Clonopin), an anticonvulsant. Diazepam and chlordiaz­
epoxide are by far the most widely used, and this will have a bearing on the frequency 
with which they are mentioned with regard to adverse reactions. 

The various benzodiazepines share common pharamcologic actions, but differ in 
the relative spectrum of these effects. They also differ with regard to various kinetic 
parameters. Oxazepam and lorazepam are short-acting drugs (based on plasma half­
life), while the remainder are long-acting drugs (with generally much longer plasma 
half-lives). The clinical significance of the differences in spectrum of pharmacologic 
actions and pharmacokinetic parameters is still uncertain; however, barbiturates with 
shorter half-lives have been more frequently abused than the longer-acting members 
of this class, such as phenobarbital (ISBELL and CHRUSCIEL, 1970; JAFFE, 1975; AMA 
DRUG EVALUATIONS, 1977). 

I. Adverse Psychiatric Reactions 

1. Tolerance/Dependence 
a) Animal Studies 

Several studies have indicated that under the proper experimental conditions, the ben­
zodiazepines may produce tolerance in animals. MATSUKI and IWAMOTO (1966) dem­
onstrated the development of tolerance to chlordiazepoxide in the rat, using the con­
ditioned avoidance-escape response, and HOOGLAND et at. (1966) reported increased 
rates of tissue disappearance and excretion of 14C-labeled chlordiazepoxide in rats 
made tolerant to chlordiazepoxide. GOLDBERG and his associates (1967) demonstrated 
the development of tolerance to chlordiazepoxide in rats and mice, using a variety of 
pharmacologic tests. BARNETT and FIORE (1971, 1973), using the linguomandibular re­
flex in the cat, described acute tolerance to diazepam. MARGULES and STEIN (1968) re­
ported that rats developed tolerance toward the depressant action of oxazepam after 
three to four doses, while the disinhibitory action on punished behavior did not show 
tolerance. Similar observations were reported by STEIN and BERGER (1971), following 
lorazepam administration. CANNIZZARO et at. (1972) found that the short-term treat­
ment of rats with flurazepam reduced spontaneous motor activity and unmasked the 
disinhibitory effect. 

Evidence for physical dependence has been less clear. HARRIS et at. (1968) found 
that rats reduced their liquid intake when forced to drink water containing chlordiaz­
epoxide, and later, when given a free choice, the animals returned to pure water with 
no evidence of either addiction or tolerance. However, when rats were conditioned to 
drink an aqueous solution of chlordiazepoxide to obtain food pellets, after 25 days 
of conditioning, the animals preferred the chlordiazepoxide solution to pure water. 
STOLERMAN and his associates (1971) later observed that when a 0.5 mg/ml aqueous 
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solution of chlordiazepoxide was made freely available to rats, none developed depen­
dence upon the drug. 

A technique was employed by FINDLEY et aI. (1972), using monkeys with an ind­
welling intravenous catheter providing a periodic forced choice between the self-infu­
sion of chlordiazepoxide solution or saline. A preference for self-infusion of chlordi­
azepoxide over saline was demonstrated, using choice trials every 3 h and a dose of 
approximately 1 mg/kg per infusion. However, the animals addicted to chlordiazep­
oxide showed a decided preference for secobarbital over chlordiazepoxide, when of­
fered a choice of the two drugs. In another series of experiments involving intravenous 
drug administration, YANAGITA and TAKAHASHI (1973) reported that the daily admin­
istration of chlordiazepoxide, diazepam, or oxazolam to monkeys produced physical 
dependence. However, during this experiment, the animals were not heavily depressed 
and did not exhibit marked withdrawal signs. 

The evidence available indicates that both tolerance and physical dependence can 
be developed with the benzodiazepines in animals, under the proper experimental con­
ditions, but it is more difficult with the benzodiazepines than with the barbiturates. 

b) Human Studies 

The extensive medical use made of the benzodiazepines since their introduction has 
provided innumerable opportunities for their misuse in almost every clinical situation 
and in every type of stable and unstable personality. Perhaps as many patients have 
taken at least one of the benzodiazepines as any other prescription drug in medical 
history. Such exposure certainly constitutes the ultimate test of their potential for 
abuse, and it is therefore to be expected that frequent reports of the abuse and misuse 
of benzodiazepines have appeared in the medical literature. 

Experimental production of physical dependence on benzodiazepines has required 
more extensive efforts than the demonstration of the same phenomenon with barbi­
turates. Late in 1960, an unusual experiment was carried out. "For experimental pur­
poses, a healthy male volunteer ingested 50 mg of chlordiazepoxide on the first day, 
150 mg on the second day, 500 mg on the third day, and 1,000 mg daily for the re­
mainder of the 12-day experiment. After the third day, the volunteer experienced mild 
euphoria, loss of appropriate and inappropriate anxiety, feeling of mild fatigue, feel­
ing of loss of equilibrium and, temporarily, difficulty of concentration. During the 
last days of the experiment, the feeling of drug overdosage became progressive. The 
observing physician noted the following changes: Following the ingestion of 500-
1,000 mg of chlordiazepoxide per day, the subject was euphoric most of the time; later 
he became irritable and hostile, but there was no obvious impairment of judgment, 
concentration or ability. Near the end of the experiment, ataxia and dysarthria were 
noted. The symptoms disappeared progressively over about 5 days after discontinu­
ation of the medication; withdrawal symptoms were not observed" (ZBINDEN et aI., 
1961). The total amount of chlordiazepoxide ingested over the 12-day period was 
9,700 mg. 

HOLLISTER and associates (1961) were able to produce physical dependence on 
chlordiazepoxide. Ten of 11 patients treated for several weeks or months with daily 
oral doses of 300-600 mg, 8-20 times the usual therapeutic dose, experienced new 
symptoms and signs after being abruptly withdrawn by a single blind switch to 
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placeobs. Depression, agitation, insomnia, loss of appetite, and nausea appeared be­
tween 2 and 8 days after withdrawal. Two patients had seizures, one 7 days after with­
drawal, the other, 8 days. A third patient, not in the withdrawal study, had a seizure 
12 days after discontinuation of a 300 mg daily dose. The important distinction to be 
made about the withdrawal syndrome from chlordiazepoxide, compared with that 
from short-acting barbiturates or drugs such as meprobamate, is that it is both milder 
and more attenuated than the acute explosive withdrawal reactions seen with short­
acting drugs. 

Diazepam was also employed in large doses in a similar study with schizophrenic 
patients. Clinical signs of a withdrawal reaction were seen in 6 of 13 patients abruptly 
switched to placebos after daily doses of 120 mg. One patient had a major seizure 
on the 8th day of withdrawal (HOLLISTER et aI., 1963). The diazepam withdrawal reac­
tion was also mild and attenuated. This subject has been reviewed by ISBELL and 
CHRUSCIEL (1970), COHEN (1976), PARE (1976), HOLLISTER (1977), GREENBLATT and 
SHADER (1978 b), MARKS (1978) and SELLERS (1978), who agree with HOLLISTER (I 978) 
that the abuse potential of the benzodiazepines is low. Both the most comprehensive 
and the most recent review of this facet of the benzodiazepines is that of MARKS 
(1978). Marks, in his review of clinical dependence on benzodiazepines, counted 402 
individual cases, many highly questionable. The majority were in the context of abuse 
of alcohol and other drugs. Only 56 cases showed signs of physical dependence. Con­
sidering the enormous clinical use of these drugs during the l7-year period surveyed, 
as well as the intensive interest in this problem, the number of cases reported seems 
to be rather small. 

Based on the finding of this survey, Marks drew the following conclusions which 
are paraphrased here: 

1) Physical dependence upon a benzodiazepine can be produced in man if given 
in excessive doses over a prolonged period, particularly to patients with unstable per­
sonalities. 

2) The dependence risk factor is low and certainly less than that of the other com­
monly used sedatives and anxiolytics. 

3) The risk factor and the dangers to society are of such a low order that no ex­
tension of controls is necessary. 

4) In the interest of good medical care and to minimize the risks of dependence, 
patients should be carefully selected for benzodiazepine administration, and drug 
therapy should be discontinued as soon as it is therapeutically practical to do so. 

Since the first medical use of chloral hydrate, well over lOO years ago, tens of 
thousands of chemical compounds have been synthesized in an attempt to produce 
better drugs with sedative-hypnotic properties. During the past 50 years, an enormous 
worldwide research commitment has been made toward the development of new se­
dative-hypnotic drugs free of any abuse potential. During this period, a variety of 
compounds, totally unrelated chemically, have been made available to the medical 
profession. In spite of this prodigious effort, the ideal drug has eluded the best twen­
tieth century medical minds. Perhaps the reason for this is not a reflection on our sci­
ence but, rather, on the fact that our idealistic goal is unattainable. "As far back as 
recorded history, every society has used drugs producing profound effects on mood, 
thought, and feeling. Moreover, there were always a few individuals who digressed 
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from custom with respect to the time, the amount and the situation in which these 
drugs were to be used. Thus, both the non-medical use of drugs and the problem of 
drug abuse are as old as civilization itself' (JAFFE, 1975). 

2. Overdose 

Acute poisoning and overdose, both intentional and accidental, have been serious 
medical problems for many years. Early in the development of the benzodiazepines, 
animal studies suggested that the compounds in this series would have a wide margin 
of safety. RANDALL (1960) reported that chlordiazepoxide exhibited taming effects in 
monkeys at one-tenth the ataxic dose, whereas meprobamate and phenobarbital dem­
onstrated a similar taming action only at doses that depressed their general activity 
or produced ataxia. In general, the pharmacologic profile indicated that an impressive 
difference in safety existed between the benzodiazepines and phenobarbital in all ani­
mal species studied (RANDALL et aI., 1960, RANDALL and KAPPELL, 1973). The work 
of several investigators (LOEW and TAESCHLER, 1968; MALICK et aI., 1969; BRUNAUD 
and ROCAND, 1972; SCHALLEK et aI., 1972; COOK and DAVIDSON, 1973), using a variety 
of pharmacologic tests, reinforced the earlier conclusion of Randall. 

In one of the first suicide attempts that occurred during the early clinical studies, 
a 30-year-old female took approximately 625 mg chlordiazepoxide in a single dose. 
This was followed by an uneventful recovery (KINROSS-WRIGHT et aI., 1960), Shortly 
thereafter, a suicide attempt was made by a 47-year-old female who ingested 1,150 mg 
chlordiazepoxide within approximately 20 min. No treatment was given since the sui­
cide attempt was not discovered until 45 h after the incident. Aside from ataxia and 
dysarthria, recovery was uneventful (SMITH, 1961). Another patient recovered after in­
gesting 2,250 mg chlordiazepoxide (ZBINDEN et aI., 1961). GREENBLATT et aI. (1978a) 
recently reported the recovery of a 28-year-old male following the ingestion of 
2,000 mg diazepam. 

A number of reports of overdose or suicide attempts with the various benzo­
diazepines have appeared, of which the following are representative: CLARKE et aI., 
1961; GILBERT, 1961; JENNER and PARKIN, 1961; PENNINGTON and SYNGE, 1961; 
THOMSON and GLEN, 1961; SCHAEFFER, 1962; Hillyer, 1965; Spark and GOLDMAN, 
1965; AUSTIN, 1966; GJERRIS, 1966; SHIMKIN and SHAIVITZ, 1966; CRUZ et aI., 1967; 
FELL and DENDY, 1968; TANNER and MooRHEAD, 1968; BARDHAN, 1969; CARROLL, 
1970; GANGULI et aI., 1970; ZILELI et aI., 1972; CATE and JATLOW, 1973; CHAPALLAZ, 
1973; O'NEIL and POGGE, 1973; BELL, 1975; RADA et aI., 1975; GREENBLATT et aI., 
1977; VARMA et aI., 1977. Many of these, as well as other related reports, have been 
discussed in the following reviews: ZBINDEN et aI., 1961; DAVIS and TERMINI, 1969; 
GREENBLATT and SHADER, 1974; WHITLOCK, 1975; GREENBLATT et aI., 1977. 

Recently FINKLE et aI. (1979) conducted an extensive survey to determine the role 
of diazepam in drug-related deaths. The survey included the offices of 27 medical ex­
aminers and coroners in the United States and Canada, with a jurisdictional popula­
tion of 79,200,000. The presence of diazepam or its mjor metabolite, desmethyldiaze­
pam, in each of the 1,239 cases included in the study was confirmed by toxicologic 
analysis. Drugs were believed to be the cause of death in 914 cases; the remainder were 
due to other causes in which the presence of the drug was incidental. Approximately 
two-thirds of the cases involved two or more agents. The combination of diazepam 
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and ethanol was found in 51 fatalities. In slightly over half of the fatalities; diazepam 
concentrations were within the therapeutic range. Many cases had one or more other 
drugs present in concentrations that could have caused severe toxic or lethal conse­
quences. Of the 914 deaths attributable to drugs, the authors conclude that diazepam 
alone was the responsible agent in two cases. Considering the fact that one is at risk 
of death in any comatose state, this small number must represent an irreducible mini­
mum. 

For some time the cholinesterase inhibitor, physostigmine, has been used in the 
management of delirium and central nervous system depression due to tricyclic 
antidepressant toxicity (SLOVIS et aI., 1971; BURKS et aI., 1974; HEISER and WILDBERT, 
1974; SNYDER et aI., 1974; NEWTON, 1975; HOLINGER and KLAWANS, 1976; CZECH et 
aI., 1977). Physostigmine has also been used successfully in cases where either benzo­
diazepines, or benzodiazepines and tricyclics, have been taken in excessive amounts 
(BERNARDS, 1973; ROSENBERG, 1974; BLITT and PETTY, 1975; BRASHARES and CONLEY, 
1975; DI LIBERTI et aI., 1975; CmN et aI., 1976; MANOGUERRA and RUIZ, 1976; CZECH 
et aI., 1977; LARSON et aI., 1977; DAUNDERER, 1978). NAGY and DECSI (1978) reported 
that rats, rabbits, and cats respond promptly to intravenous or intraperitoneal injec­
tions of physostigmine salicylate following the administration oflarge intraperitoneal 
doses of diazepam. The mechanism(s) are obscure, since central cholinergic systems 
have not been considered to have a significant role in explaining the mechanism of 
action of the benzodiazepines. These observations may stimulate further research into 
the mechanism of action of the benzodiazepines. It has been suggested (VAN DER KOLK 
et aI., 1978), however, that a central autonomic effect on the hypothalamus (SCHAL­
LEK et aI., 1972) may explain the reversal ofbenzodiazepine overdosage by physostig­
mine. 

Accumulated clinical experience since the introduction of chlordiazepoxide in 
1960 has demonstrated that the benzodiazepines are probably as safe as one can ex­
pect an active drug of this class to be, and their relative safety is now generally rec­
ognized (MATTHEW et aI., 1969; BYCK, 1975; WmTLOcK, 1975; ABRAMOWICZ, 1976; 
LADER, 1976; SHAPIRO, 1976; COOPER, 1977; GREENBLATT et aI., 1977; KOLB, 1977; 
RICKELS, 1977; ALLEN and GREENBLATT, 1978; GREENBLATT et aI., 1978 a; HOLLISTER, 
1978). The successful suicide of a healthy adult, using a benzodiazepine as the only 
drug, is obviously difficult; however, suicide today is usually attempted with more 
than one drug and often, in addition, with that ubiquitous drug, alcohol. These facts 
should always be remembered in prescribing a benzodiazepine or any other medica­
tion. "The suicide rate has not fluctuated significantly over the past century. Man uses 
whatever means available for self-destruction; and the increased use of drugs reflects 
contemporary drug usage by the medical profession. It replaces other methods no lon­
ger available or in vogue" (BROPHY, 1967). 

3. Disinhibiting Actions 

Infrequent side effects, sometimes referred to as "behavioral toxicity," have been de­
scribed (COLE, 1960; HOLLIDAY, 1967; SHADER and DIMASCIO, 1970). These include 
paradoxical excitement, hostility, or rage reactions rather than the expected sedation. 
In early clinical studies of chlordiazepoxide, three cases of rage reaction were de­
scribed (TOBIN et aI., 1960; TOBIN and LEWIS, 1960). Two additional patients in this 
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study displayed increased irritability, as well as motor and psychomotor hyperactiv­
ity. Similar reports have subsequently appeared, including hostile and/or "acting-out" 
behavior (WALZER et aI., 1960), hypermotor activity (SMITH, 1960), and increased ir­
ritability and assaultive behavior (INGRAM and TIMBURY, 1960). In its use as an an­
ticonvulsant, oral clonazepam has been reported (BLADIN, 1973) to produce irritabil­
ity, irrational social behavior, and outbursts of aggressive temper; however, such ob­
servations were not made in the short-term parenteral use of the drug. "Strange be­
havior" has been observed with oxazepan (ZUCKER, 1972). One patient reported un­
usual body sensations, another became unusually argumentative, and the third was 
arrested for disrobing in pUblic. Two patients were reported (BUTT and PETTY, 1975) 
to have experienced postoperative delirium and hallucinatory-type CNS manife­
stations following parenterallorazepam administration. 

The incidence of these reactions cannot be estimated from the published literature, 
since authors frequently report interesting cases they have observed with no reference 
to the total number of patients treated. However, the recent experience of the Boston 
Collaborative Drug Surveillance Program 1966-1975 (GREENBLATT, 1976) indicated 
that of 2,086 patients treated with chlordiazepoxide, there were six cases (0.3%) of 
central nervous sytem excitation ("insomnia, agitation, hallucinations, etc. "). In addi­
tion, 2,623 patients were treated with diazepam, and four cases (0.2%) of central ner­
vous system excitation ("agitation, nightmares, etc.") were observed. Other benzo­
diazepines were not included in this study. 

Whereas most investigators have thought of these reactions as being paradoxical, 
others have hypothesized that it may be only in patients with poor impulse control 
or with aggressive, destructive behavior tendencies that chlordiazepoxide may release 
sufficient hostility to result in a rage reaction (DIMASCIO and BARRETT, 1965; BARRETT 
and DIMASCIO, 1966; GUNDLACH et aI., 1966; McDONALD, 1967; GARDOS et aI., 1968; 
SALZMAN et aI., 1969). Thus, in certain patients, rage reactions should not be consid­
ered as paradoxical but rather as predictable responses and part of the overall thera­
peutic effect (SHADER and DIMASCIO, 1970). Although these and other reports have 
appeared in the literature, the various paradoxical reactions described are not com­
mon in actual clinical practice (ZALL, 1978). Paradoxical reactions are not peculiar to 
the benzodiazepines. They have been observed with the phenothiazines (GOLDMAN, 
1958; FREYHAN, 1959, KLERMAN et aI., 1959, SARWER-FoNER, 1960) and imipramine 
(DIMASCIO et aI., 1968). Similar reactions to the barbiturates have been recognized 
for many years (LUNDY and OSTERBERG, 1929; GOODMAN and GILMAN, 1941). 

4. Depression 

Anecdotal accounts suggest that use ofbenzodiazepines in anxious patients may make 
them depressed. Nothing in the known pharmacologic actions of these drugs would 
suggest that they are "depressogenic," in the same sense as reserpine, for instance. As 
anxiety and depression are inextricably tied together, the more likely explanation is 
that the patients' conditions were misdiagnosed. If a depressed patient is mistakenly 
treated for the attendant anxiety, it is possible that as the latter symptom is alleviated, 
depression may be more evident. 
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II. Adverse Neurologic Reactions 

As would be anticipated from their pharmacologic properties, the side effects most 
commonly observed are those associated with depression of the central nervous sys­
tem, such as drowsiness, somnolence, fatigue, dysarthria, muscle weakness, and 
ataxia, which usually disappear within a few days or with an appropriate reduction 
of dosage (LADER, 1976; HOLLISTER, 1978). Although these side effects may occur in 
patients of any age group, they are more likely to be seen in the elderly and less likely 
to occur in individuals with a long history of cigarette smoking (BOSTON COLLABOR­
ATIVE DRUG SURVEILLANCE PROGRAM, 1973). In an earlier report in which 287 clinical 
studies of chlordiazepoxide involving 17,935 patients were reviewed, drowsiness was 
observed in 3.9%, ataxia in 1.7%, muscular weakness inO.3%, and dysarthria in 0.2% 
of the patients (SVENSON and HAMILTON, 1966). Reports of similar side effects have 
appeared with diazepam (KERRY and JENNER, 1962; AIVAZIAN, 1964), oxazepam (To­
BIN et aI., 1964), clorazepate (MAGNUS, 1973; SKUPIN and FRANZKE, 1975), prazepam 
(GOLDBERG and FINNERTY, 1977; GREENBLATT and Shader, 1978a), and lorazepam 
(HAIDER, 1971; ELLISON and CANCELLARO, 1978). 

III. Adverse Reactions Due to Drug Interactions 

1. Ethanol 
a) Animal Studies 

Most laboratory studies have indicated that the depressant effects on the nervous sys­
tem of the benzodiazepines and alcohol are at least additive. In an early study in mice, 
DANECHMAND et ai. (1967) demonstrated that ethanol increased the muscle relaxant 
effects of chlordiazepoxide, chlorpromazine, and meprobamate. Similar observations 
were reported by GEBHARDT et ai. (1969). ZBINDEN et ai. (1961) reported that the hyp­
notic effects of ethanol were slightly or moderately potentiated by pretreatment with 
chlordiazepoxide. Similar observations were reported by NORIO et ai. (1971) for diaze­
pam. MILNER (1970) observed that in mice pretreated with ethanol, the length oftime 
the righting reflex was lost, increased to about the same extent when the animals were 
treated with 5 mg/kg diazepam or trifluoperazine. In an earlier paper, MILNER (1968) 
reported that diazepam, phenobarbital, trifluoperazine, chlorpromazine, phenelzine, 
and thioridazine each potentiated the depressant effects of ethanol in mice. REGGIANI 
et ai. (1968) reviewed many of these studies. 

b) Human Studies 

Conflicting reports have appeared in the literature concerning the interactive effect of 
ethanol and benzodiazepines in man. REGGIANI et ai. (1968) reported that 10 mg dose 
chlordiazepoxide had no detrimental effect on the impairment produced by alcohol, 
either in a driving test or in the reaction time to stimuli. The subjects were volunteer 
policemen, between 25 and 40 years of age, who had consumed sufficient alcohol to 
produce a blood alcohol concentration of 0.08%. In a series of earlier reports (HOF­
FER, 1962; LAWTON and CAHN, 1963; MILLER et aI., 1963; HUGHES et aI., 1965; BERN­
STEIN et aI., 1967) in which ethanol and chlordiazepoxide were studied, significant im­
pairment was produced by ethanol, but further significant impairment was not ob-
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served following the ingestion of chlordiazepoxide. BETTS et al. (1972) administered 
five 10 mg doses of chlordiazepoxide over 36 h, and ethanol 0.5 mg/kg body w., to 
normal volunteers participating in low-speed motor vehicle handling tests and ob­
served significantly altered driving behavior. There was, however, little interaction be­
tween the drug and alcohol under the conditions of this study. LINNOILA and MATTILA 
(1973) studied the effects of combinations of diazepam (5 and 10 mg) and ethanol (0.5 
and 0.8 mg/kg) on driving in 200 volunteer students. Individually, thes drugs either 
did not affect or slightly improved performance, but their combination impaired per­
formance. These results are in general agreement with an earlier report of GOLDBERG 
(1966). In another study, LINNOILA and HAKKlNEN (1974) showed that diazepam en­
hanced the effects of alcohol in nonanxious patients during a 40-min driving test. 

Pharmacokinetic interactions. between benzodiazepines and ethanol have been 
contradictory. CASlER and associates (1966) found that the administration of diaze­
pam, 10 mg/day for 14 days, did not infltitmce blood alcohol levels up to 4 h after 
ethanol ingestion. MACLEOD and his associates (1977) found that in subjects who had 
fasted for 8 h, higher plasma diazepam concentrations were obtained when diazepam 
(10 mg) was given immediately fonowing the ingestion of ethanol (0.5 mg/kg) than 
when diazepam was taken alone. HAYES et al. (1977) also found that higher plasma 
concentrations were obtained when Valium powder (0.07 mg/kg body w.) was admin­
istered, suspended in 50% ethanol, than when the powder was given in distilled water. 
MORLAND et al. (1974) administered diazepam tablets with water and with a 15%-
20% ethanol-water solution and found no difference in the plasma diazepam levels 
after 1 h. However, higher plasma diazepam levels were found after 3 h in five of eight 
subjects who had received the dilute ethanol solution. LINNOILA et al. (1974) examined 
the effect of 0.8 mg/kg ethanol on serum chlordiazepoxide (25 mg) and serum diaze­
pam (10 mg) levels in volunteers who had fasted for 4 h. The chlordiazepoxide levels 
were slightly elevated over control values at 120 and 150 min but not before,whereas 
the diazepam levels were not significantly altered by alcohol at any time. GREENBLATT 
and his associates (1978 b) attempted to reproduce more nearly normal conditions 
under which diazepam and ethanol are consumed. They administered a 5-mg diaze­
pam tablet with 120 ml of orange juice or with 120 ml of orange juice plus 45 ml of 
vodka (80 proof); no food or liquid was consumed for 3 h after each dose. Their re­
sults indicated the ethanol-orange juice cocktail tended to slow the rate, but not the 
completeness, of absorption. 

Although the data available would indicate that experimental conditions can be 
designed where the ingestion of high concentrations of alcohol may increase the ab­
sorption of diazepam (and probably other benzodiazepines as well) on an empty stom­
ach, it seems unlikely that with food in the stomach and with more dilute concen­
trations of alcohol being consumed, the absorption of diazepam would be altered suf­
ficiently to be of any practical consequence. Obviously, alcohol should not be taken 
with any sedative-type drug, including the benzodiazepines. 

2 .. Phenytoin 

Many epileptic patients take more than one anticonvulsant drug, and interactions be­
tween these anticonvulsants, as well as with other medications, are common (KUTT, 
1975). The biochemical basis for these interactions may involve one or more mech-
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anisms, including absorption, plasma protein binding, biotransformation, and excre­
tion. VAJDA et ai. (1971) found that diazepam and chlordiazepam produced an in­
crease in phenytoin levels, and ROGERS et ai. (1977) reported phenytoin intoxication 
in two children during concurrent diazepam therapy. Conversely, HOUGHTON and 
RICHENS (1974) observed a small but significant reduction in phenytoin levels by 
diazepam. Later, RICHENS and HOUGHTON (1975) found a signifficant reduction in 
phenytoin levels by diazepam. These investigators also found that chlordiazepoxide 
lowered phenytoin levels, although too few patients were studied for the data to be 
statistically significant. Clonazepam has been found by EDWARDS and EADIE (1973) 
to lower phenytoin plasma levels. RICHENS (1977) suggests that a reduction in serum 
phenytoin concentration may be an effect shared by all of the benzodiazepines. Al­
though the consensus of opinion appears to be that changes in phenytoin levels by the 
benzodiazepines are unlikely to be of great clinical importance in the majority of 
patients (RICHENS, 1977), the clinician should be aware that both increases and de­
creases in phenytoin levels have been reported. 

3. Enzyme Induction 

A substantial number of drugs and other chemicals have been found to stimulate their 
own metabolism or the metabolism of other compounds by increasing the availability 
of drug-metabolizing enzymes present in liver microsomes (CONNEY, 1967, 1969; 
GELEHRTER, 1976). This has been studied quite extensively with the benzodiazepines, 
in both animals and man, because of the frequency with which they are coadmin­
istered with other drugs. 

a) Animal Studies 

KATO and CHIESARA (1962) found that a single 50 mg/kg dose of chlordiazepoxide in 
rats had no effect upon barbiturate metabolism or sleeping time. In a similar study 
with the same dose, KATO and V ASSANELLI (1962) found chlordiazepoxide to be 
without effect on meprobamate metabolism or sleeping time. A reduction in barbitu­
rate sleeping time and an increase in liver weight was reported by HOOGLAND et al. 
(1966) when rats were pretreated with 100 mg/kg chlordiazepoxide for 5 days. 

BERTE et ai. (1969) found 20 mg/kg doses of oxazepam for 14-30 days to be 
without effect upon oxazepam or aminopyrine metabolism by homogenates of placen­
tal tissue. SZEBERENYI et ai. (1969) reported that pretreatment of rats with 100 mg/kg 
diazepam for 5 days reduced the half-life of metyrapone. The pretreatment of rats 
with 40 mg/kg diazepam or nitrazepam did not significantly alter the pentobarbital 
sleeping time, the plasma half-life of 14C-pentobarbital, the zoxazolamine paralysis 
time, nor the maximal velocity of N-demethylation of ethylmorphine by the liver mi­
crosomal enzymes. With chlordiazepoxide, however, the first three parameters were 
reduced and the fourth was significantly increased (ORME et aI., 1972). However, the 
metabolism of warfarin was increased (RISTOLA et aI., 1971) in rats after they received 
10 mg/kg diazepam for 7 days. ALBANUS and co-workers (1971) pretreated beagles 
with phenobarbital (25 mg/kg), diazepam (35 mg/kg), and oxazepam (150 mg/kg) for 
13 days and found that antipyrine half-life decreased following phenobarbital and 
diazepam but increased following oxazepam. After treating rats for 7 days with praze­
pam (100 mg/kg), VESSELL et ai. (1972) observed an enhanced hepatic microsomal me-
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tabolism of ethylmorphine and aniline; also, the hepatic microsomal content of 
cytochrome P-450 was increased. However, after 4 days' treatment, only P-450 was 
elevated significantly and the plasma half-life of 14C-prazepam was reduced. 

b) Human Studies 

The benzodiazepines and the coumarin anticoagulants are often used simultaneously 
in clinical medicine; this has stimulated a number of studies of their possible interac­
tion. Chlordiazepoxide has been investigated by BIBA WI et aI. (1963), VAN DAM and 
GRIBNAU-OVERKAMP (1967), LACKNER and HUNT (1968), ROBINSON and SYLVESTER 
(1970), SOLOMON et aI. (1971), and ORME and his associates (1972). Diazepam has been 
studied by RISTOLA and co-workers (1971), SOLOMON et aI. (1971), and ORME et aI. 
(1972); nitrazepam was investigated by BRECKENRIDGE and ORME (1971), BIEGER et aI. 
(1972), and ORME and his associates (1972). More recently, ROBINSON and AMIDON 
(1973) have reported on flurazepam. None of these investigations demonstrated that 
the benzodiazepines studied interfere with the clinical use of the anticoagulant, which 
is in agreement with the conclusions of KOCH-WESER and SELLERS (1971) and GREEN­
BLATT and SHADER (1974). 

Several additional studies have been carried out. O'MALLEY (1971) reported that 
the administration of nit raze pam, 5 or 10 mg/day for 14 days, did not significantly al­
ter either plasma antipyrine half-life or the urinary 6p-hydroxycortisol: 17-hydroxy­
corticosteroid ratio when used as an index of drug metabolizing activity (KUNTZMAN 
et aI., 1966, 1968 a). Prazepam administrtion, 30 mg/day for 7 days, prolonged the 
plasma half-life of prazepam and antipyrine in man (VESSELL et aI., 1972). Plasma 
antipyrine and phenylbutazone half-lives remained unaltered following the daily ad­
ministration of5 or 10 mg nitrazepam for 21 days (STEVENSON et aI., 1972). Additional 
work by WmTFIELD and associates (1973) indicated that patients treated with barbi­
turates had increased plasma y-glutamyl transpeptidase activity, indicating an in­
crease in hepatic drug metabolizing activity. Patients receiving a benzodiazepine did 
not exhibit this change. Data indicate that at high doses the benzodiazepines induce 
enzymes in animals, but not in man, with therapeutic doses. The clinical significance 
of enzyme induction has been reviewed by BRECKENRIDGE and ROBERTS (1976). 

IV. Adverse Reations Due to Allergy 

1. Skin 

The incidence of drug eruptions with the benzodiazepines is very low (BRUINSMA, 
1973; GHOSH, 1977). However, because of their extensive use, such reactions have oc­
casionally been reported. 

After reviewing the cutaneous reactions to the benzodiazepines, ALMEYDA (1971) 
concluded that the majority were urticaria, angioneurotic edema, or maculopapular 
eruptions, but that such reactions were uncommon. MACKIE and MACKIE (1966) re­
viewed 179 allergic reactions believed to be due to a systemically administered drug 
and found that six nonurticarial reactions were due to a benzodiazepine. Five were 
with chlordiazepoxide alone, and one was due to chlordiazepoxide and diazepam. An 
early report (GAUL, 1961) described a fixed drug eruption in a 66-year-old female from 
chlordiazepoxide which reappeared upon rechallenge with the same drug. Two addi­
tional cases of fixed drug eruptions have also been reported (SAVIN, 1970). A 
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photosensitivity reaction to chlordiazepoxide has been described (LUTON and FIN­
CHUM, 1965) in a 53-year-old male who had taken chlordiazepoxide for about 7 days 
prior to the onset of a moderately severe eczematous reaction which reappeared when 
rechallenged with chlordiazepoxide and exposure to ultraviolet light. A report also ap­
peared (RAPP, 1971) of a 65-year-old male who reacted with a swollen tongue to four 
doses of flurazepam. The patient had not previously responded in this way to either 
chlordiazepoxide or diazepam but had shown a similar reaction to both penicillin and 
tetracycline. A subsequent report (MILNER, 1977) of an allergic reaction to parenteral 
diazepam has been questioned (BLATCHLEY, 1977), since one of the ingredients, Cre­
mophor El, contained in the Swedish diazepam preparation used by Milner, may be 
implicated in certain allergic reactions (PADFIELD and WATKINS, 1977). Hypersensitiv­
ity reactions to the benzodiazepines have been briefly reviewed by GHOSH (1977). 

2. Hematology 

The incidence of adverse hematologic effects with the benzodiazepines is low (SHADER 
and DIMASCIO, 1970; GREENBLATT and SHADER, 1974). Transient and benign leuko­
penias have been most often reported. Granulocytopenia (WBC 3,500; 28 % granulo­
cytes) was observed (BITNUM, 1969)in an infant whose mother had taken 100 mg 
chlordiazepoxide daily during pregnancy. After taking 100 mg chlordiazepoxide daily 
for at least 1 year, a female was reported (FAVAZZA, 1973) to have a WBC of 3,300. 
No additional details were provided regarding subsequent blood studies or prior ex­
posure to other drugs. STRAUSE et al. (1974) reported the case of a 67-year-old female 
with hepatitis and leUkopenia which disappeared after chlordiazepoxide was with­
drawn and reappeared when it was reinstituted. HAERTEN und POETTGEN (1975) treat­
ed a 44-year-old male with penicillin and oxazepam (30 mg/day) precipitating leuko­
penia which disappeared shortly after the cessation of both drugs. Subsequent treat­
ment with oxazepam again resulted in leukopenia which subsided when the latter was 
withdrawn. Treatment with penicillin plus diazepam (10 mg/day) also resulted in leu­
kopenia. After cessation of diazepam, while continuing treatment with penicillin, the 
leukocyte count again returned to normal, indicating a cross sensitivity between these 
two benzodiazepines in this patient. 

Shortly after the introduction of chlordiazepoxide, a case of agranulocytosis was 
reported (KAELBLING and CONRAD, 1960). This case is complicated by the fact that 
the patient, a 23-year-old female, exhibited a cutaneous sensitivity to chlorpromazine 
shortly before chlordiazepoxide therapy was begun. The patient recovered following 
the administration of antibiotics and corticosteroids. A second case was reported 
(WILCOX, 1962) in a 43-year-old female who, prior to the administration of chlordi­
azepoxide, had received aspirin, triflupromazine, and ethchlorvynol, and had had 
"some exposure to cleaning fluid." Four cases of agranulocytosis, possibly involving 
nitrazepam, were reported to the British Commitee on the Safety of Medicine, 1964-
1973 (VERE, 1976). No details were provided. The author stated that "the publication 
of these reports does not imply that the Committee on Safety of Medicines accepts 
a cause/effect relationship exists in any individual case." 

Nonthrombocytopenic purpura was reported (COPPERMAN, 1967) in a 65-year-old 
diabetic female who had received irregular courses of chlordiazepoxide for about 
12 months. The purpuric rash subsided upon withdrawal of chlordiazepoxide. The 
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purpura did not reappear when rechallenged with a 10 mg dose, but did reappear 
when 30 mg per day was given on a later admission. 

Three cases of thrombocytopenia resulting from chlordiazepoxide and three from 
nitrazepam have been reported (New Zealand Committee on Adverse Drug 
Reactions, 1972). Three additional cases of thrombocytopenia involving chlordiazep­
oxide were also mentioned in a previous report (New Zealand Committee on Adverse 
Drug Reactions, 1969). No additional details were provided in either report. A case 
of thrombocytopenic purpura in an 18-year-old female was reported by BAUMES 
(1971). The etiology is not clear since the patient had been taking both aminopyrine 
and diazepam regularly. A 45-year-old female developed a diffuse petechial eruption 
and scattered ecchymoses 1 week after receiving oral penicillin, chlorpheniramine ma­
leate, and diazepam (CIMO et aI., 1977). The platelet count was 10,000/mm3 . Red cell 
and white cell counts were normal, and bone marrow examination revealed normal 
cellularity and increased numbers of megakaryocytes. All medications were discon­
tinued and prednisone therapy begun. During the next week the platelet count in­
creased to 500,000/mm3, and studies of the patient's serum indicated the presence of 
diazepam-dependent platelet antibody, whereas tests with the other drugs being ad­
ministered were negative. The platelet count remained normal, and prednisone was 
discontinued. 

The porphyrias (SCHMID, 1966) are a group of syndromes characterized by the ac­
cumulation of the normal precursors of heme, or their by-products. The accumulation 
of these precursors may be associated with, but is not always causally related to, a 
variety of clinical manifestations (CmsoLM, 1972). The synthesis of these pigments in 
the porphyrias is greatly increased as a result of a failure of the control mechanisms 
that normally regulate heme synthesis (DEMATTEIS, 1967). A limited number of cases 
have been reported in the literature associating chlordiazepoxide with porphyria. 
EALES (1971) has reported on 145 porphyric attacks in 120 patients: 107 with variegate 
porphyria and 13 with acute intermittent porphyria. In his experience, chlordiazepox­
ide and diazepam given alone are not associated with any evidence of deterioration. 
An additional case has been described (SCOTT et aI., 1973) in which progressive and 
fatal liver disease appeared to be a complication of erythropoietic protoporphyria. 
This 43-year-old female had a lifelong sensitivity to sunglight and had taken chlordi­
azepoxide for several years. The authors postulate that the massive overproduction 
of protoporphyrin which occurred during the patient's fatal illness may have been re­
lated to a reduced carbohydrate intake leading to a depression of delta-amino 
levulinic acid synthetase (KNUDSEN et aI., 1967) or that dieting allowed chlordiazep­
oxide to induce the enzyme which previously may have been prevented by a "glucose 
effect" (TSCHUDY et aI., 1964, WELLAND et aI., 1964, REDEKER and STERLING, 1968). 
More recently, HORVATH et ai. (1974) reported the case of a 27-year-old female who 
experienced an attack of acute porphyria following periodic use of glutethimide and 
the regular use of chlordiazepoxide for insomnia and restlessness. The patient had not 
previously experienced symtoms which could be described as a true attack of por­
phyria, and the family history was negative. The assigment of responsibility for the 
attack to either drug is difficult. Several reviews of the porphyrias have been published 
(DEMATTEIS, 1967, 1968; MAGNUS, 1968, TADDEINI and WATSON, 1968, TSCHUDY, 
1968, ELDER et aI., 1972, EISENBERG, 1973; BLOOMER, 1976; Doss, 1976; EEROLA and 
BAER, 1976; MENNEAR, 1977). The assigment of a definitive role to chlordiazepoxide 
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in porphyria cannot be made at this time. However, the drug should be used with cau­
tion in cases where a familial history of porphyrias exists, where the patient has a prior 
history of porphyria, or when chlordiazepoxide is to be used with a drug that may pre­
cipitate attacks of hepatic porphyria. 

3. Hepatotoxicity 

A relatively small number of reports have been published suggesting a relationship be­
tween the administration of one of the benzodiazepines and abnormal hepatic tests 
or liver disorders. Of 36 hospitalized psychiatric patients treated with 100--600 mg 
chlordiazepoxide daily for 1-7 months, four had an elevated serum glutamic ox­
aloacetic transaminase (SGO-T) titer; only one of the SGO-T titers remained elevated 
after rechecking, and none was associated with any other abnormal hepatic tests 
(HOLLISTER et aI., 1961). Two groups (KURLAND et aI., 1966; HOLDEN and ITIL, 1969) 
studied changes in liver function tests following the administration of chlordiazepox­
ide; neither found any significant changes attributable to the drug. 

Cholestatic (hepatocanalicular) jaundice is a frequent form of allergic liver injury 
from drugs. After 11 tetanus patients were treated with diazepam for 2-3 weeks, all 
were reported (STACHER, 1973) to have liver function test results suggestive of choles­
tasis; four became jaundiced. There was a gradual return to normal liver function after 
medication was discontinued. Since all patients in this series exhibited liver damage, 
some etiology other than diazepam must be considered. Cholestatic jaundice was re­
ported (FRANKS and JACOBS, 1975) in a 40-year-old female, but causation is difficult 
to determine since the patient received several drugs in addition to diazepam. More 
recently a case of cholestatic jaundice associated with flurazepam was reported in a 
70-year-old male (FANG et al., 1978). Although the patient had taken several drugs, 
flurazepam was suspected since the liver enzyme tests returned to normal after fluraze­
pam was withdrawn while other drugs were continued. In an additional report (Lo 
et aI., 1967), jaundice was observed in a 26-year-old female after 2 weeks of chlordi­
azepoxide therapy. The patient gave birth to a normal boy 3 days before beginning 
chlordiazepoxide, but she received no blood during labor or delivery. She was treated 
with penicillin for flu-like symptoms 2 days after beginning chlordiazepoxide treat­
ment. A needle biopsy performed on the 19th day of jaundice showed moderate 
cholestasis but no parenchymal changes. 

V. Teratogenic and Cytogenic Studies 

The more ubiquitous the use of the drug, the greater the opportunity for possibly 
spurious correlations with birth defects. Interest in the teratogenic potential of the 
benzodiazepines is reflected in the increased number of studies, both experimental and 
epidemiologic, which have appeared. With only two exceptions, the experimental 
studies conducted to date in rodents and lagomorphs demonstrate that the different 
benzodiazepines do not produce malformations, even at high doses. Flurazepam and 
triazolam (TUCHMANN-DuPLESSIS, 1976) were not teratogenic in rabbits, rats, or mice 
at levels of 40 mg/kg and 30 mg/kg, respectively. Similarly, doses up to 40 mg/kg of 
tetrazepam, nitrazepam, chlorazepate, oxazepam, and lorazepam were without ter-
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atogenic effects in the species investigated (BRUNAUD 1970, 1976; OWEN et aI., 1970; 
MILLER and BECKER, 1973). The slightly reduced fertility and decreased postnatal sur­
vival, as seen with compounds such as bromazepam (50 mg/kg/day), were due to 
modified maternal behavior (HUMMLER and THEISS, 1976) rather than a fetotoxic re­
sponse. Although clonazepam was reported to produce enlarged cerebral ventricles in 
mice at doses of 0.2 and 1.8 mg/kg, levels which were approximately 3-18 times the 
human dose, resulting in a malformation rate (2.7%) twice that of controls (1.3%) 
(SULLIVAN and McELHATTON, 1977), BLUM et aI. (1973) reported no abnormalities in 
rats, mice, or rabbits. MILLER and BECKER (1975) were able to produce embryo lethal­
ityand cleft palates in mice with daily diazepam levels of 400-500 mg/kg which killed 
50% of the dams and incapacitated the remainder for as long as 36 h after dosing. On 
the other hand, BEALL (1972) could produce no malformations in rats with diazepam 
at daily levels of 200 mg/kg, whereas 100 mg/kg diazepam each day was sufficient to 
produce cleft palates only in the sensitive A/J mouse under conditions which kept the 
dam heavily sedated for 9-18 h (WALKER and PATTERSON, 1974). At much lower daily 
doses of diazepam (0.2 mg/kg) given to Balb/c mice on days 1-9 or 5-12 of gestation, 
STENCHEVER and PARKS (1975) were unable to produce a significant decrease in litter 
sizes or an increase in either resorption rate or gross abnormalities. Chlordiazepoxide 
given each day at 200 mg/kg produced cleft palates in the sensitive A/J mouse, but 
none in the C3H or CD! strains of mice (WALKER and PATTERSON, 1974). Thus, it 
would appear that the experimental data do not support the possible teratogenicity 
of the benzodiazepines, unless the conditions were toxic to the dam or involved a 
strain already prone to the display of a malformation under control conditions. 

Postnatal evaluation of the effects of prenatal administration of diazepam in ro­
dents have produced conflicting results. LYUBIMOV et aI. (1974) administered 10 mg/ 
kg diazepam to rats each day throughout gestation and found both delayed develop­
ment and impaired learning. Fox et al. (1977) demonstrated that although 20 and 
100 mg/kg diazepam given daily to pregnant mice reduced the survival of their pups 
through weaning, those that did live exhibited enhanced learning. In the clearest de­
monstration of the postnatal effects of the prenatal administration of diazepam (BAR­
LOW et aI., 1979), rats exposed in utero to 1 mg/kg twice a day exhibited slightly en­
hanced learning when tested in a Y-maze, whereas those exposed to 10 mg/kg twice 
a day exhibited the negative effects upon learning that were seen in response to stress 
alone (BARLOW et aI., 1978). 

Studies designed to examine the effect ofbenzodiazepines upon chromosomes pro­
duced the claim that diazepam caused chromosomal aberations in human cells 
(STENCHEVER et aI., 1969, 1970a). However studies by others failed to confirm these 
effects in either humn cells (COHEN et aI., 1969; STAIGER 1969, 1970; WHITE et aI., 1974; 
TUCHMANN-DuPLESSIS, 1975) or bone marrow from Chinese hamsters (SCHMID and 
STAIGER, 1969). No chromosomal aberrations were found following treatment with 
either chlordiazepoxide or medazepam in either human cells (COHEN et aI., 1969; STAI­
GER, 1969, STENCHEVER et aI., 1970b) or bone marrow from Chinese hamsters 
(SCHMID and STAIGER, 1969). 

There are several reports in the literature ofbenzodiazepine-associated congential 
malformations (ISTVAN, 1970; RINGROSE, 1972; FEDRICK, 1973; BARRY and DANKS, 
1974). But, in general, more than one drug was taken during the same interval, and 
no common pattern of malformation was seen, making the establishment of a positive 
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relationship between benzodiazepines and the defects tenuous at best. However, re­
ports such as the above have encouraged extensive epidemiologic review of the poten­
tial relationship. Retropective studies involving 19044 births (MILKOVICH and VAN 
DEN BERG, 1974), 590 births (SAXEN, 1975),365 births (SPEIDEL and MEADOW, 1972), 
278 births (SAFRA and OAKLEY, 1975), and 130 mothers with children exhibiting oral 
clefts only (AARSKOG, 1975) have suggested an association and have created interest 
in the potential teratogenicity of the benzodiazepines, although the findings are not 
conclusive. In contrast, studies by HARTZ et ai. (1975) of 50,282 pregnancies, by 
LAKOS and CZEIZEL (1977) of29,057 children on record in the Hungarian Congenital 
Malformation Register, a prospective study of combined English and French findings 
involving 21,911 children (CROMBIE et aI., 1975), and one conducted by the Federal 
Republic of Germany (DEGENHART et aI., 1972), together with the studies of FARKAS 
and FARKAS (1974) and GREENBERG et ai. (1977), found no increased risk associated 
with the benzodiazepines studied and treatment during pregnancy. 

Epidemiologic studies conducted in man are of two types: retrospective and pro­
spective, neither totally satisfactory. Retrospective studies may be clouded by faulty 
recall of what occurred months before, by inadequately designed questionnaires, and 
by inadequate data analysis. Prospective studies are hampered by the need for a vast 
number of pregnancies to obtain significant data, as well as problems of design and 
data analysis. However, they are the only acceptable tools for examination and anal­
ysis of the effects of benzodiazepines in humans. 

Evaluations of this substantial body of information have been conducted by MEL­
LIN (1964), FORFAR and NELSON (1973), TUCHMAN-DuPLESSIS (1975,1976), HEINONEN 
et ai. (1977), PEARSON (1977), WILSON (1977), BODENDORFER (1978), and GOLDBERG 
and DIMASCIO (1978), who conclude that although the evidence conflicts, no causal 
relationship has been established between benzodiazepines and birth defects in hu­
mans. Nevertheless, it cannot be stated too emphatically that no drug should be given 
during the first trimester of pregnancy, unless the need is very great. 

C. Barbiturates 

Although barbituric acid was first synthesized by Baeyer in 1864, the first derivative 
with sedative-hypnotic properties, diethylbarbituric acid or barbital, was not intro­
duced into medicine until 1903 by Fisher and Mering. The second important bar­
bituric acid derivative, phenobarbital, was introduced in 1912, and it is still a useful 
central nervous system depressant, although its greatest use is probably as an anticon­
vulsant. At least 2,500 additional barbituric acid derivatives have been synthesized 
and approximately 50 have been used clinically, but not more than a dozen now have 
any extensive clinical use as orally administered sedative hypnotics. Their use as 
anxiolytics and hypnotics has declined substantially over the past several years and 
most authorities discourage their use for these indications (KOCH-WESER and GREEN­
BLATT, 1974; EDITORIAL, 1975; MATTHEW, 1975; COOPER, 1977). Phenobarbital con­
tinues as an important anticonvulsant; thiopental sodium, the thioanalog of pento­
barbital, is used extensively as an intravenous anesthetic. The adverse effects seen in 
these applications will not be considered here. 
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I. Adverse Psychiatric Reactions 

1. Tolerance/Dependence 

L.R. HINES 

The ability of the barbiturates, when repeatedly taken in large doses, to produce tol­
erance and dependence in both animals and man is well documented (ISBELL, 1956; 
SHIDEMAN, 1961; JAFFE, 1975). However, therapeutic doses may be taken for extended 
periods by some undividuals with no problem (ISBELL, 1956; SHIDEMAN, 1961; JAFFE, 
1975). The daily administration of 600-800 mg of one of the short- or intermediate­
acting barbiturates for approximately 8 weeks will produce some degree of physical 
dependence in most subjects (SHIDEMAN, 1961; DEVENYI and WILSON, 1971). The ad­
ministration of 600 mg secobarbital daily for 35-57 days to 18 patients produced con­
vulsions in two patients, following abrupt withdrawal. However, 16 of 19 patients 
who were withdrawn from larger doses of secobarbital (1.0-2.2 g for a similar period) 
developed severe abstinence symptoms (FRASER et aI., 1954). The amount of drug that 
barbiturate abusers take varies considerably, but an average daily intake of 1.5 g of 
a short-acting barbiturate is not unusual, and some individuals may take 2.5 g daily 
over several months (JAFFE, 1975). Although there may be considerable tolerance to 
the sedative and intoxicating effects, the lethal dose is not much greater in addicts than 
in normal individuals. Tolerance does not readily develop to the respiratory de­
pressant action. An extensive discussion of acute barbiturate poisoning can be found 
in a volume edited by MATTHEW (1971). 

2. Overdose 

An overdose of one of the barbiturates results in marked depression of the central ner­
vous system. Symptoms range from sleep to profound coma with marked depression 
of the respinitory center and ultimately, death. The lethal dose varies considerably de­
pending upon the age and general health of the recipient, the presence of other drugs 
(especially alcohol), the specific barbiturate taken and, most of all, the availability of 
skilled medical management. A very severe reaction must be expected when 10-20 
times the usual hypnotic dose has been taken (HARVEY, 1975; VICTOR and ADAMS, 
1977). The short- and intermediate-acting barbiturates are more potent and more 
toxic than the long-acting compounds. Lethal blood levels determinded at autopsy 
may be as low as I mg/lOO ml for short- and intermediate-acting, and 6 mg/lOO ml for 
long-acting barbiturates The lethal concentration may be even lower if other de­
pressant drugs or alcohol are also present (HARVEY, 1975). 

Barbiturate blisters (bullae) are observed in approximately 6% of acute barbitu­
rate intoxications. They most often appear where the skin surfaces have been in con­
tact and, although not absolutely specific for the barbiturates, they greatly assist in 
attributing the unconsciousness to drug overdosage (MATTHEW, 1975). 

Unfortunately, the barbiturates have become one of the drugs most frequently 
used in suicide attempts, but due to improved prescribing practices of physicians and 
the availability of the equally effective but less toxic benzodiazepine, this situation is 
changing. Suicides from poisoning by barbituric acid derivatives in the United States 
declined from 1,873 in 1970, to 905 in 1976 (GLASS, 1979). The number of barbiturate 
prescriptions (excluding phenobarbital) declined from 30,744,000 in 1970, to 
11,407,000 in 1976. Coincidentally, during the same period, the prescriptions written 
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for all benzodiazepines increased from 61,359,000 to 81,611,000, or approximately the 
same number which barbiturates prescriptions declined (NATIONAL PRESCRIPTION 
AUDIT, 1970-1976). 

Although the number of hospital admissions for self-poisoning has risen in Britain 
from 964 in 1967, to 2,134 in 1976, the proportion of patients who had taken barbi­
turate hypnotics declined from 30% to 15% over the same period, while the propor­
tion taking benzodiazepines rose from approximately 10%-40%. However, during 
this same period, the proportion of patients who were unconscious upon admission 
fell from 23% to 15% (PROUDFOOT and PARK, 1978). Hospital admissions due to acute 
barbiturate poisoning have decreased in England and Wales since 1965, at about the 
same rate as National Health Service prescriptions for barbiturates (JOHNS, 1977). 
"Admissions due to poisoning with other drugs have increased, but largely because 
the benzodiazepine hypnotics and tranquillizers are much less toxic than the barbitu­
rates they are replacing, deaths from poisoning with all solids and liquids have de­
creased" (JOHNS, 1977). 

3. Disinhibiting Actions 

Relatively small hypnotic doses of the long-acting barbiturates may produce "hang­
over," especially in neurotic patients (LADER and WALTERS, 1971; WALTERS and 
LADER, 1971). Mood distortions, impaired motor skills, and impaired judgment may 
persist for several hours (HARVEY, 1975; WALTERS and LADER, 1971). Paradoxical ex­
citement and restlessness have been reported (GREENBLATT and SHADER, 1972), espe­
cially in patients with severe pain. Hyperactivity and paradoxical excitements is fre­
quently observed in children following phenobarbital. Care should be exercised in pre­
scribing barbiturates for elderly patients who may react with excitement, confusion, 
or depression (AMA DRUG EVALUATION, 1977). Some patients report increased 
dreaming, nightmares, or increased insomnia when hypnotic doses of barbiturates are 
discontinued (GREENBLATT and SHADER, 1972). 

4. Depression 

As is the case with benzodiazepines, no direct evidence supports a primary "depresso­
genic" action of barbiturates. Depression may become clinically manifest during 
treatment, but due very likely to an incorrect diagnosis. Correct diagnosis is therefore 
very important, since barbiturates may be used more successfully for suicide than the 
benzodiazepines. They should only be used with great care, if at all, in patients with 
a history of depression, suicidal tendencies, or drug abuse (GREENBLATT and SHADER, 
1972). 

II. Adverse Neurologic Reactions 

Side effects ofthe barbiturates include drowsiness, lethargy, somnolence, fatigue, and 
ataxia, as would be expected from their pharmacologic properties. These reactions are 
more commonly observed in the elderly, in patients with serious liver disease, or in 
patients taking excessive doses. Proper adjustment of dosage will usually minimize 
these conditions (HARVEY, 1975, AMA DRUG EVALUATIONS, 1977). 
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III. Adverse Reactions Due to Drug Interactions 

1. Ethanol 

L.R. HINES 

The combined action of barbiturates and alcohol is, at the very least, additive and in 
certain cases, potentiative (POLACSEK et al., 1972; KISSIN, 1974; SEIXAS, 1975). 

The sedative effects of alcohol are cross-tolerant with the barbiturates. Accord­
ingly, a chronic alcoholic may require unusally large doses of barbiturates to supplant 
the sedative effects of alcohol. The situation is different when the alcoholic is drinking, 
since high prevailing levels of alcohol impair the metabolism of the barbiturate. Thus, 
one has more effect from any given dose of barbiturate (WIBERG et al., 1969; RUBIN 
et al., 1970; MISRA et al., 1971; COHEN and ARMSTRONG, 1974; PIROLA, 1978). Death 
may occur accidentally from respiratory depression caused by the barbiturate potenti­
ated by alcohol. Such barbiturate-alcohol deaths have been associated toxicologically 
with sublethal blood levels of both drugs. To a lesser extent, such interaction may oc­
cur with benzodiazepines, but whether the mechanism is simi liar is not established. 

2. Other Drug Interactions 

The barbiturates, and especially phenobarbital, are well-documented enzyme inducers 
(CONNEY, 1967; MARSHALL, 1978). The simultaneous administration of various drugs 
with the barbiturates may affect either the patient's response to the barbiturate or to 
the other drug. Phenobarbital treatment lowers the prothrombin time and increases 
the dose of anticoagulant required. Patients maintained on barbiturate and anticoag­
ulant therapy should be carefully monitored to avoid hemorrhagic complications 
(SHEPHERD et al., 1972). Patients receiving both digitoxin and phenobarbital therapy 
may be underdigitalized, as phenobarbital may enhance the metabolism of digitoxin 
(SOLOMON and ABRAMS, 1972). The same situation applies with most corticosteroids 
(BROOKS et al., 1972). Phenobarbital has been reported to increase phenytoin levels 
in certain patients and to decrease it in others. However, marked changes in the 
phenytoin levels caused by phenobarbital are rare, and in the majority of patients 
these drugs may be safely given together (KUTT, 1975). 

The long-term administration of phenobarbital and phenytoin can increase the 
metabolism of vitamin D and its biologically active metabolites, the hydroxycalci­
ferols. ANAST (1975) has demonstrated a small but statistically significant reduction 
in serum 25-hydroxycalciferol and calcium in ambulatory, noninstitutionalized chil­
dren receiving anticonvulsant medication. Whether barbiturates decrease the absorp­
tion of griseofulvin or increase its metabolism is uncertain, but the net result is de­
creased blood levels of griseofulvin (COHEN and ARMSTRONG, 1974). Other less inten­
sively studied barbiturate effects are respiratory depression following ketamine anes­
thesia (KOPMAN, 1972) and the enhanced metabolism of chlorpromazine, phenylbuta­
zone, testosterone, and bilirubin (GELEHERTER, 1976). 

IV. Adverse Reactions Due to Allergy 

1. Skin 

Barbiturates have produced nearly every possible skin reaction, although the inci­
dence of reactions is relatively low (BEERMAN and KIRSCHBAUM, 1975). The lqng-ac-
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ting barbiturates are generally believed to cause more rashes than the short-acting bar­
biturates, but no unequivocal evidence for this exists (ALMEYDA and LEVANTINE, 
1972). Allergic reactions to the barbiturates include angioneurotic edema, urticaria, 
morbilliform rash, and Stevens-Johnson syndrome (AMA DRUG EVALUATIONS, 
1977). In addition, fever and serum sickness have been reported. Exfoliative dermati­
tis, which may be accompanied by hepatitis and jaundice, has rarely occurred (ALMEY­
DA and LEVANTINE, 1972). The barbiturate shold be discontinued whenever dermato­
logic reactions occur, since skin eruptions may precede potentially fatal reactions. 
Photosensitivity has rarely been reported. 

2. Hematology 

Therapeutic doses of the barbiturates are rarely responsible for blood dyscrasias, 
especially when the drugs are taken for relatively short periods. Megaloblastic anemia, 
which responds to folic acid, is not uncommon during the prolonged use of phenobar­
bital or mephobarbital in epileptic patients (HAWKINS and MEYNELL, 1958; SLATER, 
1974). Aplastic anemia apparently has not been associated with the anticonvulsant 
barbiturates. Agranulocytosis has rarely been attributed to phenobarbital (DEVRIES, 
1965), but has been reported following the use of other barbiturates (PLUMB, 1937). 
The barbiturates are contraindicated in patients with a history of porphyria (AMA 
DRUG EVALUATIONS, 1977), and may exacerbate acute intermittent porphyria (WITH, 
1957, ALMEYDA and LEVANTINE, 1972) or porphyria variegata (ALMEYDA and 
Levantine, 1972). 

3. Hepatotoxicity 

In therapeutic doses, barbiturates do not impair normal liver function. Even in the 
large doses employed by addicts, barbiturates have little, if any, effect on the usual 
liver function tests (BROWNING and MAYNERT, 1972). Severe hepatic damage can oc­
cur from ordinary doses in hypersensitive patients. These reactions are usually associ­
ated with dermatitis and involvement of other organs (HARVEY, 1975). 

v. Teratogenic Studies 

WILSON (1977) reviewed the literature on the effects of barbiturates on laboratory ani­
mals and found little evidence of teratogenicity, which is in agreement with KALTER 
(1972) and SCHARDEIN (1976). However sodium pentobarbital and sodium barbital 
have been reported to be teratogenic in mice, but not in rats or rabbits (SETALA and 
NYYSSONEN, 1964; PERSAUD, 1965; PERSAUD and HENDERSON, 1969). MCCOLL (1966) 
and MCCOLL et al. (1967) found phenobarbital to be teratogenic in the rat and rabbit. 

In a retrospective study of environmental influences thought to have been involved 
in 833 cases of human malformation, RICHARDS (1969) found no association with the 
barbiturates. TUCHMANN-DuPLESSIS and MERCIER-PAROT (1964) previously indicated 
that in view of the extensive use of these drugs and the lack of adverse reports, their 
teratogenic potential was low. However, NELSON and FORFAR (1971) found in a retro­
spective study of 458 infants with congenital abnormalities that a significantly larger 
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number of these mothers took barbiturates than those in the control group with nor­
mal infants. A meaningful conclusion is difficult, since the mothers of the malformed 
children also took more analgesics, antacids, appetite suppressants, and other drugs 
than the control mothers of normal infants. This study clearly demonstrates the risk 
involved in taking any drug during the first trimester of pregnancy. SEIP (1976) recent­
ly reported facial dysmorphism, pre- and postnatal growth deficiency developmental 
delay, and minor malformations in two siblings following exposure to unusually high 
blood levels (5.0-8.6 mg/IOO ml) of phenobarbital in utero. The usual therapeutic 
range is 1-3 mg/IOO mI. SEIP indicated that the same clinical picture has been reported 
by others following the use of phenytoin in pregnancy and hypothesized that the two 
drugs may have a similar mechanism of action on the developing fetus. 

A recent study raised the question of a possible etiologic role of barbiturates in 
the development of brain tumors in children. Mothers of children with brain tumors 
reported having used barbiturates more frequently during their pregnancy than did 
mothers of normal children or mothers of children with other cancers. In addition, 
more children with brain tumors were reported to have used barbiturates than normal 
children or children with other malignant diseases. "The results suggest that barbitu­
rates may play an etiologic role, and it is estimated that as many as 8% of the brain 
tumors in children may be attributable to use of barbiturates either by the child or 
prenatally by the mother" (GOLD et aI., 1978). This report urgently requires confirm­
ation, since brain tumors account for approximately 20% of all cancers in children 
and are the second most frequent type of cancer in children (CUTLER and YOUNG, 

1975). 

D. Concluding Remarks 

Barbiturates were for many years the most useful sedative-hypnotic drugs. These ap­
plications are now declining due to efforts in both the United States and the United 
Kingdom to discourage their prescription. This action is based not only on their pro­
pensity for abuse but also their history as effective suicidal agents. Numerous edi­
torials and general articles have appeared decrying their use as other than induction 
agents in anesthesia, anticonvulsants, and in the management of hyperbilirubinemia 
in infancy. Phenobarbital, the first important anticonvulsant, remains an important 
drug. 

Medical history indicates that the problems of suicide and drug abuse will always 
be with us; the benzodiazepines, if for no other reason than their remarkable safety, 
are a significant advance in the field of sedative-hypnotics. They have been in exten­
sive use worldwide for nearly 2 decades, a time when drug abuse was more widespread 
than ever before. During this period, these drugs must have saved the lives of hun­
dreds of people who would have died had they taken a barbiturate rather than a ben­
zodiazepine in their suicide attempt. Their record of safety, when taken in overdose, 
is quite remarkable when one considers the relatively uneventful recoveries with no 
residual sequelae that are the rule. Most authorities conclude that the abuse potential 
of the benzodiazepines is low. For these reasons, as well as the fact that serious side 
effects are rare, one may conclude that these drugs will be used extensively for many 
years. 
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CHAPTER 8 

Dependence-Producing Effects of Anxiolytics 

T. YANAGITA 

A. Pharmacodynamic Profiles 
Since the 1950s, a number of nonbarbiturate sedatives have been introduced, some 
categorized as tranquilizers or so-called minor tranquilizers. The first popular minor 
tranquilizer was meprobamate, which has sedative, hypnotic, and muscle-relaxant ef­
fects. At the time of its introduction into medical use, the drug was claimed to be spe­
cifically effective for anxiety and convulsive disorders, without having marked general 
depressant effects. But later it was found that meprobamate is nearly indistinguishable 
from the barbiturates in its pharmacologic effects. Such drugs as benactyzine, bucli­
zine, and hydroxyzine are sometimes classified as anxiolytics, but their use as anxiolyt­
ics has become very limited in clinical practice. Therefore, these drugs will not be dealt 
with here. 

True anxiolytics can be said to have been successfully developed when chlordiaz­
epoxide was introduced into medical use in the mid-1950s, as the first of the group 
known as benzodiazepines. Chlordiazepoxide was found to have potent sedative, 
muscle-relaxant, taming, and anticonvulsant effects in animals (RANDALL et aI., 1960) 
and potent antianxiety and anticonvulsant effects in man which, depending on the 
dose, could be demonstrated to have no significant general central nervous system 
(CNS) depressant effects (HARRIS, 1960; TOBIN and LEWIS, 1960). Although the ben­
zodiazepines that have since been developed possess quantitatively different pharma­
codynamic and/or pharmacokinetic characteristics from those of chlordiazepoxide, 
their pharmacodynamic profiles are qualitatively similar. In laboratory animals, ben­
zodiazepines suppress aggressive behavior, disinhibit conditioned or conflictive be­
havior, reduce spontaneous motor activity, potentiate the anesthetic effect ofbarbitu­
rates, suppress convulsions induced by electric shock or pentylenetetrazol, relax 
skeletal muscle rigidity induced by decerebration, incapacitate motor coordination, 
and produce tolerance and dependence. The biggest difference between benzo­
diazepines and barbiturates is that as the dose is increased, the depressant effects of 
benzodiazepines reach but do not surpass a certain plateau at which respiration is not 
significantly suppressed. Consequently, anesthesia, coma, or dealth are never produc­
ed by benzodiazepines alone. Clinically, benzodiazepines are used most widely as 
anxiolytics, but also as sleep inducers and anticonvulsants. Their use with sleep or 
convulsive disorders requires stronger effects than with anxiety. In many countries, 
each of the benzodiazepines is usually classified for clinical purposes either as anxio­
lytic or as sleep-inducing. But this classification is not necessarily reflective of the 
essential pharmacologic properties, and the choice of dose regimen for a particular 
drug sometimes seems to be more important in actual practice than the choice of the 
drug itself. 
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B. Dependence-Producing Properties 

The dependence-producing properties of meprobamate and of most benzodiazepines 
are qualitatively similar to those of the barbiturates: They produce tolerance, physical 
dependence of the barbiturate type, and psychological dependence. Physical depen­
dence on these anxiolytics is said to be of the barbiturate type because (1) cross physi­
cal dependence is demonstrable between barbiturates and benzodiazepines or mepro­
bamate, (2) the withdrawal signs observed in subjects physically dependent on 
anxiolytics are very similar to those seen in subjects undergoing barbiturate withdraw­
al. 

I. Tolerance 

Both metabolic and functional tolerance are known to be developed to benzo­
diazepines and meprobamate in animals and man (KALANT et aI., 1971; PEET and 
MOONIE, 1977). In those drugs that produce metabolic tolerance, the major mecha­
nism is induction of drug-metabolizing enzymes in the liver occurring as a result of 
drug use. Barbiturates are among the best-known drugs exemplifying this mechanism. 
Even with barbiturates, however, it seems certain that functional tolerance plays the 
major role in the development of marked tolerance (OKAMOTO et aI., 1975). With ben­
zodiazepines and meprobamate, it has been reported that metabolic tolerance occurs 
to such a limited extent that it has no clinical significance. 

Functional tolerance can be subdivided into tissue tolerance and behavioral toler­
ance. Tissue tolerance is the decrease in susceptibility of the nervous system to the de­
pressant effects of drugs. Its mechanisms of development are not yet clear and have 
been the subject of postulation (KALANTet aI., 1971; SMITH, 1977). Many theories sup­
port the view that tissue tolerance is developed by compensatory hyperactivity of the 
nervous system under drug influence. When the drug is eliminated from the nervous 
tissue, tissue tolerance gradually disappears (usually within a week) with no observ­
able pathologic state. During the process of recovery from tissue tolerance, transient 
hyperactivity of the nervous system may often be observed in such rebound phenom­
ena as a lowering of the seizure threshold beyond the normal level or an increase in 
spontaneous motor activity (RASTOGI et aI., 1978). In this period, an increase in 
susceptibility of the nervous system to the drug's effects, termed "intolerance," can 
also be seen. 

Behavioral tolerance, the second subdivision, refers to the increase in behavioral 
capability under a certain drug-induced depressed state. This increase is thought to 
occur as a behavioral adaptation to, or a relearning of, the particular behavior under 
that state (LEBLANC et aI., 1973). In animals, functional tolerance to benzodiazepines 
and meprobamate is readily demonstrable in the depressant effects of the drugs on, 
for example, gross behavior, motor coordination, electrically or drug-induced convul­
sions, and EEG. Behavioral tolerance can be reflected in effects on gross behavior and 
motor coordination, but unlike tissue tolerance probably not in the anticonvulsant 
and EEG effects. 

In man, definite tolerance to the antiepileptic or hypnotic effects of benzo­
diazepines has been observed (MATTSON, 1972), but tolerance to the is antianxiety ef­
fects has been reported not to be clearly observable. The extent of development of tol­
erance to eNS depressants is known to be a function of the dose regimen, i.e., the se-
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verity of the drug-induced depressed state, the amount of time spent daily in the de­
pressed state, and the total period on the drugs (SMITH, 1977). Thus, the apparent non­
development of tolerance to the antianxiety effects may be partially attributable to 
lower dose regimens when the drugs are used as anxiolytics. 

II. Cross Tolerance 

Cross tolerance theoretically should exist between benzodiazepines and barbiturates 
or alcohol, because cross physical dependence is readily demonstrable, and physical 
dependence on these drugs is believed to be developed by the same mechanisms as in 
tissue tolerance. However, data on cross tolerance between benzodiazepines and bar­
biturates or alcohol have been only scantily reported due to methodological difficul­
ties. 

III. Types of Dependence 

1. Physical 

Meprobamate and many benzodiazepines are known to produce physical dependence 
in animals and man. The physical dependence potential of meprobamate is very simi­
lar to that of the barbiturates (ESSIG, 1958, 1964; YANAGITA and TAKAHASHI, 1973). 
The development of physical dependence on benzodiazepines is usually slower and the 
withdrawal signs somewhat less severe than with barbiturates, but the development 
of severe withdrawal signs in animals is possible when they are withdrawn after treat­
ment for several weeks under an intensive dose regimen. These withdrawal signs are 
very similar to those observed in barbital-dependent and withdrawn subjects and in­
clude apprehension, hyperirritability, tremor, muscle rigidity, motor impairment, and 
convulsions (YANAGITA et aI., 1973, 1975a, b, c, 1977a). In man, a number of case re­
ports clearly indicate that may benzodiazepines produce such barbiturate-alcohol 
type withdrawal signs as intensified anxiety, agitation, extreme insomnia, severe trem­
or, diaphoresis, pain, depression, nightmares, convulsions, hallucinations, disorienta­
tion, and delirium. Case reports are also available concerning withdrawal sign associ­
ated with diazepam and chlordiazepoxide (HOLLISTER et aI., 1961; ESSIG, 1964, 1966; 
COVI et aI., 1973; MALETZKY and KLOTTER, 1976; RIFIKIN et aI., 1976; FLOYD and 
MURPHY, 1976; PEET and MOONIE, 1977; AGRAWAL, 1978). Several reports on newer 
benzodiazepines such as oxazepam, flurazepam, nitrazepam, and lorazepam are also 
available (GREENBLATT and SHADER, 1974a; MISRA, 1975; KORSGAARD, 1976). Based 
on these observations in animals and man, it can be said that almost all benzo­
diazepines possess physical dependence-producing properties of similar quality. 

The mechanisms involved in the development of physical dependence on a drug 
are not yet clarified, but they probably resemble those of tissue tolerance. Details of 
these mechanisms have been discussed by MARTIN and SMITH in Vol. 45/1 of this series 
(MARTIN and SLOAN, 1977; SMITH, 1977). The difference between physical dependence 
and tissue tolerance seems to be that compensatory hyperactivity of the nervous sys­
tem is more strongly and persistently developed in the former, to the extent that the 
nervous system cannot adapt to the nondrug condition without manifestation of a cer­
tain disease state upon withdrawal. It is thought that the withdrawal syndrome is 
caused by the compensatory hyperactivity of the nervous system becoming so persis-
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tent that the system cannot immediately return to its normal excitation level. With 
barbiturates and to a certain extent with alcohol and benzodiazepines, it has been ob­
served that the severity of the withdrawal syndrome is a function of: 

1) The extent to which the nervous system is depressed by the drug during the ad-
ministration period 

2) The amount of time daily spent at a certain level of depression 
3) The total duration of the administration period 
4) The elimination speed of the drug upon withdrawal (FRASER and ISBELL, 1954; 

ESSIG, 1966; YANAGITA and TAKAHASHI, 1970; GREENBLATT and SHADER, 1974a; OKA­
MOTO et al., 1976). 

The first three factors seem to be relevant to the intensity of development of the 
compensatory hyperactivity in the nervous system, while the fourth seems to be rel­
evant to the extent of imbalance in the nervous excitation level between the gradually 
decreasing hyperactivity of the nervous system and the reducing residual depressant 
effect of the drug. This view can be supported by the fact that gradual withdrawal 
from narcotics or barbiturates minimizes the development of withdrawal signs in sub­
jects with severe physical dependence (ISBELL and WHITE, 1953). Thus, the differences 
in physical dependence potential of benzodiazepines, barbiturates, alcohol, and cer­
tain other nonbarbiturate sedative-hypnotics may be attributable to differences in 
their pharmacologic properties. 

A further point important for understanding the development of withdrawal phe­
nomena is that it is possible for withdrawal signs to be developed in physically depen­
dent subjects before the drug has been completely withdrawn, or even during the pe­
riod of ongoing drug use, if and when the blood level drops to a certain point or at 
a certain speed during the interval between doses. In fact, in animal studies on physical 
dependence or subacute/chronic toxicity in which repeated administration of some 
benzodiazepine once or twice daily is required, obvious withdrawal signs such as se­
vere tremor (with or without convulsions) are frequently observable at the time of dai­
ly drug administration, particularly with those drugs having a relatively short dura­
tion of effect. 

2. Cross Physical 

Cross physical dependence between barbiturates and benzodiazepines, meprobamate, 
or alcohol is well known in animals and man (ISBELL and WHITE, 1953; DENEAU and 
WEISS, 1968; YANAGITA and TAKAHASHI, 1973). In animals, all of the benzodiazepines 
that have been tested so far suppressed the barbital withdrawal signs in barbital-de­
pendent and withdrawn monkeys (YANAGITA and TAKAHASHI, 1973; YANAGITA et al., 
1975 a, b,c,e, 1977 a, b). Table 1 shows that the doses of the benzodiazepines equipo­
tent in suppressing barbital withdrawal signs in monkeys parallel fairly closely the 
clinical doses for each drug. 

Benzodiazepines also possess potential cross physical dependence with alcohol 
(KAIM, 1973; GREENBLATT and SHADER, 1974b; KISSIN, 1975; MIYASATO, 1978). To­
day, benzodiazepines are widely used in the treatment of alcoholic patients, primarily 
to suppress the alcohol withdrawal syndrome. Fairly good suppression over a long pe­
riod, without marked general depression, may be thereby obtained. But there is no 
well-documented evidence as to whether such a substitution is truly effective in the 
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Table 1. Classification of some anxiolytics, barbiturates, and alcohol by potency of suppressing 
barbital withdrawal signs in rhesus monkeys' 

Group I II III IV V 
Equipotent dose 1-2 4--10 20-25 100-200 4,000 
(mg/kg, p.o.) 

Generic name Nitrazepam Clorazepate Chlor- Barbital Alcohol 
diazepoxide 

Prazepam Diazepam Cloxazolam Fletazepam 
Triazolam Lorazepam Flurazepam Meprobamate 

Oxazolam 
Pentobarbital 
(Na, i.v.) 

• Physical dependence maintained by oral doses of barbital at 75 mgfkg every 12 h 

radical treatment of the disease, i.e., in treatment ofthe psychological dependence. Al­
though it is not known whether the use of benzodiazepines in treating alcoholics is 
a significant factor in the spread of mixed abuse ofbenzodiazepines and alcohol, such 
abuse is increasing (ABELSON et aI., 1977). Mixed use sometimes occurs unintention­
ally, for example when an anxiolytic is prescribed for daytime use and alcohol is ad­
ditionally ingested in the evening, possibly with a hypnotic upon retirement at bed­
time. In such a case, physical dependence may be rapidly developed due to cross physi­
cal dependency. Therefore, in examining the possibility of development of physical de­
pendence on benzodiazepines, it is of practical importance to consider those drugs 
that are capable of interacting with them to produce physical dependence. 

3. Psychological 

Psychological dependence on a drug is the strong and compulsive desire for the drug's 
effects, as well as the state of experiencing the desired effects of the drug. This depen­
dence may behaviorally result in abuse of the drug. In animals, psychological depen­
dence is said to have been experimentally developed when strong behavior of seeking 
or taking a certain drug has been demonstrated, and the animals have overt signs of 
the drug's effects following self-administration of the drug (YANAGITA, 1976). Essen­
tial to the development of psychological dependence is that a drug having a meaning­
ful reinforcing effect be ingested by a susceptible subject using an appropriate dose 
and method of intake. Pharmacologically, the properties of a drug that are relevant 
to psychological dependence may be divided into three categories, namely: the reinfor­
cing effect, the subjective effects, and the other pharmacodynamic effects of the drug 
ingested in a self-administration dose regimen. 

a) Reinforcing Effects 

The term "reinforcement" refers to a behavioral consequence following subjective ex­
perience of the systemic pharmacologic effects of a drug. A drug is said to have a rein­
forcing effect when the response rate in a certain drug-seeking or drug-taking behavior 
increases as a result of subjective experience of the drug's effects. The intensity of the 
reinforcing effect is regarded as the best parameter for gauging the psychological de­
pendence potential of a drug. 
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Table 2. Highest average daily doses self-administered by individual rhesus monkeys in 2-week 
period" 

Group Drug Intravenous Intragastric 
(mgjkg/inj x No./day) (mg/kg/inj x No./day) 

I Nitrazepam 1 x 32.4 = 32.4 
Prazepam Ix 8.4=8.4 
Triazolam 0.24 x 15=3.6 

II Clorazepate 1 x 14.5= 14.5 
Diazepam 0.4 x 35= 14 2x 12.4=24.8 
Lorazepam 2.5x 17.6=44 

III Chlordiazepoxide 1 x 20=20 lOx 8.7=87 
Cloxazolam 5x 14.5=72.5 
Flurazepam 1 x 30.4 = 30.4 
Oxazolam lOx 3=30 
Pentobarbital (Na) 5x 132=660 
Pentobarbital (Ca) 40x 11=440 

IV Fletazepam 5 x 18.9=94.5 

V Alcohol 200 x 44 = 8,800 1,000 x 7.5=7,500 

" Since the unit doses and subjects were not equalized, the figures cannot serve for strict comparison 

In the laboratory, the reinforcing effect can be assessed by self-administration ex­
periments. Many benzodiazepines have been tested in rhesus monkeys, using intragas­
tric or intravenous self-administration techniques. These studies have served to dem­
onstrate the reinforcing effects of benzodiazepines (Table 2) (Y ANAGITA and T AKA­
HAsm, 1973; YANAGITA et aI., 1975a,b,c,d,e, 1977a,b;HoFFMEISTER, 1977). The rein­
forcing effects of chlordiazepoxide, medazepam, and flurazepam have also been dem­
onstrated by intravenous or intragastric self-administration experiments in rats, 
rhesus monkeys, and baboons (FINDLEY et aI., 1972; GOTESTAM, 1973; COLLINS et aI., 
1978). The most characteristic pattern of self-administration of benzodiazepines ob­
served in rhesus monkeys was that the animals took the drug at relatively high daily 
dose levels at the beginning of the experiment, but the levels lowered considerably 
thereafter. The pattern observed with intravenous and intragastric self-administration 
of diazepam and nitrazepam, respectively, is illustrated in Fig. 1; this pattern is seldom 
observed with other drugs. The daily self-administration rates do not necessarily re­
flect the intensity of the reinforcing effect, because the rate is also a function of the 
unit dose, the potency of the general pharmacologic effects, and the elimination speed. 
Nonetheless, the gradual decrease seen in the daily doses with some benzodiazepines, 
and the relatively low rate overall, seem to indicate that the reinforcing intensities of 
the benzodiazepines are distinguishably weaker than those of pentobarbital. For more 
accurate assessment of the reinforcing intensity, it is necessary to employ special ex­
perimental techniques (WHO, 1978; JOHANSON and SCHUSTER, 1975; YANAGITA, 1976; 
GRIFFITHS et aI., 1978) requiring intravenous self-administration of the drugs. How­
ever, since many of the benzodiazepines are unfortunately water insoluble, compar­
ative data on the reinforcing intensities of the benzodiazepines are not yet available. 

In man, the reinforcing effect has been indicated in many case reports and surveys 
on benzodiazepine abuse. Regardless of a number of negative views, there is ample 
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Fig. 1. Intravenous self-administration of diazepam and intragastric self-administration of ni­
trazepam. The daily numbers represent weekly averages. Self-administration of the vehicle pre­
ceded observation with the drugs 

evidence that such benzodiazepines as diazepam, chlordiazepoxide, flurazepam, ni­
trazepam, and many others are subject to widespread abuse in man (HOLLISTER et al., 
1961; ESSIG, 1964, 1966; COVI et al., 1973; GREENBLATT and SHADER, 1974a; MISRA, 
1975; MALETZKY and KLOTTER, 1976; KORSGAARD, 1976; RIFIKIN et al., 1976; PEET 
and MOONIE, 1977). The most telling evidence for this is found in the survey of the 
Drug Abuse Warning Network (DAWN) of the United States. According to the survey 
for the period of April 1974-Apri1 1975, diazepam was ranked first in instances of 
abuse and misuse, exceeding all of the prototypical drugs of abuse such as heroin, 
marihuana, synthetic analgesics, barbiturates, and stimulants (BRILL and JAFFE, 
1978). The relative intensities of the reinforcing effects of various drugs in man cannot 
be rated solely on the basis of incidence of abuse, because the abuse of any particular 
drug is also greatly influenced by such nonpharmacologic factors as the availability 
of the drug and social attitude towards it. Nonetheless, it is quite evident that the rein­
forcing intensity of the benzodiazepines is strong enough for them to be widely abused 
in contemporary society. 

Another aspect of the reinforcing effect of drugs in general is that it can be inten­
sified by withdrawal discomfort, because the subject will attempt to avoid or escape 
from such discomfort. The intensification of the reinforcing effect by this process is 
known to be prominent in opioid dependence, but it is assumed to be much less promi­
nent with the depressants (MARTIN and JASINSKI, 1977; FRASER and JASINSKI, 1977). 
In animals, this has been partially demonstrated by a progressive ratio test of intra­
venous self-administration of morphine and alcohol in physically dependent and non­
dependent rhesus monkeys (YANAGITA, 1976), but no confirming study on benzo­
diazepines has been carried out. 

b) Subjective Effects 

The reinforcing effect of a drug is thought to be developed as the result of perceiving 
the subjective effects of the drug as rewarding, regardless of whether the subject is in-
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tellectually aware of the role of such perception in shaping his drug-taking behavior. 
These subjective effects are usually described as euphoria or a sense of well-being. The 
subjective effects of benzodiazepines appear to be essentially similar to those of bar­
biturates and alcohol, but in a comparison of diazepam with alcohol, it was reported 
that diazepam produced stronger feelings of relaxation and more reduction of concen­
tration than alcohol (HAFFNER et aI., 1973). 

In animals, the subjective effects are studied by a method called "drug discrimina­
tion." Here animals are trained to discriminate the subjective effects of a standard 
drug from those of saline or some other standard drug by operant behavioral pro­
cedures. The subjective effects serve as the stimulus for discrimination. Next, it is ob­
served whether the subjects generalize the subjective effects of the standard drugs to 
those of test drugs. If generalization between a standard drug and a test drug is seen, 
the subjective effects of the test drug are regarded to be analogous to those of the stan­
dard drug. Intensive studies on drug discrimination in laboratory animals are pres­
ently being carried out (LAL, 1977; COLPERT and ROSENCRANS, 1978). In discrimina­
tion studies on benzodiazepines, similarities between the subjective effects of benzo­
diazepines and those of barbiturates and alcohol have been indicated. The equivalent 
doses of some benzodiazepines to chlordiazepoxide for discrimination of their subjec­
tive effects have been estimated in rats. The approximate ED 50S were lorazepam, 0.02; 
nitrazepam, 0.1; diazepam, oxazepam, and bromazepam, 1.0; chlordiazepoxide, 3.0; 
and flurazepam, 10 mg/kg p.o. (COLPERT et aI., 1976). It is said that these values cor­
related well with ataxic doses in rats. Although the subjective effects themselves can­
not be known directly in the animals, these methods will permit us to categorize, at 
the preclinical stage, the probable subjective effects of new compounds in relation to 
prototypical drugs. It is of great future interest whether animals will be able to dis­
criminate each benzodiazepine from the others in such experiments. 

c) Pharmacodynamic Effects in a Self-Administered Dose Regimen 

Psychological dependence on a drug is dependence on its pharmacologic effects. 
When a drug is available, each subject empirically chooses his own doese regimen, ac­
cording to preference for a certain intensity of drug effects. This intensity may vary 
from subject to subject, depending on the type of drug and the degree of development 
of psychological dependence. In man, for example, barbiturates and alcohol are used 
preferentially by some psychologically dependent subjects to levels effecting only mild 
depression or hypnosis, while other subjects consume them to the extent that drug ef­
fects such as slurred speech, ataxia, anesthesia, and coma are manifested. In contrast, 
nicotine is never self-administered up to acute toxic levels, even by heavy smokers. In 
assessing the degree of psychological dependence on any particular drug, it may be 
feasible to say that the severer the manifestation of self-administered drug effects, the 
stronger the psychological dependence. 

In the abuse of meprobamate, the overt signs of the drug effects in the abusers were 
reported to be exactly the same as in barbiturate and alcohol abuse: drowsiness, sleep, 
slurred speech, staggering, failling down, coma, and death (ESSIG, 1964). Because the 
depressant effects ofbenzodiazepines are much weaker than those of barbiturates and 
meprobamate, severe depression to the point of anesthesia, coma, and death cannot 
occur through abuse ofbenzodiazepines alone, regardless of the dose. Drowsiness and 
ataxia, however, are frequently observed. These overt drug effects of barbiturates, al-



Dependence-Producing Effects of Anxiolytics 403 

cohol, and benzodiazepines, as well as the lack of acute toxic manifestation with 
nicotine, all of which are found in man, are exactly reproducible by self-administra­
tion in rhesus monkeys (Y ANAGITA and TAKAHASm, 1973; YANAGITA, 1977). Interest­
ingly, the number of resistant or indifferent monkeys was greater with benzo­
diazepines and alcohol than with pentobarbital. In the susceptible subjects, the self­
maintained dose levels of these drugs varied from animal to animal. 

Because they are the major cause of social and individual harm resulting from drug 
abuse, an important aspect of the pharmacologic effects under self-administered dose 
regimens regards the problems of psychotoxic manifestation and influences on behav­
ior. For example, evidence is rapidly accumulating that benzodiazepine use can cause 
traffic accidents, just as alcohol can. Although traffic accidents can also occur during 
prescribed medical use of the drugs, the risk appears to be much higher with non­
medical use because ofthe larger doses and stronger effects involved. Another problem 
concerns psychotic manifestations with benzodiazepines. These seldom occur during 
the drug-maintained period, but are possible during the withdrawal period, as has 
been mentioned earlier. 

c. Summary 

As currently available prototypical anxiolytics, meprobamate and benzodiazepines 
have been dealt with the present chapter, including their pharmacodynamic profiles 
and their dependence-producing properties. 

Metabolic tolerance can be developed to both meprobamate and benzodiazepines, 
but not to the extent of being of clinical importance. Functional tolerance has been 
reported to the hypnotic and antiepileptic effects. 

The physical dependence-producing properties of meprobamate are very similar 
to those of barbiturates. Benzodiazepines also definitely produce barbituratelike with­
drawal signs, the severity of which, however, is usually less prominent because oftheir 
weaker general CNS depressant effects and slower elimination speed. Ample evidence 
demonstrates that almost all benzodiazepines possess physical dependence-producing 
properties of similar quality. 

Cross physical dependence among barbiturates, alcohol, meprobamate, and ben­
zodiazepines is also well documented. 

Three types of drug effects are regarded as the pharmacologic properties of drugs 
relevant to psychological dependence: The reinforcing effect, the subjective effects, 
and pharmacodynamic effects in the self-administered dose regimen. Benzodiazepines 
definitely possess reinforcing effect as demonstrated by a number of self-administra­
tion experiments in animals and the number of abuse case reports in man. Although 
in animals the reinforcing intensities of benzodiazepines seem to be generally weaker 
than that of pentobarbital, recent surveys on nonmedical use of benzodiazepines in­
dicate a rapid increase in the number of abuse incidences. 

The subjective effects of benzodiazepines are reported to be euphoria or a sense 
of well-being. In animals, the subjective effects cannot be known directly, but by ex­
periments on drug discrimination, a categorization of the subjetive effects of drugs has 
become possible. The results to date indicate similarity in effect between benzo­
diazepines and barbiturates or alcohol. 
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Concerning the pharmacodynamic effects in a self-administered dose regimen, the 
benzodiazepines do not produce severe depression, but to produce drowsiness and 
ataxia in man. These drug effects are also observable in self-administration ex­
periments in rhesus monkeys. The severity of the pharmacodynamic effects observ­
able during the self-administration of drugs in animals may indicate the 4egree of psy­
chological dependence in man. Also, it may serve to predict the extent of the mental 
and behavioral disturbances that man might develop. 
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CHAPTER 9 

Chemistry of Gerontopsychopharmacologic Agents 

H. HAUTH 

A. Introduction 

The remarkable progress of medical science in this century has increased average hu­
man life expectancy, so that the shift in the age distribution of the population at large 
has been toward the older end of the spectrum. For this reason medical therapy has 
become more and more important in the last 20 years. Some reviews concerning phar­
macologic and clinical aspects of this field have been published (SATHANANTHAN and 
GERSHON, 1975; WIECK and BLAHA, 1976; HAUTH and RICHARDSON, 1977; COLE and 
BRANCONNIER, 1978; BAN, 1978), but up to now no review of the chemical aspects of 
gerontopsychopharmacologic agents has appeared. The purpose of this chapter, 
therefore, is to provide the chemical background. As numerous compounds have been 
claimed to be gerontopsychiatric agents, it is inevitable that only those for which rel­
evant clinical or pharmacologic investigations have been published could be taken in­
to account. Patents have thus rarely been considered, whereas the results of metabolic 
studies have been included. It is not the purpose of this article to judge pharmacologic 
and clinical data; the references given are only intended to facilitate an approach to 
the literature for those with more specifically pharmacologic and clinical interests. 

B. Alkaloids 

I. Dihydroergopeptines 

The ergot alkaloids occupy an outstanding position among natural products on ac­
count of their broad spectrum of biologic activity. The chemistry of this class of com­
pounds has recently been exhaustively reviewed (RUTSCHMANN and STADLER, 1978). 
Within the bounds of the review, the dihydroergopeptines (1, Fig. 1) are of interest, 
above all co-dergocrine-mesylate 1 (Hydergine). The active principle contained in co­
dergocrine-mesylate is dihydroergotoxine mesylate, which is an association of the me­
sylates of 9,1O-dihydrogocornine (1 a, Fig. 1), 9,10-dihydroergocristine (1 b, Fig. 1), 
9,1O-dihydro-oc-ergokryptine (1 c, Fig. 1), and 9,10-dihydro-f3-ergokryptine (1 d, 
Fig. 1) in the ratio 3:3:2:1 (HARTMANN et aI., 1978). Co-dergocrine was initially tested 
as a hypotensive because of its peripheral vasodilatory effects (KAPPERT, 1949) and 
later introduced with considerable success in the treatment of senile cerebral insuffi­
ciency (FANCHAMPS, 1979; MATEJCEK et aI., 1979). In attempts to elucidate the mode 
of action of Co-dergocrine, the individual components have also been investigated in 

I generic name BAN; generic name USAN: ergoloid-mesylates 
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(la) : 9,10-Dihydroergoeornine 

(l b) : 9,1O-Dihydroegoeristine 

(le) : 9,1O-Dihydro-a-ergokryptine 

(ld) : 9,1O-Dihydro-~-ergokryptine 

(le) : 9,10-Dihydroergotamine, DHE 

(1) 

(If) : 9,1O-Dihydro--~-ergosine, DQ 27-422 

(lg) : 9,1O-Dihydroergostine, DE 145 

(lh) : 9,10-Dihydroergonine, DN 16-457 

R=CH(CH3h 
R=CH(CH3h 
R=CH(CH3h 
R=CH(CH3h 
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R=CH2CH3 

R=CH2CH3 
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Br 
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(2) 

13-Bromo-9,10-dihydroergotamine, BZ 23-467 

Fig. I. Structure of 9,10-dihydroergopeptines 
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R'=CH(CH3h 
R'=CH2C6Hs 

R'=CH2CH(CH3 )2 

R'=CH(CH3)CH2CH3 

R'=CH2C6Hs 

R'=CH(CH3)CH2CH3 
R'=CH2C6 Hs 

R'=CH(CH3h 

part (LoEW et aI., 1978; KOHLMEYER and BLESSING, 1978). Parallel to these activities, 
an intensive study of dihydroergopeptines as a whole was made: 9,10-dihydroergot­
amine (DHE) (1 e, Fig. 1) (STOLL and HOFMANN, 1943) and 9,1O-dihydro-fJ-ergosine 
(DQ 27-422) (1 f, Fig. I) (STADLER and DEPOORTERE, 1976) influence the cortical EEG 
power spectrum and the sleep-wakefulness cycle in animals in an analogous way to 
co-dergocrine (LoEW et aI., 1978). Similar effects were demonstraded in geriatric 
patients (LOEW et aI., 1978) treated with either 9,1O-dihydroergostine (DE 145) (1 g, 
Fig. I) (HOFMANN et aI., 1967) or 9,10-dihydroergonine (DN 16-457) (1 h, Fig. I) 
(STADLER et at., 1971). As with the aforementioned dihydroergopeptines, 13-bromo-
9,10-dihydroergotamine (BZ 23-467) (2, Fig. I) (FEHR and HAUTH, 1973) produced in­
hibition of reserpine-induced ponto-geniculo-occipital (PGO) waves in the cat (ZUE­
GER et aI., 1978). 
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t t 
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Fig.2. Sites of biotransformation in 9,1O-dihydro-p-ergokryptine 

The biotransformation of 9,10-dihydro-fJ-ergokryptine (3, Fig.2) has been ex­
haustively investigated (ECKERT et aI., 1978). Apart from the oxidative opening of the 
indole ring and cleavage of the amide bridge, the major effect was oxidation of the 
proline ring. In addition, the proline ring was opened to yield a derivative of glutamic 
acid, which was in part further hydroxylated in positions 9' and 10'. The pharmaco­
dynamic effects of these metabolites have not yet been described. 

The chemical, pharmacologic, and clinical investigation of this class of substances 
is at present being actively pursued. First attempts to characterize the binding site of 
9,1O-dihydroergotamine (1 e, Fig. 1) in calf and rat brain have been made (CLOSSE and 
HAUSER, 1978). As soon as information regarding the mode of action of dihydroergo­
peptines is available and suitable testing procedures have been developed, the descrip­
tion of some simple structure-activity relationships may become possible. 

II. Ergolines 

At the latest, the discovery of the central effects oflysergic acid diethylamide (LSD-25) 
showed clearly that even simple derivatives of lysergic acid can exhibit extensive ac­
tions on the central nervous system. But it was preCisely this observation and the no­
toriety associated with it that for years hindered the exploitation of simple derivatives 
oflysergic acid. The first breakthrough came with nicergoline (MNE) (4 a, Fig. 3), the 
5-bromo-nicotinic acid ester of I-methyl-l0-a-methoxy-dihydrolysergol, which was 
selected from a series of nicotinic acid esters because ofits potent a-blockade (ARCARl 
et aI., 1972; BERNARDI, 1979) and tested clinically as a peripheral and cerebrovascular 
vasodilator (BERNINI et aI., 1977; HAUTH and RICHARDSON, 1977; SALETU et aI., 1979). 
The a-blocking activity is associated with the stereochemistry at C-8 and C-lO and 
with the methyl group on N-l and the methoxy group at C-lO. Bromination at C-13 
and replacement of the methyl group at N-6 by an ethyl group have minimal effects. 
Reduction of the double bond at position 2,3, substitution at C-2, and introduction 
of a double bond at position 8,9 lead to loss of activity (BERNARDI et aI., 1975). Re­
placement of 5-bromo-nicotinic acid by 3,5-dimethyl-pyrrol-2-carboxylic acid yielded 
a derivative (4 b, Fig. 3), which was both more potent by the oral route and longer last-
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(4a) : 1-Methyl-I Oa-methoxy -dihydrolysergol-
5-bromo-nicotinate, Nicergoline, MNE 

R=CO-Q 

(4) 

Br 
CH3 

(4b): R = co--'0 
\NJLCH3 

(5) 

6-Methyl-8~-(2-pyridyl­

thiomethyl)-9-ergolene, 
CF 25-397 

(7) 

6-Methyl-8~-cyanomethyl­

ergo line, CM 29-712 

(6) 
I-Methyl-d-Iysergic acid­
L-2-butanolamide, Methysergide 

(8) 
N-[6-Methyl-8a-(9-ergolenyl) l­
N',N' -diethylurea, Lisuride 

Fig. 3. Structure of ergolines 

ing in its effects (BERNARDI et aI., 1977). The metabolic degradation of nicer go line has 
been investigated, the major effects being hydrolysis of the ester linkage and N-de­
methylation at position 1 (ARCAMONE et aI., 1972). 

The 6-methyl-8P-(2-pyridyl-thiomethyl)-9-ergolene (CF 25-397) (5, Fig. 3) 
(STUETZ et aI., 1978) affects paradoxical sleep in the rat in a similar manner to dihy­
droergotoxine (LoEw et aI., 1978). Likewise, methysergide (6, Fig. 3) (HOFMANN and 
TROXLER, 1965) and the central dopaminergic stimulant 6-methyl-8p-cyanomethlyer­
goline (CM 29-712) (7, Fig. 3) (STUETZ et aI., 1978) influence reserpine-induced PGO 
waves (ZUEGER et aI., 1978). EEG is also influenced (LoEw et aI., 1978) by the 8cx­
amino-ergolenyl derivative lisuride (8, Fig. 3) (ZIKAN and SEMONSKY, 1960, 1968; ZI­
KAN et aI., 1972). 
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Investigations of the effects of ergopeptines and ergolines on biogenic amines in 
the brain (LOEW et aI., 1978; BUERKI et aI., 1978), as well as the successful investi­
gations of ergot derivatives with central dopaminergic activity (FLUECKIGER and DEL 
Pozo, 1978; HAUlH, 1979) may justify the hope that further important discoveries as 
to the action of ergo lines as gerontopharmacologic agents may be expected in future. 

ffi. Vincamine Alkaloids 

Vincamine (9a, Fig.4), the major alkaloid of periwinkle (Vinca minor L., Apo­
cynaceae), after which the class of indole alkaloids ebumamine-vincamine was named 
(TAYLOR, 1965, 1968; TAYLOR and FARNSWORTH, 1973), was first isolated in 1953. 
Testing of vincamine (9 a, Fig. 4) in the therapy of cerebrovascular diseases (HAUTH 
and RICHARDSON, 1977; WITZMANN and BLECHACZ, 1977; THIERY et al., 1979) gave 
rise to increased interest in this compound, and many new syntheses were developed 
(TAYLOR, 1968; PFAEFFLI et aI., 1975; SZANTAY et aI., 1977; OPPOLZER et aI., 1977, 
PARACCHINI and PEsCE, 1978). Several of these are already being used for production­
scale synthesis of vincamine. 

The metabolism of vincamine has been studied in the rat. Vincamine was almost 
completely metabolized and two metabolites have been identified: 6-hydroxy- and 6-
oxo-vincamine (9) (VIGANO et aI., 1978). 

Apart from vincamine, about 25 other alkaloids of the same structural class have 
been isolated from plants (TAYLOR and FARNSWORTH, 1973; BRUNETON et al., 1973, 
1975; BOMBARDELLI et al., 1974; KUTNEY et aI., 1974; KAN-FAN et aI., 1976). These 
differ from each other mainly in substitution at C-14, C-17, and C-20, and in having 
a methoxy group in position II or 12. So far as is known, none of these alkaloids has 
been tested clinically. Little has been published on synthetic derivatives (KALAUS et 
aI., 1978; PFAEFFLI and HAUTH, 1978; SZABO et aI., 1979; CARON-SIGAUT et aI., 1979). 
Patent registrations have, in contrast, been numerous, covering not only various salts 
of vincamine but also esters, amides, and aromatic substitutions. A report on clinical 
investigations (SOLTI et aI., 1976) has appeared only for ethyl apovincaminate (vin­
pocetine, RGH-4405) (lOa, Fig.4) (LoERINCZ et aI., 1976). In a metabolic study, ethyl 
vincaminate (9 b, Fig. 4) was found among the minor metabolites; other metabolic 
products were apovincaminic acid (lOb, Fig.4), hydroxylates, and conjugates 
(VERECZKEY and SZPORNY, 1976). Unchanged vinpocetine could not be detected in 
man (VERECZKEY et aI., 1979). 

In connection with ethyl apovincaminate (lOa, Fig.4), various other derivatives, 
mainly stereoisomers of vincamine (9 a) and vincanol (11, Fig.4), but also esters and 
amides of vincaminic acid (9d, Fig.4), apovincaminic acid (lOb, Fig.4), dihydro­
apovincaminic acid, and apovincaminol (lOc, Fig.4) have been investigated, mainly 
for their peripheral effects (SZPORNY, 1977).I-Ebumamonine (vincamone) (12, Fig.4) 
(NOVAK et aI., 1977; BOELSING et aI., 1979) stood out among the various vincamine 
derivatives tested for their effects on cerebral blood flow (AUROUSSEAU, 1971; LA­
CROIX et aI., 1979). It was more potent than d-ebumamonine (13, Fig. 4) (AUROUSSEAU 
et aI., 1976b). Vincanol (GESZTES and CLAUDER, 1968; BIRO and KARPATI, 1976) and 
(±)-16-desethyl-16-epi-ebumamonine (14b, Fig.4) (AUROUSSEAU et aI., 1976 a) were 
also found to be active. Desoxy-vincaminamide (15a, Fig.4) and N-cyclopropyl-de­
soxyvincaminamide (I5b, Fig. 4) showed more potent alerting effects than vincamine 
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(9) 

(9a) : Vincamine R = CH3 

(9b) : Ethyl vincaminate 
R = C2HS 

(9c) : Isopropyl vincaminate 
R = CH(CH3h 

(9d) : Vincaminic acid 
R=H 

(II) 

Vincanol 

(13) 

d-Eburnamonine 

(15) 

(ISa) : Desoxy-vincaminamide R = NH2 

(lSb) : N-Cyclopropyl-desoxy-
vincamide 

/CH 2 

R=NH-CH I 
\CH 2 

Fig.4. Vincamine and derivatives 

H. HAUTII 

(10) 

(IDa) : Ethyl apovincaminate, Vinpocetine, 
RGH-440S, R = COOC2Hs 

(lOb) : Apovincaminic acid R = COOH 

(IDe) : Apovincaminol R = CH20H 

(12) 

I-Eburnamonine, Viflcamone 

H 

(14) 

( +)-1 6-Desethyl-1 6-epi­

eburnamonine 

CS9H 
(16) 

Hexahydrocanthinone 
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(DEPOORTERE et aI., 1977). Isopropyl vincaminate (9c, Fig.4) seems to have a similar 
cerebral vasodilator action in pharmacologic tests as vincamine (SZABO et aI., 1979). 

Vincamine and derivatives are at present being actively investigated from various 
directions. One may assume that simpler ring systems of the vincamine skeleton are 
being studied, since central nervous system effects may also be observed (KOVACH et 
aI., 1969) with hexahydrocanthinone (16, Fig.4) (TALYOR, 1968). Information from 
the literature suggests that various vincamine derivatives are presently undergoing 
clinical investigations. One can probably count on further discoveries in this class of 
substances in the near future. 

IV. Isoquinoline Alkaloids 

Papaverine (17, Fig. 5) which belongs to the class ofbenzylisoquinolines and was orig­
inally isolated from opium (SHAMMA, 1972; DYKE, 1978), has been given to geriatric 
patients because of its spasmolytic and vasodilating effects (HAUTH and RICHARDSON, 
1977; SHAW and MEYER, 1978). Many derivatives have been studied only for periph­
eral effects; for example, various di- and tetra-hydro derivatives have been tested for 
fj-sympathomimetic and spasmolytic effects (HOLTZ et aI., 1968; PRUDHOMMEAUX et 
aI., 1975; SIMON et aI., 1977) or coronary arterial dilation (MERCIER et aI., 1973). 3-
Oxygenated derivatives of papaverine were tested as peripheral vasodilators (KREIGH­
BAUM et aI., 1972) and structurally related compounds including two desmethyl pa­
paverine metabolites have been tested for inhibition of phosphodiesterase (HANNA et 
aI., 1972; BELPAIRE and BOGAERT, 1973). Although the first clinical results on papav­
erine were obtained some years ago, no further tests of compounds of this type in 
geriatric patients have been reported. 

Fig. 5. Papaverine 

C. Derivatives of Piperazine 

OCH3 

(17) 

Papaverine 

The first representative of this class to be described as a gerontopsychiatric agent was 
the l-cinnamyl-4-diphenylmethylpiperazine (cinnarizine, MD 516) (18a, Fig. 6), 
which was developed from a series of compounds with antihistaminic and sedative ef­
fects (JANSSEN, 1960). The later discovery of coronary arterial dilation (LOUBATIERES 
et aI., 1965) led to its introduction for the treatment of disturbances in cerebral blood 
circulation (HAUTH and RICHARDSON, 1977). Investigations of the metabolism and ex-
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cretion of cinnarizine in rats have not provided any new information (SOUDJIN and 
VAN WUNGAARDEN, 1968). It is striking that of the numerous compounds similar to 
cinnarizine which have been patented, only a few have been published (ZIKOLOVA and 
NINOV, 1972 a, b, 1974), or pharmacologically tested (CIGNARELLA and TESTA, 1968; 
WRIGHT and MARTIN, 1968). Only flunarizine (18 b, Fig. 6), a difluoro derivative of 
cinnarizine, has come to clinical trial (STAESSEN, 1977; LEHR et aI., 1978). It is also of 
interest that AS 2 (18 c, Fig. 6) a simple analogue of cinnarizine, also possesses corono­
dilatory activity and improves cerebral and peripheral blood flow in animals (NI­
KOLOV, 1976; KOVALYOV et aI., KOVALYOV et aI., 1976a, b, c). It is impossible, how­
ever, to derive structure-activity relations for gerontopharmacologic activity on the 
basis of these few facts. 

R 

Q 1\ , 
CH-N N-CH2CH=CH-R 0'--1 

R 
(18) 

RO 

R'O n CH2-{-\~\ 
~ '---I Nd 

(19) 

Fig.6. Derivatives of piperazine 

(l8a) : I-Cinnamyl-4-diphenylmethyl­
piperazine,Cinnarizine, MD 516 
R = H, R'= C6HS 

(l8b): I-Cinnamyl-4-(4,4-difluoro­
diphenyl)-methy\piperazine, 
Flunarizine 
R = F, R'= C6Hs 

(l8c) : 1-(2-Propenyl)-4-diphenylmethyl­

'piperazine, AS2 
R= R'= H 

(l9a) : 1-(3,4-Methylendioxybenzyl)-4-
(2-pyrimidyl) piperazine, Piri­
bedil, ET495 
R+R'=CH2 

(l9b) : 1-(3,4-Dihydroxybenzy\)-4-(2-
pyrimidyl) piperazine, S 584 

(20) 

R= R'= H 

1-(Coumaran-5-yl-methyl)-4-
(2-thiazoiyl) piperazine, S 3608 

Further modifications of 4-substituted-l-arylalkyl-piperazines in the direction of 
vasodilating properties have led to the development ofpiribedil (ET 495) (19 a, Fig. 6) 
(REGNIER et aI., 1968). After this compound was shown to be a centrally acting dopa­
minergic agonist (COSTALL and NAYLOR, 1973), interest in piribedil grew and led to 
clinical trials in the treatment of Parkinson's disease (SWEET et aI., 1974) and cerebral 
insufficiency (SCHOLING and CLAUSEN, 1975, LASSERRE and COPPOLANI, 1980). It is in­
teresting in this connection that significant improvements in senile dementia could al­
so be achieved by application of L-Dopa (21, Fig. 7) (LEWIS et aI., 1978). Metabolic 
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investigations have demonstrated that the main metabolite of piribedil is the 3,4-dihy­
droxyphenyl derivative S 584 (19b, Fig. 6), which has also been shown to exhibit cen­
tral dopaminergic stimulation (COSTALL and NAYLOR, 1974; MILLER and IVERSEN, 
1974; POIGNANT et aI., 1974; MAKMAN et aI., 1975). Whether piribedil induces its ac­
tivity directly or through its active metabolite S 584 could not yet be firmly established 
(CONSOLO et aI., 1975). As a consequence of these observations, the coumaran deriv­
ative S 3608 (20, Fig. 6) was synthesized, which is also a central dopaminergic stimu­
lant but which should not be metaboziled to a 3,4-dihydroxyphenyf derivative 
(POIGNANT et at, 1975). 

(21) 

3-(3,4-Di,hydroxyphenyl) 
alimin, L-Dopa 

Fig.7. 3-(3,4-Dihydroxyphenyl)alanin, L-Dopa 

A considerable number of aryl-substituted piperazines with adrenolytic, hypoten­
sive, antihistaminic, and central sedative properties have been described. Derivatives 
around the piribedil structure are based on substitution on the piperazine ring (REG­
NIER et aI., 1968; PINZA et aI., 1976; CIGNARELLA et aI., 1977) and variation of the N­
aryl substituent (BOISSIER et aI., 1963; REGNIER et aI., 1968, 1972; CIGNARELLA et aI., 
1977) and of the benzyl group (REGNIER et aI., 1968, 1972; RATOUIS et aI., 1965; LIND­
NER, 1972; KOPPE et aI., 1975; PINZA et aI., 1976; CIGNARELLA et aI., 1977). These sub­
stances have been investigated almost exclusively for their vasodilating properties. 
Since no information has been given on the more interesting and significant dopamin­
ergic activity, a structure-activity relationship qannot at present be established. 

D. Derivatives of Phenoxyacetic Acid 

A number of basic esters and amides of phenoxyacetic acid have been synthesized as 
plant growth regulators, but stand out, among other things, as local anesthetics 
(THUILLIER and RUMPF, 1960). From these beginnings meclofenoxate (centrophenox­
ine, ANP 235, EN 1627) (22, Fig. 8) was developed as a central nervous system stim­
ulant and tested in cerebrovascular insufficiency (MEIER, 1973; HOYER, 1979; NANDY, 
1979). But the extent to which 2-( dimethylamino )ethanol (deanol) (25 a, Fig. 9), one 
of its components easily split off in biologic systems and claimed to be active in senile 
dementia (FERRIS et aI., 1977), can be held responsible for the activity ofmeclofenox­
ate (22, Fig. 8) is a question which remains open. This hypothesis receives support 
from investigations on cyprodenate (LB 125, Rd 406) (26, Fig. 10), (V ALETTE, 1968), 
which has also been successfully tested in gerontopsychiatry (BERGENER and FRE­
ISTEIN, 1972) and has been demonstrated to rapidly release 2-(dimethylamino)ethanol 
via hydrolysis (DORMARD et aI., 1975a, b). 
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-o~ Cl _ OCH2COOCH2CH2N(CH3h 

(22) 

(4-Chlorophenoxy) acetic acid 
2-(dimethylamino) ethyl ester, 
Meclofenoxate, Centrophenoxine, 
ANP 235, EN 1627 

1-( 4-Chlorophenoxy) acetyl-l­
(3,4-methy lendio xy benzyl) piperazine, 
Fipexide 

Fig.8. Derivatives of phenoxyacetic acids 

H. HAUTH 

2-( 4-n-Butoxyphenoxy)-N -(2,5-
diethoxyphenyl)-N-[2-(diethyl­
amino) ethyl) acetamide, Fenoxe­
dil, ANP 3548 

The transition from esters to more stable amides has led to the development of 
other compounds with vasodilatory activity (THUILLIER et aI., 1975). Fenoxedil (ANP 
3548) (23, Fig. 8), a member of this group, seems to induce cerebral vasodilation by 
vasculotropic and metabolic actions (BESSIN et aI., 1975; LEVY et aI., 1975). No metab­
olites have been identified in biopharmaceutical investigations (DORMARD et aI., 
1975c). 

For the sake of completeness, fipexide (24, Fig.8) should be mentioned, a 
piperazinamide structurally related to meclofenoxate and piribedil (BUZAS and PIER­
RE, 1970), which has apparently shown various clinical effects (SOULAIRAC, 1975). 

(25) 

(25a) : 2-(Dimethylamino) ethanol, 
Deanol 
R = R = CH3 

(25b) : 2-(Diethylamino) ethanol 
R= R=C2Hs 

Fig. 9. Derivatives of 2-aminoethanol 

OCH2CH2COOCH2CH2N(CH3)2 

(26) 

2-(Dimethylamino) ethyl-
3-cyclohexylpropionate, 
Cyprodenate, LB 125, Rd 406 

Fig. 10. 2-(Dimethylamino)ethyl 
3-cyc1ohexylpropionate 

Within the framework of a broad-ranging derivation of this class of substances, 
the aryl group, the aliphatic chain, and the N-substituent have been varied, and the 
ether oxygen atom has been replaced by sulphur and nitrogen, all of these in both the 
ester- and amide-series (THUILLIER and RUMPF, 1960; THUILLIER et aI., 1963 a, b, 1975; 
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BRUNET et aI., 1967). The published pharmacologic results (THUILLIER, 1966) do not, 
however, allow the establishment of a structure-activity relationship in respect of 
neurotropic activity. 

E. Derivatives of Phenylethanolamine 

Among the countless phenylethanolamines of the ephedrine type, compounds may al­
so be found which have been clinically investigated for cerebrovascular effects by rea­
son of their peripheral vasodilatory activity. The starting point for the investigation 
of this series was the N-stubstituted norephedrine derivative nylidrin (buphenine) (27, 
Fig.l1) (SCHOEPF and KUNZ, 1953), which was selected from a group of three deriv­
atives and developed (KUELZ and SCHNEIDER, 1950) as far as clinical trial in patients 
with stroke and cerebral arteriosclerotic disturbances (PROBST and KEISER, 1969; 
GARETZ et aI., 1979). Replacement of the I-methyl-3-phenylpropyl substituent in ny­
lidrin by the I-methyl-3-phenoxyathyl group (MOED and VAN DUK, 1956) led to isox­
suprine (28, Fig. 11), which improves mental performance in cerebrovascular disease 

HO~CH-CH-NH-CH-CH2-CH2-Q' 
~II I -

OH CH3 CH3 

(27) 

4-HYdroxy-a-[I-[(I-methyl-3-
phenylpropyl) amino ]ethyl] 
benzenemethanol, Nylidrin, 
Buphenine 

OCH3 

0, CH-CH-NH-CH2-CH2-C ~ 
_II ~ 

OH CH3 

(29) 
3-[(2-Hydroxy-l-methyl-2-
phenylethyl) amino ]-1-(3-
methoxyphenyl)-I-propanone, 
Oxyfedrine, D 563 

(31) 

4-(1-Methylethyl) thiophenyl-a-[ 1-
(octylamino) ethyl] benzenemethanol, 
Suloctidil, CP 556S 

Fig.H. Derivatives of phenylethanolamine 

Hn ~CH-CH-NH-CH-CH2-0-Q' 
~-II I -

OH CH3 CH3 

(28) 
4-Hydroxy-a-[1-[(1-methyl-2-
phenoxyethyl) amino] ethyl] 
benzenemethanol, Isoxsuprine 

w~ r'\ CH-CH-OCH2-Q' ~rl I _ 
OH CH3 

(30) 

a-( 4-Hydroxyphenyl)-(3-methy 1-
4-(phenylmethyl)-I-piperidine 
ethanol, Ifenprodil, RC 61-91 

S 

O!-Z-NH-CH'-CH~~ 
-H6~H3 b 

S 
(32) 

(+ )-(R)-a-[(S)-1 [(3,3-bis(3-

thienyl)-2-propenylamino] ethyl} 
benzene methanol, Tinofedrine, 
D 8955 
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(TEUBNER, 1972; GUYER, 1978). For both nylidrin (VAN DIJK et aI., 1963) and isoxsu­
prine (VAN DIJK et aI., 1965), the enantiomers and diastereomers were prepared and 
the absolute configurations determined. Their vasodilatory activity seems to be as­
sociated with the erythro-configuration, the antipodes being distinguishable in respect 
of their p-stimulating and a-blocking activities (VAN DIJK and MOED, 1961; CLAASSEN, 
1961). Some few derivatives, in which the substitution on the phenyl nucleus, at nitro­
gen, and in the aliphatic chain were varied, were tested for vascular activity (ARIENS 
et aI., 1963; W AELEN et aI., 1964; STANTON et aI., 1965). 

If the phenyl group in nylidrin is replaced by a benzoyl group, one obtains car­
dioactive p-aminoketones (TmELE et aI., 1966) out of which oxyfedrine (D 563) (29, 
Fig. 11) has been developed (TmELE et aI., 1968). The full activity of oxyfedrine resides 
in the L-form (HUELLER et aI., 1972). Compounds derived from nylidrin by including 
the N-atom into a piperidine ring have been tested for vasodilation, a-blockade, and 
spasmolytic activity (CARRON et aI., 1971). Of ten derivatives in which above all the 
ephedrine moiety was varied, ifenprodil (R 61-91) (30, Fig. 11) was selected for de­
velopment of the basis of direct comparison with isoxsuprine and tested in cerebral 
insufficiency (MONTAUT et aI., 1974). Replacement of the N-aryl substituent by an ali­
phatic chain (Buu-HOI et aI., 1971) yielded the spasmolytic active suloctidil (CP 556 
S) (31, Fig. 11) (ROBA et aI., 1977), which has also been tested in cerebral insufficiency 
(VAN SCHEPDAEL, 1977; JACQUY and NOEL, 1977). If the aryl-alkyl chain in nylidrin 
is replaced by a diaryl-alkyl chain, compounds which increase coronary blood flow 
are obtained (THIELE et aI., 1969). Some of these substances, especially thienyl-deriv­
atives, also seem to have interesting activities in cerebral blood flow and brain-metab­
olism (THIELE et aI., 1980a). The 1( + )-form of the unsaturated dithienyl-derivative 
tinofedrine (D 8955) (32, Fig. 11), synthesized from I-norephedrine (THIELE et aI., 
1978, 1980b; SAUS and POSSELT, 1980), has influenced cerebral blood flow in pharma­
cologic testing (THIEMER et aI., 1978) and cerebral energy metabolism (OBERMEIER et 
aI., 1978 a). Some effects of tinofedrine on the EEG of healthy volunteers (SPEHR, 
1978) and its influence on blood parameters in patients with cerebral insufficiency 
(LECHNER and OTT, 1978) have been demonstrated. The metabolism oftinofedrine in 
rats and dogs occurs principally via conjugation, but traces of norephedrine could also 
be found (OBERMEIER et aI., 1978 b). 

Up-till-now, the derivatives of phenylethanolamines have mainly been tested on 
their peripheral vasodilatory activity. Therefore no real structure-activity-relationship 
with respect to the activity in cerebral insufficiency can be established (TmELE et aI., 
1980a). 

F. Derivatives of Vitamin B6 

Studies of vitamin B 6 (pyridoxine) (33 a, Fig. 12) have led to the synthesis ofpyritinol 
(pyrithioxin) (34, Fig. 12), which is a double molecule of pyridoxine linked via a disul­
phide bridge (ZIMA and SCHORRE, 1961; PETROVA and BELUSOVA, 1962; KURODA, 
1964). Because of its effects on the central nervous system (HOTOVY et aI., 1964), 
pyritinol has been tested for its effects on cerebral blood flow and glucose metabolism 
in patiens with senile dementia (COOPER and MAGNUS, 1980). In order to improve ab­
sorption and length of action, various mono-, di-, and tetraesters have been synthe-
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sized and tested with some success (KITAO et aI., 1977), 29 mono- and dimeric pyri­
doxine derivatives, mainly substituted in position 4, have also been subjected to phar­
macologic screening (KRAFT et aI., 1961). But these investigations of central analgetic 
effects and the effects on the central nervous system afford very little insight into the 
relationship between pyridoxine derivatives and gerontopsychiatric agents. 

CH2R "rr'R' CH3 ~ 
(33) 

(33a) : 5-Hydroxy-6-methyl-3,4-pyridinedimethanol, 
Pyridoxine, Vitamine B6 
R=R=OH 

(33b) : 3-Hydroxy-2-methyl-5-methylthiomethyl-4-pyridinemethanol, 
EMD 17'246 
R = OH, R'= SCH3 

(33c) : 3-Hydroxy-2-methyl-5-methylsulfmylmethyl-4-pyridine­
methanol 
R = OH, R'= SOCH3 

(33d) : 4-Ethylaminomethyl-2-methyl-5-methylthiomethyl-3-
pyridinol, EMD 21' 657 
R= NHC2Hs, R'= SCH3 

(33e) : (5-Hydroxy-4-hydroxymethyl-6-methyl-3-pyridinemethyl)-
2-(dimethylamino) ethyl succinate, Pyrisuccideanol 
R = OH, R'= OCOCH2CH2COOCH2CH2N(CH3h 

CH20H CH20H 

. H~CH2-S-S-CH2~H 
CH3ANJ ~NJlcH3 

(34) 

3,3-(Dithiodimethylene) bis 
[5-hydroxy-6-methyl-4-
pyridinemethanol], 
Pyritinol, Pyrithioxin 

Fig. 12. Derivatives of vitamin B 6 

crCH20H 

~ I 
N 

(35) 

3-Pyridinemethanol, 
f3-Pyridylcarbinol, 
Nicotinyl alcohol 

Pyritinol is completely metabolized in the rat, whereby the major excretory prod­
ucts are 3-hydroxy-2-methyl-5-methylthiomethyl- and 5-methylsulfinylmethyl-4-
pyridine-methanol (33 b, 33c, Fig. 12) (NOWAK and SCHORRE, 1969). 3-Hydroxy-2-
methyl-5-methylthiomethyl-4-pyridinemethanol (EMD 17'246) (33b, Fig. 12) has 
been investigated in respect of acute alcohol intoxication in rats (HILLBOM et aI., 
1973). On the basis of clinical studies, the 4-ethylaminomethyl derivative EMD 21 '657 
(33 d, Fig. 12) (SAIKO and KLUG, 1976) has been stated to have pronounced nootropic 
effects (SALETU et aI., 1978 a, b). In judging derivatives of vitamin B 6 one should, 
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however, note that nicotinyl alcohol (35, Fig. 12) (JONES and KORNFELD, 1951) has al­
so been shown to have positive effects on patients with decreased cerebral blood flow 
(CORNU, 1969). It is by no means clear whether the actions (HUGELIN et aI., 1972; DE­
VIC, 1973) of pyrisuccideanol (33 e, Fig. 12) (ESANU, 1973) should be ascribed to the 
compound itself or to the two individual components pyridoxine and 2-( dimethylami­
no )ethanol (25 a, Fig. 9). 

G. Derivatives of Xanthine 
There has always been considerable interest in xanthines because of their actions as 
central nervous system stimulants, and on the cardiovascular system and the bronchi; 
a multitude of xanthine derivatives are on the market (RITCHIE, 1975). Attempts have 
been made to influence their absorption, metabolism, and distribution, by substitu­
tion mainly in positions 1 and 7. These variations yielded I-hexyl-3,7-dimethylxan­
thine (pentifylline, SK 7) (36 a, Fig. 13) (EIDEBENZ and SCHUH, 1952; SERCIDE, 1964), 

R'NJy~ 
O~&jLN 

I 
CH3 

(36) 

(36a) : I-Hexyl-3,7-dimethyl­
xanthine, Pentifylline, SK7 
R = (CH2hCH3 

(36b) : 1-(S-Oxohexyl)-3,7-
dimethylxanthine, Pentoxi­
fylline, BL 191 
R = (CH2)4COCH3 

Fig. 13. Derivatives of xanthine 

(37) 

7-[2-Hydroxy-3-[N(2-hydroxy­
ethyl) methylamino] propyl] 
theophylline, Xanthinol 

which influences the brain metabolism ofrats (PORSCHE and STEFANOVICH, 1979) and 
which has been developed as the nicotinate Cosaldon (RAMos et aI., 1965). Investi­
gations of the metabolic fate ofpentifylline (MOHLER et aI., 1966a, b) have revealed 
3,7-dimethyl-l-(5-oxohexyl)-xanthine (pentoxifylline, BL 191) (36b, Fig. 13) (MOH­
LER and SoEDER, 1971), which was initally developed as a peripheral vasodilator 
(POPENDIKER et aI., 1971) and later tested for its effects on disturbances of cerebral 
blood flow (THEIS et aI., 1978; HARWART, 1979). Xanthinol (37, Fig. 13) (BESTIAN, 
1961) also belongs to this class of compounds and was tested as the nicotinate (xan­
thinol niacinate) for treatment of cerebral insufficiency (BARTOLI et aI., 1977). Further 
derivatives were, however, compared with xanthinol niacinate for their hypotensive 
effects (GOI et aI., 1973). In a further investigation, the effect of alkyl substitution of 
xanthines was tested, among other things, for its effect on spasmolytic and vasodilator 
activities (SERCID, 1964). 
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H. Miscellaneous Compounds 
Bencyclane (38, Fig. 14) was developed from a series of basic cycloalkyl ethers (PAL­

LOS, 1969; PALLOS et ai., 1972, 1974) because of its spasmolytic and tranquilizing ef­
fects (KOMLOS and PETOECZ, 1970; PALLOS et aI., 1974). Because of its effect on brain 
metabolism (HAPKE, 1973), bencyclane was subsequently tested, with conflicting re­
sults, for its effect in increasing cerebral blood flow in man (HAUTH and RICHARDSON, 

1977). The attempt has been made to find a relationship between structure and spas­
molytic, peripheral vasodilatory, tranquilizing, and local anesthetic effects (PALLOS et 
ai., 1974), but no indications in respect of the possible development of a gerontopsy-

CXH'-o 
OCH2CH2CH2N(CH3h 

(38) 

4CAo 
I 
CH2CONH2 

(39) 

Q ~N CH 2CH2NHCH3 

(40) 

(41) 

(43) 

Fig. 14. Structure of miscellaneous compounds 

3-[(1-Benzylcyc1oheptyl) oxy]­
N,N-dimethylpropylamine, Bencyclane 

2-0xo-l-pyrrolidineacetamide, 
Piracetam, UCB 6215 

2-[2-(Methylamino) ethyl] pyridine, 
Betahistine 

N,N-Diethyl-3-(1-phenylpropyl)-1,2,4-
oxadiazol-5-ethanamin, Proxazole, 
Proxazoline, PZ 17' I 05 

3,3,5-Trimethylcyclohexyl-a-hydroxy­
benzeneacetat, Cyclandelate, BS 572 

Tetrahydro-a-( I-naphthalenylmethyl)-
2-furanpropionic acid 
2-(diethylamino) ethyl ester, 
Nafronyl, Naftidrofuryl, LS 121 



424 H. HAUTH 

chiatric agent can be gained from the fragmentary information given nor do metabolic 
studies provide clues (KIMURA et aI., 1979; ONO and KATSUBE, 1979). 

Piracetam (UCB 6215) (39, Fig. 14), a pyrrolidine derivative structurally related 
to y-aminobutyric acid (GABA), has been known as a chemical compound for a long 
time (LEUCHS and MOEBIS, 1909), but has only recently been recognized to be both 
pharmacologically and clinically interesting (GIURGEA, 1976; GIURGEA and SALAMA, 
1977), but with conflicting results (LLOYD-EvANS et aI., 1979). Metabolic studies indi­
cate that the substance is excreted unchanged (GoBERT, 1972). Derivatives have been 
registered in many patent applications. So far only ofISF-2522, the 4-hydroxy deriv­
ative of piracetam (39), some clinical investigations has been reported (lTIL et aI., 
1979). Investigations which might give insight into a structur-activity relationship 
have not yet been published, which is not surprising in view of the special problems 
associated with nootropic substances. 

Betahistine (40, Fig. 14), a histamine-like pyridine derivatives, has also been 
known for a long time (WALTER et aI., 1941). Its pharmacologic actions are similar 
to those of histamine. Because of ist activity in increasing cerebral blood flow, beta­
histine is clinically used in patients with cerebrovascular insufficiency (HAUTH and 
RICHARDSON, 1977). 

Of a large series of 1,2,4-oxadiazoles (PALAZZO et aI., 1961), proxazole (proxazo­
line, AF 634, PZ 17'105) (41, Fig. 14) was developed (SILVESTRINI andPozzATI, 1963). 
Proxazole, papaverine-like in pharmacologic action, increases cerebral blood flow 
and improves the symptoms of cerebrovascular insufficiency (ESPOSITO and DE GRE­
GORIO, 1974). In pharmacologic tests both enantiomers, prepared by optical resolu­
tion, have shown properties very similar to those of the racemic proxazole (DE FEO 
et aI., 1971). 

Salts and esters of mandelic acid are known to be of spasmolytic activity. Simple 
derivations (BROCK et aI., 1952) have led to cyclandelate (BS 572) (42, Fig. 14), the 
mandelic acid ester of 3,3,5-trimethylcyclohexanol (FUNCKE et aI., 1953). On the basis 
of its effects on the peripheral circulation (BIJLSMA et aI., 1956), clinical studies for ce­
rebrovascular action in geriatric patients have been made, but with variable results 
(HAum and RICHARDSON, 1977; RAo et aI., 1977). 

Because of their spasmolytic activity, derivatives of naphthalene alkylcarboxylic 
acids have been synthesized (FONTAINE et aI., 1965, 1968; SZARVASI et aI., 1966, 1967). 
Of these compounds, naftidrofuryl (nafronyl, LS 121) (43, Fig. 14), an ester of 2-
(diethylamino)ethanol (25b, Fig. 9), has been developed as a vasodilator (FONTAINE 
et aI., 1968). Naftidrofuryl, for which a cerebral metabolic stimulant activity has been 
demonstrated (MEYNAUD et aI., 1975), has been tested in patients with cerebral ar­
teriosclerosis (BouvmR et aI., 1974; GERIN, 1974). Similar to the case of the aforemen­
tioned meclofenoxate (22, Fig. 8), cyprodenate (26, Fig. 9) and pyrisuccideanol (33 e, 
Fig. 12), the 2-(diethylamino)ethanol (25b, Fig. 9) may be the active compound. The 
studies on the metabolism of naftidrofuryl are not incompatible with this hypothesis 
(FONTAINE et aI., 1969). 

I. Conclusions 
The substance which have been discussed are for the most part peripheral vasodilators 
which have been tested for cerebral vasodilation in geriatric patients. As no geronto­
psychotherapeutic agent has been developed specifically for that purpose it has not 
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yet been possible to establish a plausible structure-activity relationship for this indi­
cation. Compounds containing pyridine derivatives, e.g., nicotinic acid and nicotinyl 
alcohol, or 2-( dimethylamino )ethanol may be an exception. Against this background, 
it is understandable that lines of approach to the planned development of new com­
pounds can only be extracted from the present body of knowledge with difficulty. Re­
cently, however, serious attempts have been made to clarify the mode of action of such 
agents in the central nervous system, with the work on co-dergocrine leading the way. 
Ever-growing knowledge of the age-associated changes in brain and their therapy with 
gerontopsychotherapeutic agents has increased the chances of a relevant pharmaco­
logic model being found; the efforts to isolate receptors belong in this area. Only when 
testing methods which are relevant to the effects on the central nervous system are rig­
orously applied will it become possible to describe and exploit sensible structure-ac­
tivity relationships for gerontopsychotherapeutic agents. 
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CHAPTER 10 

Pharmacologic Approaches to Gerontopsychiatry 

D. M. LOEW and J. M. VIGOURET 

The increase in the number of aged individuals requiring medical treatment has re­
sulted in a new speciality, geriatric medicine. In particular, today's physicians are in­
creasingly confronted with patients presenting psychological and psychiatric prob­
lems. Some of these problems may appear independent of age but may present a par­
ticular symptomatology relating to the life situation, to the physical health condition, 
and to the socioeconomic status of the aged patient. Other conditions are considered 
to be not only frequent but typical in the older patient population. 

A. Gerontopsychopharmacologic Agents 

The pharmacologic treatment of psychological disorders in the elderly patient often 
involves the administration of psychotropic drugs such as anxiolytics, antide­
pressants, and neuroleptics which were originally developed for a younger population 
(EpSTEIN, 1978). In addition, hypnotics and analgesics are frequently prescribed. 
PRIEN et al. (1975) surveyed prescriptions in 12 Veteran's Administration hospitals in 
the United States and reported that 55% of elderly veteran inpatients received at least 
one psychotropic medication. However, the prescription of psychotropic drugs in 
aged individuals requires particular attention as absorption, distribution, excretion, 
and tolerance in senescent patients may be different from those of younger individuals 
or modified by concomitant physical disease (FRIEDEL, 1978). 

In contrast to classic psychotropic drugs, gerontopsychopharmacologic agents are 
drugs with specific effects on the central nervous system that suggest they would be 
of particular value in the treatment of behavioral and mental disturbances often oc­
curring in old people. The efficacy of existing agents is limited to symptomatic treat­
ment. No preventive treatment that would delay the onset or the development of 
senescence is yet known (KANOWSKI, 1978). 

Gerontopsychopharmaco10gic agents (Table 1) have been developed from plants 
(derivatives of ergot, vincamine, and xanthine) and from synthetic chemicals (e.g., 
piperazine, phenoxyacetic acid, and phenylethanolamine). Most of these agents have 
found their way into gerontopsychiatry based on some defined pharmacologic action 
(Table 2). Typically, vasodilation in animal experiments is given as their main phar­
macologic action indicative of therapeutic efficacy. Increasingly, actions on brain me­
tabolism are emphasized and other neuropharmacologic actions claimed to relate to 
a gerontopsychiatric use include effects on neurotransmission (e.g., co-dergocrine me­
sylate, deanol, piribedil) or a particular psychostimulant effect (fipexide, pemoline). 
Thus, there is no cohesive concept governing the pharmacologic basis of the therapeu­
tic use of gerontopsychopharmacologic agents. 
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Table 1. Groups of gerontopsychophannacologic agents 
according to chemical structure. 

1. Alkaloids 
Ergot-derivatives: Co-dergocrine mesylate Nicergoline 
Papaverine 
Vincamine derivatives 

2. X anthines 
Pentifylline 
Pentoxifylline 
Xanthinol 

3. Piperazines 
Cinnarizine 
Flunarizine 
Piribedil 

4. Phenoxyacetic acid derivatives 
Fenoxedil 
Fexicaine 
Meclofenoxate 

5. Phenylethanolamines 
Isoxsuprine 
Nylidrin 
Oxyfedrine 
Tinofedrine 

6. Miscellaneous 
Bencyclane 
Betahistine 
Cyclandelate 
Naftidrofuryl 
Piracetam 
Pyritinol 

Most recent reviews on psychogerontopharmacology concentrate on clinical as­
pects of the subject. KANOWSKI (1978) in introducing a symposium at the 10th Con­
gress of the Collegium Internationale Neuropsychopharmacologicum in Quebec, Ca­
nada, pointed out that the theoretical ideas are still on a high level of abstraction and 
offer few concrete possibilities for psychopharmacologic research and development. 
EISDORFER (1973) recognized the value of existing drugs in the treatment of behavioral 
and affective disorders in the aged, but emphasized the need for a more efficacious 
pharmacotherapy of intellectual and cognitive alterations. Similar conclusions were 
reached by other authors reviewing clinical gerontopsychopharmacology (BAN, 1977; 
COLE and BRANCONNIER, 1978; FANN and WHELESS, 1976; LEMPERIERE, 1978; PETRIE 
and BAN, 1978; SATHANANTHAN et aI., 1977; YESAVAGE et aI., 1979). The only reviews 
that pay particular attention to chemical and pharmacologic aspects are those by 
HAUTH and RICHARDSON (1977) and by HORITA (1978). 

B. Gerontopsychiatric Patients 
For didactic reasons, PRIEN and COLE (1978) divided the mental alterations of old age 
into two categories: the organic brain syndrome, which results from alterations of 
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Table 2. Presumed primary actions of gerontopsychopharmacologic agents 

1. Actions on brain vasculature 
Bencyc1ane 
Betahistine 
Cinnarizine 
Cyc1andelate 
Fenoxedil 
Flunarizine 
Isoxsuprine 
Naftidrofuryl 
Isonitol nicotinate 
Nicotinyl alcohol 
Nylidrine 
Papaverine 
Pentoxifylline 
Proxazole 
Suloctidil 
Vincamine 
Vinpocetin 
Viquidil 
Xanthinol 

2. Actions on brain metabolism 
Citicoline 
Co-dergocrine mesylate 
Cyprodenate 
Mec1ofenoxate 
Nicergoline 
Pyritinol 

3. Other actions 
Co-dergocrine mesylate 
Deanol 
Fipexide 
Pemoline 
Piracetam 
Piribedil 

Ref. 

KOMLOS and PETOcz (1970); KUKOVETZ (1975) 
SEIPEL and FLOAM (1975) 
VAN NUETEN (1969), GODFRAIND and KABA (1969) 
BULSMA et al. (1956), RAo et al. (1977) 
BESSIN et al. (1975) 
GoDFRAIND (1977), VAN NUETEN and JANSSEN (1973) 
TEUBNER (1972) 
FONTAINE et al. (1968), BRANCONNIER and CoLE (1978) 
ROSNER (1973) 
HEYCK (1962) 
EISENBERG (1960), LAWSON and MANLEY (1971) 
DUVOISIN (1975), (jyGAXetal. (1978), HDNERMANN et aI. (1975) 
KOMAREK and KARTHEUSER (1977), POPENDIKER (1971) 
HEISS et al. (1973) 
GoDFRAIND (1976) 
KNOLL and FEKETE (1976), SZPORNY (1976) 
KARPATI and SZPORNY (1976) 
DE V AWlS (1973), HUHNERMANN et al. (1973) 
BARTOLI et al. (1977) 

Y ASUHARA and NAITO (1974), KASE et al. (1974) 
MEIER-RuGE et al. (1975), VENN (1978) 
GENEVIEVE (1970) 
MEIER (1973), NANDY and LAL (1978) 
BENZI (1975) 
HOTOVY et al. (1964), HOYER et al. (1977) 

LoEW et aI. (1979a), BiiRKI et al. (1978) 
RE (1974), FERRIS et al. (1977) 
SoULAIRAC (1975) 
PLOTNIKOFF (1970), GLASKY and SIMON (1966) 
GIURGEA (1976), GOBERT (1972) 
CORRODI et al. (1972), SCHOLING and CLAUSEN (1975) 

brain cell function, and the so-called functional alterations, which have no known or­
ganic origin. The organic brain syndrome comprises impairment in orientation, mem­
ory, intellectual functions, comprehension, problem solving, learning, and judgment 
as well as lability and shallowness of affect. Functional alterations involve personality 
disorders, chronic neurotic reactions, depressions, and schizophrenia. 

In contrast to a commonly held belief that progressive decline of emotional and 
cognitive function in the aged is related to vascular disease, WELLS (1978) found this 
to be the case in only 17 of 222 fully evaluated cases of organic brain syndrome 
(Table 3). TOMLINSON et al. (1970) performed autopsies on demented elderly patients 
and found that Alzheimer-type changes accounted for 50% of the cases, whereas 
changes due to arteriosclerosis accounted definitely for only 12%, and probably for 
an additional 6%. Thus it would appear that even if reductions in cerebral blood flow 
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Table 3. Diagnoses in organic brain 
syndrome (After WELLS, 1978). 

Diagnosis % 

Atrophy of unknown causes, 51 
possibly Alzheimer type 

Vascular disease 8 
Normal pressure hydrocephalus 6 
Dementia in alcoholics 6 
Intracranial masses 5 
Huntington's chorea 5 
Depression 4 
Drug toxicity 3 
Dementia (uncertain) 3 
Other 9 

do correlate with a failing mental performance in the elderly, the etiologic role of an 
overall vascular failure should not be overemphasized (HACHINSKI et aI., 1976; DE­
KONINCK et aI., 1977). 

The above-mentioned functional disorders are not exclusively found in old age. 
Depression, which occurs very frequently in elderly patients, presents a different 
symptomatology to that seen in younger patients. According to EpSTEIN (1976) and 
ROTH (1955) about 50% of older patients admitted to mental hospitals exhibit a type 
of depression that is characterized more by a preponderance of somatic complaints, 
apathy, and withdrawal than by overt changes in mood (BIRKMAYER et aI., 1973; 
SALZMAN et aI., 1975). The same appears to hold true for ambulatory geriatric patients 
(SMITH et aI., 1977). In addition, some individuals suffering from organic brain syn­
drome may respond to their mental deterioration with depression, agitation, or per­
secutory reactions. Severe forms of depression might even imitate the full picture of 
dementia ("pseudodementia," POST, 1975). 

c. Current Theories of Aging 

The numerous hypotheses on the aging process can be conveniently grouped accord­
ing to the causative mechanisms. Exogenous and endogenous causes have been pro­
posed. It should be borne in mind that studies of aging that entail singling out a par­
ticular level of organization cannot furnish an integral view of the problem, and the 
conclusions thereby reached must be regarded as possible contributions to the ex­
planation of the aging process and not as possible explanations of the whole process. 

I. Exogenous Causes 

The stagnation in adult life expectancy in the industrialized countries in recent years 
has given prominence to the role of social factors in aging. The stress of daily life, so­
ciocultural obligations, and taboos, and the failure to live according to the "biological 
clock" are claimed to increase sympathetic and endocrine tone which are capable of 
activating oxidative metabolism and simultaneously rendering certain areas hypox-
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ernie. It Is conceivable that the increased formation of free radicals and the rupture 
of lysosomes are capable of accelerating the aging processes (LABORIT, 1975). The 
abuse of tobacco, alcohol, and other drugs; the consumption of adulterated food­
stuffs; the exposure to environmental pollution, especially air and water pollution; 
and ionising radiation may also contribute to more rapid aging and hence to a reduc­
tion in life span (SACHER, 1956; KENT, 1976; NOEL, 1975). 

II. Endogenous Causes 

For a long time, aging was thought to be due to the complexity of the organisms as 
opposed to single cells. It was believed that if cells were isolated and correctly culti­
vated they could be immortal. This hypothesis was discarded after HAYFLICK (1961) 
demonstrated that cultures of human fibroblasts underwent a limited number of di­
visions, became senescent, and died. This phenomenon may be compared with the loss 
of weight of the aging brain, associated with anatomic changes (BOWEN and DAVISON, 
1976). These findings were supported by results in the mouse whieh revealed a loss 
of neurons with age (JOHNSON and FERNER, 1972). By contrast, the number of glia cells 
was shown to increase with age in rats (VAUGHAN and PETERS, 1974). In man, the num­
ber of neurons and cerebral synapses appears to remain unchanged with increasing 
age (PRESTIGE, 1974; CRAGG, 1975). This observation questions the hypothesis ad­
vanced by BRODY (1955) that the loss of brain weight was due to a reduction in the 
number of nerve cells. In fact, MONAGLE and BRODY (1974) have shown that the num­
ber of nerve cells remains constant with increasing age, and thus the loss of brain 
weight could be due to a reduction in extracellular space (BONDAREFF, 1964; TREFF, 
1974). Intraneuronal changes have also been observed, granulovascular degeneration 
(WISNIEWSKI and TERRY, 1973), lipofuscinosis (LAL et aI., 1973), the appearance of 
Alzheimer fibrils, and cytoplasmic changes in the astroglia (BOWE and DAVISON, 1976) 
appearing to be fairly characteristic. Nevertheless, none of these morphological stud­
ies in man and in laboratory animals has resulted in the identification of a specific fac­
tor which could be responsible for the aging process. 

The cross-linking theory (BUERGER, 1957; VERZAR, 1968) postulates the formation 
of intermolecular bridges under the influence of oxidizing agents, resulting in the for­
mation of intermolecular bridges at free radicals, especially between lipid chains. 
These cross-links between molecules are a characteristic change in the aging of col­
lagen (HARMAN, 1973), a process which leads to aging of all the connective tissues with 
deleterious consequences for the muscles, arteries, and serous membranes covering the 
viscera. 

Other investigators believe that aging may result from mutations (SACHER and 
TRUCCO, 1962; BURNET, 1974) and assume that lesions of desoxyribonucleie acid are 
not detected by the control mechanism inherent in desoxyribonucleie acid, so that the 
cell becomes deficient in certain enzymes. The most discussed present theory of aging 
is the error catastrophe theory (ORGEL, 1963; PRICE and MAKINODAN, 1973; COMFORT, 
1974; RYAN et aI., 1974), which postulates that catastrophic errors occur in the mech­
anism of protein synthesis and that the accumulation of these errors in the amino-acid 
sequence of the proteins results in the deterioration and death of the cell. This hypo­
thesis finds indirect support from the results of analyses that have shown a reduction 
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Fig.t. An integrative view relating cellular aging to the reaction of the organism to its environ­
ment (Modified after LABORIT, 1975) 

with age in various enzymes such as histone methylase (LEE and DUERRE, 1974), 
acetylcholin esterase (SAMORAJSKI, 1972, 1973; MEIER-RuGE, 1975), lactate dehydro­
genase (SINGH and KANUNGO, 1968), Pyrophosphatase (BURUIANA and HADARAG, 
1973), and NA + /K + ATPase (VELKOW, 1973). Based on a review of their own and 
other investigators' results of age-dependent changes in enzyme activities in human 
brain autoptic material, IWANGOFF et al. (1979) conclude that two systems are particu­
larly affected. On the one hand, the decline in the activity of enzymes of the glycolytic 
pathways results in a reduction in glycolytic capacity which, under conditions of 
stress, is critical for an adequate energy supply. On the other hand, the reduction in 
the activity of neurotransmitter metabolizing enzymes lessens the brains capacity for 
information processing. 

Recently, LABORIT (1975) has put forward an attractive hypothesis to relate cellu­
lar aging with the reaction of an organism to its environment (Fig. 1). Bearing in mind 
that the cyclic nucleotide adenines cyclic adenosine monophosphate (cAMP) and 
cyclic guanosine monophosphate (cGMP) are involved in the transcription of the ge­
nome (cAMP facilitates cellular differentiation and cGMP promotes cell division) and 
that the synthesis of these two nucleotides is controlled by adenylate cyclase, the ac­
tivity of which is governed by hormones and neurohormones, LABORIT believes that 
cell division and differentiation could be a response to a neuroendocrine reaction of 
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the organism to its environment. Through the mediation of cAMP, the sympatho­
adrenergic reaction blocks cell division and facilitates cell differentiation and, there­
fore, aging. It is likewise conceivable that this cellular change could affect neuro­
transmission and thus also acclerate the preceding reaction. 

D. Animal Models in Gerontopsycbopbarmacology 

I. Models Derived from Current Theories 

Most of the current theories on the causes of aging are not easily applicable to phar­
macological and therapeutic intervention. As seen from the evidence reviewed by 
GRANICH (1972), a direct application to drug intervention in aging is highly specula­
tive and lacks sufficient experimental foundation. However, a few examples may be 
mentioned which illustrate that exogenous factors can provide an approach to the 
study of drug effects on brain aging. NANDyand LAL (1978) have recently summarized 
their studies on cellular lipofuscin deposits and on learning deficits in aging mice sub­
jected to a vitamin-E-deficient diet, and they have reported that some gerontopsycho­
pharmacological agents may reduce lipofuscin pigments (NANDY and BOURNE, 1966; 
NANDY and SCHNEIDER, 1978a, b). As the prolonged administration of chlor­
promazine also reduces lipofuscin content in mouse brain cells, direct membrane ef­
fects have been inferred (SAMORAJSKI and ROLSTEN, 1976). Another model consists of 
exposing animals to alcohol for a period of 2-3 months, which produces morphologi­
cal alterations similar to those of aging (SAMORAJSKI et aI., 1977, 1978; SUN et aI., 
1978). In these animals, concomitant administration of co-dergocrine mesylate pre­
vented some of the physiologic and neurochemical changes caused by alcohol. 

IT. Models of Acute Brain Failure 

In models of brain failure, an acute breakdown of central nervous system function is 
created by means of external manipulation such as ischemia, hypothermia, or hypoxia 
(HOYER, 1978). As has been pointed out by MEIER-RUGE (1975), these experimental 
models are a caricature of the aging process, as they may possibly represent only one 
selected aspect claimed to be specific for brain aging which is elicited under the time 
pressure of a short-term experiment. In addition, the procedures used and the param­
eters evaluated are often based on pathophysiologic mechanisms considered to be in­
volved in acute breakdown of human brain function such as arterial hemorrhage or 
occlusion, and may therefore not reflect the insidious onset and slow progress found 
in senescence. It is true that an adequate oxygen supply and a sufficient macro- and 
micro-flow of brain circulation is critical for the maintenance of the high rate of brain 
metabolism and function. Cerebral oxygen consumption and blood flow have been 
shown to be reduced in old people with dementia (FREYAN et aI., 1951; LASSEN et aI., 
1957), in particular in the frontotemporal region (lNGVAR and GUSTAFSON, 1970; 
OBRIST et aI., 1970). However, in normal aging, cerebral blood supply, oxygen con­
sumption, and energy production are not necessarily impaired (SOKOLOFF, 1966; 
OLESEN, 1974; THOMPSON, 1976). 
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Numerous methods have been used to produce impairment of cerebral blood flow 
in animals (KOGURE et aI., 1975; GYGAX et aI., 1978), and typically cerebral vasodi­
lators such as papaverine, cyclandelate, and isoxsuprine have been investigated. The 
question remains whether mental deterioration in old age is related to a reduction in 
blood supply due to atherosclerosis (RoTH et aI., 1967) and whether drugs that induce 
vasodilation really do dilate those vessels which supply the affected part of the brain. 
As pointed out by LASSEN (1966, 1974), the local factors inducing vasodilation may 
already have induced maximal dilation, so that a vasodilator may either dilate healthy 
vessels outside the affected area or may cause an increased blood supply exceeding lo­
cal demands. 

Another model of acute brain failure relies on the assumption that brain aging is 
related to a reduced metabolic capacity (MEIER-RuGE, 1975; MEIER-RuGE et aI., 1975). 
Studies in isolated brain preparations (EMMENEGGER and MEIER-RuGE, 1968; BENZI 
et aI., 1972) and whole animals subjected to different types of manipulation such as 
hypothermia, oligemia, or ischemia (MEIER-RuGE et aI. 1975; GYGAX et aI., 1978) in­
dicate that ergot derivatives, in particular co-dergocrine mesylate and nicergoline, in­
crease the metabolic capacity of the brain under conditions of an acute impairment 
of brain metabolism (LoEW et aI., 1978). 

Acute hypoxia is another animal model frequently used in animals to induce 
failure of brain function. Various psychogerontologic drugs such as vincamine 
(KNOLL and FEKETE, 1976), piracetam (GIURGEA, 1976), and ergot derivatives (BOIS­
MARE et aI., 1978) have been shown either to prolong survival time or to restore func­
tional impairment due to hypoxia. As with the other models of acute brain failure, 
the question remains as to how well a protection against the noxious effects of acute 
hypoxia may predict the therapeutic efficacy of a gerontopsychopharmacologic agent. 

Ill. Models Derived from Impairment of Synaptic Transmission 

In contrast to the cited examples of acute brain failure, the interest in the effects of 
gerontopsychopharmacologic agents on synaptic neurotransmission stems from the 
fact that slowly progressing changes in neurotransmitter metabolism could correlate 
with the slow decline of mental function in the aged. An increasing body of evidence 
indicates that considerable changes in cerebral content of neurotransmitters and of 
the enzymes necessary for their metabolism are related to senescence (SAMORAJSKI, 
1977; DOMINO et aI., 1978; VIGOURET, 1978). MCGEER et al. (l971a) were the first to 
report a decrease in tyrosine hydroxylase in the striate nucleus of old rats and to sug­
gest alterations in brain catecholamine metabolism in aging. Subsequently, a slowing 
of the metabolism of catecholamines, serotonin, and acetylcholine in animals was de­
scribed by various authors (FINCH, 1973; SIMPKINS et aI., 1977; MEEK et aI., 1977; 
VERNADAKIS, 1975; MEIER-RUGE et aI., 1976). Similarly, a reduction ofneurotransmit­
ter metabolism was described in the human brain. Work of MCGEER et aI. (1971b, 
1976) and of LLOYD and Hornykiewicz (1972) indicates that aging is accompanied by 
a reduction in the activity of tyrosine hydroxylase, Dopa decarboxylase, choline 
acetylase, and acetylcholinesterase. In addition, the reported increase in monoamine 
oxidase activity suggests an enhanced transmitter breakdown (ROBINSON, 1975). In­
deed, the therapeutic effect of procaine hydrochloride has been attributed to its capac­
ity to inhibit monoamine oxidase (MACFARLANE, 1973, 1975). 
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Alterations of transmitter metabolism are particularly pronounced in brains of 
patients with senile dementia. Dopa decarboxylase activity is reduced by over 80% 
in paleostriatum, substantia nigra, and neostriatum. This amount of reduction in 
senile dementia is comparable to the changes reported in patients with Parkinson's 
disease. In addition, homovanillic acid and 5-hydroxyindoleacetic acid are lowered in 
certain parts of the brain, which suggests an additional impairment of dopaminergic 
and serotoninergic function (BOWEN and DAVISON, 1976; GOTTFRIES et aI., 1973, 
1974). Furthermore, the activities of choline acetylase, acetylcholinesterase and gluta­
mic acid decarboxylase are considerably depressed in brains of patients with a previ­
ous diagnosis of senile dementia (BOWEN and DAVISON, 1976; DAVIES and MALONEY, 
1976). 

Impairment of neurotransmission in the aged brain can provide models of phar­
macologic action of psycho geriatric agents. Precursors of neurotransmitters or agents 
imitating their effect have been investigated in old, mentally deteriorated patients. LE­
WIS et ai. (1978) have reported an improvement in their ratings of demented patients 
treated with L-dopa. Similarly, ETIENNE et ai. (1978) reported favorable results after 
administration of lecithin, the major dietary source of choline. Deanol, claimed to be 
a precursor of acetylcholine (ZAHNISER et aI., 1977), was reported by FERRIS et ai. 
(1977) to improve clinical ratings in patients with senile dementia. Isolated trials with 
bromocriptine, a dopamine agonist, have failed to give convincing evidence for a ben­
eficial effect in demented patients (HONTELA et aI., 1978; PHUAPRADIT et aI., 1978). 

Thus, the specific importance of one given neurotransmitter in aging of the human 
brain is not yet clear. It might be that in the normal aging brain and in senile dementia, 
different subgroups should be discerned according to deficiency of one particular 
transmitter. Alternately, as more than one transmitter is deficient, the ideal drug 
would have to act on several neurotransmitter systems. 

The effects of psychogeriatric drugs acting on brain monoaminergic systems can 
be investigated in the animal using standard pharmacologic procedures. More recent 
studies of ergot derivatives may serve as examples (BURKI et aI., 1978; CLEMENS and 
FULLER, 1978; LOEW et aI., 1979a; VIGOURET et aI., 1978). Co-dergocrine mesylate has 
been shown to imitate the effects of dopamine and serotonin at central synaptic recep­
tor sites (LOEW et aI., 1979a), and piribedil first found interest as a dopamine agonist 
(CORRODI et aI., 1972). In addition, recent studies (CLEMENS and FULLER, 1978; 
CLEMENS, 1979) indicate that in the rat, lergotrile partly corrects age-dependent 
changes in monoamine-dependent neuroendocrine function which was proposed ear­
lier to be a relevant indicator of central nervous system aging (FINCH, 1973; ASCHHEIM, 
1976). A similar mechanism may also be involved in the increased life-span of mice 
reported under administration of L-dopa (COTZIAS et aI., 1974, 1977). 

E. Three Examples of Gerontopsychopharmacologic Agents 

This section illustrates three typical approaches to the treatment of behavioral symp­
toms of gerontopsychiatric patients. The differences in the pharmacologic effects of 
the three agents chosen, vincamine, co-dergocrine mesylate, and piracetam, serve to 
underline the diversity of the present approaches to gerontopsychopharmacologic 
treatment. However, each of these agents has been found to offer some therapeutic 
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benefit to patients suffering from organic brain syndrome, no matter how different 
their pharmacologic actions in animal experiments may be. 

I. Vincamine 

The preparation of the various alkaloids contained in periwinkle has led to the isola­
tion ofvincamine (1), first achieved in 1950 by ZABOLOTNAJA (LE MEN, 1971). Vinca­
mine exerts its main pharmacodynamic actions on the circulatory system, in particular 

(1) 

Vincamine 

on cerebrovascular circulation (SZPORNY, 1976). Its therapeutic claims include the re­
lief of symptoms of organic brain syndrome and the treatment of the symptoms con­
secutive to stroke (WITZMANN and BLECHACZ, 1977). The typical daily therapeutic 
dose is 60 mg, orally. 

In anesthetized rats, the effect of a dose of2 mgjkg vincamine i.v. on arterial blood 
pressure develops in three phases. The first, a short-lasting drop in blood pressure due 
to a cholinergic effect, is followed by the second phase, an increase in blood pressure 
lasting 30 min, due to noradrenaline liberation. The third phase, starting after 40 min, 
consists of a long-lasting hypotension, probably related to noradrenaline depletion 
(SZPORNY and GOROO, 1962). At doses of 50 mgjkg s.c., vincamine depletes adrena­
line from the intestines and the suprarenal glands of the rat (GOROO and SZPORNY, 
1961). 

The principal activity of vincamine justifying its use in geriatric patients is its effect 
on cerebral blood flow reported in animals and humans (WITZMANN and BLECHACZ, 
1977). In anesthetized dogs, SZPORNY (1976) demonstrated a decrease in total periph­
eral resistance and of resistance in the internal carotid artery, as well as an increase 
in brain oxygen consumption, after doses of 0.1-4 mgjkg i.v. CARAVAGGI et al. (1977) 
reported an increase in flow in the femoral and vertebral arteries of the dog. Further­
more, after ligation of the vertebral arteries of the dog, RONDEAUX et al. (1972) showed 
an increase in cerebral blood flow using a rheoencephalographic method. CAHN and 
HEROLD (1972) found that vincamine increases cerebral blood flow and oxidative me­
tabolism in dogs made hypocapnic by hyperventilation. 

In monkeys (Papio papio) , ARFEL et al. (1974) and BRAILOWSKI et al. (1975) found 
that vincamine increases blood flow in the brain and induces behavioral and electro­
encephalographic signs of increased arousal. In the rat, QUADBECK (1975) reported a 
reduction of electroencephalographic recovery after hypoxia. Similarly, PERRAULT et 
al. (1976) described a shortening of recovery time in the cat electroencephalogram af­
ter the production of transient ischemia by occlusion of carotid and basilar artenes. 
All these effects are observed after parenteral (mostly intravenous) administration of 
about 5 mgjkg vincamine. 
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At doses of 15 mg/kg i.p., vincamine enhanced survival time of mice subjected to 
hypobaric hypoxia (LINEE et aI., 1977). In rats, 25 mg/kg i.p. appeared to partially re­
verse retrograde amnesia produced by hypobaric hypoxia (GoURET and RAYNAUD, 
1976). This result, however, was not confirmed in studies of LINEE et ai. (1977). 

The arousing effects of vinca mine, reported by ARFEL et ai. (1974) in the monkey, 
might also be responsible for alterations of the sleep-wakefulness cycle. In cats and 
rats, DEPOORTERE et ai. (1977) and DA COSTA et ai. (1977) have reported that vinca­
mine prolongs the duration of wakefulness at the expense of the sleep stages, in par­
enteral doses of 5-10 mg/kg. GLATT et ai. (1978), however, found in the cat that an 
oral dose of 1 mg/kg tended to prolong rapid eye movement sleep. 

Effects on brain monoamine metabolism have been reported only after high doses 
of vinca mine. A short-lasting decrease followed by an increase in noradrenaline con­
tent, a weak decrease of serotonin content, and a prevention of the effects of 
iproniazid were reported after parenteral doses of 50-100 mg/kg (GOROO and SZPOR­
NY, 1961, 1962). 

The primary action of vincamine, and a possible basis of its therapeutic effects in 
gerontopsychiatry, appears to be its well-documented ability to increase cerebral 
blood flow. Based on animal experiments, vincamine has also been suggested to influ­
ence brain metabolism which might be a consequence of its vascular effects. 

II. Co-Dergocrine Mesylate 

Co-dergocrine mesylate (Hydergine) is an ergot derivative and consists of a mixture 
of the methane sulfonates of dihydroergocornine, dihydroergocristine, dihydro-a-er­
gocryptine, and dihydro-p-ergocryptine in their natural ratio of 3:3:2: I (Fig. 2). The 

Dihydroergocristine Dihydroergocornine 

Dihydro-a-ergocryptine Dihydro-~-ergocryptine 

Fig.2. Co-dergocrine mesylate (Hydergine) 
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various pharmacologic effects of ergot derivatives, in particular on the central nervous 
system, have been reviewed recently (BERDE and SCHILD, 1978; LOEW et aI., 1978). 
Pharmacologic effects of co-dergocrine mesylate are seen on alpha-adrenoceptors, on 
serotonin and dopamine receptors, on the cardiovascular and central nervous sys­
tems, and on the uterus (BERDE et aI., 1980). In senile cerebral insufficiency, co-der­
gocrine mesylate at a daily dose of 3--4.5 mg p.o. reduces cognitive and emotional 
symptoms of organic brain syndrome (VENN, 1978; FANCHAMPS, 1979; MACDONALD, 
1980). Due to the multiple pharmacologic actions of co-dergocrine mesylate, the rela­
tionship between a pharmacologic effect and therapeutic efficacy is not fully establish­
ed (BERDE et aI., 1980). In the context of the present review, effects on brain metab­
olism, synaptic transmission, and behavior are discussed. 

1. Metabolic Effects 

Studies with co-dergocrine mesylate on cerebral blood flow, recently reviewed by 
LOEW et al. (1978), indicate that in animals with a normal cerebral blood flow, the ev­
idence that co-dergocrine mesylate increases total cerebral blood flow is equivocal. In 
a series of experiments in cats subjected to oligemic hypotension, GYGAX et al. (1975, 
1976, 1978) measured cortical microflow and electrical energy of the electroence­
phalogram recorded from brain cortex. These authors found that, in contrast to 
vasodilators such as papaverine, co-dergocrine mesylate did not restore impaired 
microflow, but did increase EEG power that had been reduced by hypotension and 
also normalized cortical tissue p02 distribution (WIERNSPERGER et aI., 1978). Thus, a 
metabolic effect was postulated which would result from an increased capacity of the 
neuron to maintain a functional steady state, even under conditions when its metabol­
ic tolerance is limited (MEIER-RuGE et aI., 1975). Under various conditions of im­
paired brain function including oligemic hypotension (GYGAX et aI., 1978), temporary 
ischemia (CERLETTI et aI., 1973; EMMENEGGER et aI., 1973; PERRAULT et aI., 1976; 
ROSSIGNOL et aI., 1972; BOULU, 1978), hypothermia (EMMENEGGER and MEIER-RuGE, 
1968; EMMENEGGER et aI., 1973), respiratory arrest (BALDY-MoULINIER and 
PASSOUANT, 1967), and hypercapnia (CAHN and BORZEIX, 1978), co-dergocrine mesy­
late increased the impaired electrical activity of the brain and, frequently, the supply 
of oxygen and energy-rich substrates to the brain cells. 

In normal rats fed with 3.1-6.2 mg/kg co-dergocrine mesylate daily over 2 years, 
the concentration of cAMP in cortex and cerebellum was found to be lowered (ENZ 
et aI., 1975). In addition, an antagonism of noradrenaline-stimulated cAMP produc­
tion was observed in rat cortex slices after treatment in vitro with lO-7 M co-dergo­
crine mesylate or after oral administration of 3 mg/kg per day for 3-6 weeks (MARK­
STEIN and WAGNER, 1978). This effect is possibly due to an IX-adrenoceptor blocking 
effect in the rat brain cortex. Furthermore, an inhibition of cAMP phosphodiesterase, 
in particular of the membrane-bound fraction, was reported at concentrations of 
lO-6_lO-5 M. This effect appeared to be specificfor the brain at lower concentrations 
(IWANGOFF and ENZ, 1973a, b; IWANGOFF et aI., 1975; ENZ et aI., 1978). In addition, 
maximal stimulation of cAMP-dependent protein kinase was abolished by co-dergo­
crine mesylate (REICHLMEIER and IWANGOFF, 1974). 
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Furthermore, activation of Na + jK + -adenosine triphosphatase, induced by nor­
adrenaline, was inhibited by 10 - 5 M co-dergocrine mesylate in cat brain homogenates 
(MEIER-RuGE et aI., 1975). 

Direct effects on brain cell metabolism in vitro were reported by SAJI et ai. (1978) 
and by NANDY and SCHNEIDER (1978a, b). In agreement with MEIER-RUGE and IWAN­
GOFF (1976), HOSONO (1975) concludes that co-dergocrine mesylate acts directly on 
brain cells and allows the maintenence of brain metabolism under various pathologic 
conditions. 

2. Synaptic Transmission 

The interactions of co-dergocrine mesylate with brain neurotransmitters have been re­
viewed recently by LOEW et ai. (l979a). At concentrations of 1-10 nM it displaces ra­
dioactive ligands from their specific binding sites in brain membranes in vitro and 
binds to receptors specific for noradrenaline and dopamine (GOLDSTEIN et ai. (1978), 
LOEW et aI., 1979a; VIGOURET et aI., 1979). On the other hand, co-dergocrine mesylate 
inhibited cAMP elevations induced by noradrenaline in rat cortex slices (MARKSTEIN 
and WAGNER, 1978) and by dopamine in rat striatal homogenates (SPANO and TRA­
BUCCHI, 1978). However, in the isolated rabbit retina, a stimulation of dopamine-sen­
sitive cAMP was reported (SCHORDERET, 1978). After the intraperitoneal administra­
tion of 3 mgjkg to rats, an increase in cAMP of the striatum was observed (POR­
TALEONE, 1978). 

In vivo, co-dergocrine mesylate reduced the content of 3,4-dihydroxyphenylacetic 
acid in the striate nucleus and that of 5-hydroxyindoleacetic acid in the cortex, and 
enhanced 4-hydroxy-3-methoxyphenylethylene sulfate (MOPEG-S04) in the brain­
stem of the rat (BiiRKI et aI., 1978; HOFMANN et aI., 1979; VIGOURETet aI., 1978). These 
effects suggest a stimulation of postsynaptic dopamine and serotonin receptors. The 
elevation of MOPEG-S04 is related either to a postsynaptic blockade of adrenocep­
tors or to a facilitation of release of endogenous noradrenaline. Although no effects 
on brain dopamine or serotonin levels were seen, the neurochemical effects of mor­
phine, haloperidol, and clozapine were antagonized (LOEW et aI., 1976). 

A number of functional studies support an effect on brain neurotransmission. Em­
esis observed in the dog (LOEW et aI., 1978), the induction of contralateral turning in 
the Ungerstedt rat, the antagonism of the antinociceptive effect of morphine in the 
rabbit (VIGOURET et aI., 1978), and a lowering of plasma prolactin levels in the rat 
(HOFMANN et aI., 1979) are supportive evidence for dopamine agonist effects of co­
dergocrine mesylate. In addition, like the dopamine agonists, L-Dopa, apomorphine, 
and bromocriptine, co-dergocrine mesylate partly reverses the behavioral changes in­
duced in the rat by acute hypoxia (JAGGI and LOEW, 1976). In contrast to dopamin­
ergic stimulants, no motor excitation in animals is observed. 

Co-dergocrine mesylate altered the sleep-wakefulness cycle of rats, as did 5-hy­
droxytryptophan (LOEW and SPIEGEL, 1976), and reduced the frequency of high vol­
tage potentials induced by reserpine in the pons, lateral geniculate body, and occipital 
cortex of the cat (DEPOORTERE et aI., 1975). As these so-called PGO-waves are under 
an inhibitory serotoninergic control (JOUVET, 1972), a reduction of their frequency is 
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indicative of a serotonin agonist effect. As with 5-hydroxytryptophan, the effects of 
co-dergocrine mesylate on PGO-waves in the cat can be reduced by methiothepin ad­
ministration, which is also consistent with an agonist effect at central serotonin recep­
tors (ZUGER et aI., 1978). 

3. Behavior 

Few behavioral effects have been reported in animals. Besides effects on rat behavior 
impaired by hypoxia (JAGGI and LOEw, 1976; BOISMARE et aI., 1978), an increased re­
sponsiveness to environmental stimuli was reported by VIGOURET et aI. (1978). In ad­
dition, experiments in rats acquiring reward-controlled behavior in a Lashley maze 
indicate that the effects of co-dergocrine mesylate on cognitive behavior may be dis­
sociated from its action on motor function (LoEw et aI., 1979b; JATON et aI., 1979). 
At doses of 1-3 mg/kg s.c., administered once a day over 4 days of acquisition, co­
dergocrine mesylate reduced the number of errors committed. This effect was inde­
pendent of alterations in motor performance. 

The results reviewed indicate that the pharmacologic basis of the therapeutic effect 
of co-dergocrine mesylate in gerontopsychiatry is probably its effects on brain cell me­
tabolism and on brain synaptic transmission. An increase of cerebral blood flow has 
not been unequivocally demonstrated in acute animal experiments, but may occur as 
a secondary effect. 

ITI. Piracetam 
Piracetam is a derivative of y-amino butyric acid and is considered to be the first rep­
resentative of a new group of psychotropic drugs, a nootropic agent (GIURGEA, 1972, 
1976). A characteristic of nootropic drugs should be a selective action on integrative 
functions of the central nervous system, in particular on intellectual performance, 
learning capacity, and memory. Piracetam is given in an oral or parenteral daily dose 
of up to 10 g, which is the highest dosage of any gerontopsychiatric agent known. The 
therapeutic claims include organic brain syndrome and sequelae of acute head injury 
(STEGINK, 1972; DENCKER and LINDBERG, 1977; RICHARDSON and BEREEN, 1977). 
Pharmacologic actions of piracetam are seen in neurophysiologic, metabolic, and be­
havioral investigations (2). 

1. Neurophysiologic Effects 

~O 
I I 

CH2-CONH2 

(2) 

2-oxo-1-pyrrolidine acetamide 
Piracetam, UCB 6215 

The first recorded central effect of piracetam was a block of nystagmus provoked by 
electrical stimulation of the lateral geniculate body of the rabbit, observed after 2 mg/ 
kg i.v. In doses of up to 3 g/kg, the agent had no other effects (GIURGEA et aI., 1967). 
At a dose of 45 mg/kg i.v., piracetam facilitated transcallosal evoked potentials in the 
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cat provoked by homotopic cortical stimulation and recorded in the median suprasyl­
vian gyrus (GIURGEA and MOYERSOONS, 1970). In addition, piracetam facilitated inter­
hemispheric transfer of visual information (BURESOVA and BURES, 1972; GIURGEA, 
1976) and facilitated "spinal fixation" in the rat (GIURGEA and MOURA VIEFF-LESUISSE, 
1971). 

2. Metabolic Effects 

At doses of 100 and 300 mg/kg i.v., piracetam induced an elevation of ATP-turnover 
in the rat brain (GOBERT, 1972). This author assumes that piracetam increases "cell 
energy disponibility." During postanoxic recovery, 100 mg/kg i.p. accelerated resto­
ration of ATP and DNA levels. In brains of aged rats, repeated administration of the 
agent rectified alterations in brain ribosome patterns, an effect not observed in young 
animals (GOBERT, 1972). A stimulation of ATP formation was also observed in liver 
mitochondria (PEDE et aI., 1971). PLATT (1974) reported an increase of leucine incor­
poration into cerebral proteins and a decrease in activity of lysosomal enzymes. 
WOELK (1979) demonstrated that piracetam enhanced phospholipase-A2 activity in 
neuronal and synaptosomal fractions of the rabbit brain and proposed a stimulation 
of synaptic transmission, mediated by a neurotransmitter. However, neurochemical 
investigations do not support this hypothesis. NYBACK et ai. (1979) found that 5 g/kg 
piracetam i.p. elevated the content of metabolites of dopamine and noradrenaline in 
the rat brain. At the same dose, prolactin levels were enhanced. These authors postu­
late that piracetam blocks postsynaptic dopamine and noradrenaline receptors at high 
dose levels and resembles neuroleptic agents. 

3. Behavioral Effects 

Even at high doses of several grams per kilogram, piracetam is devoid of motor, au­
tonomic, or toxic effects in normal animals (GIURGEA, 1976). However, a facilitation 
of learning in normal rats was observed at 30 mg/kg i.p. in a water maze (GIURGEA 
and MOURAVIEFF-LESmssE, 1972) and at 100 mg/kg i.p. in a Y-maze and in a drinking 
test (WOLTHUIS, 1971). The same authors reported an improvement of learning im­
paired by age, alcohol, or repeated exposure to hypoxia (GIURGEA, 1976). Piracetam 
also protected newly acquired avoidance behavior against amnestic effects of anoxia 
and convulsive electroshock (GIURGEA et aI., 1971; SARA and LEFEVRE, 1972). 

Effects of piracetam on animal learning and protection from amnestic trauma oc­
cur at doses lower than that active in biochemical investigations. It has been proposed 
that the behavioral effects are related to the increase of intracerebral transfer of infor­
mation, observed in neurophysiologic experiments, rather than to an effect on brain 
monoamine metabolism. 

F. Concluding Remarks 

In contrast to classic psychotropic drugs, gerontopsychopharmacologic agents have 
found their way into the treatment of cognitive and emotional symptoms of the elderly 
based on some defined pharmacologic action considered to be predictive of therapeu­
tic efficacy in gerontopsychiatric patients. Typically, vasodilation is given as their 
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main pharmacologic action, but an increasing number of agents are claimed to exert 
their main action on brain metabolism. As yet, the current theories on the causes of 
aging are of limited use for the creation of animal models for gerontopsychopharma­
cologic research. The models available derive mainly from external manipulations re­
sulting in an acute breakdown of brain function. However, evidence is increasing that 
brain aging is related to a slow deterioration of synaptic neurotransmission, thus of­
fering new possibilities for the development of new types of gerontopsychiatric drugs. 
It needs to be recognized that in patients suffering from organic brain syndrome or 
senile dementia, failure of cellular and synaptic function is more critical than alter­
ations in the cerebrovascular system. New attempts at finding drugs with direct sites 
of action at cellular and synaptic effectors may lead to new gerontopsychopharmaco­
logic agents with a more specific activity. 
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CHAPTER 11 

Experimental Behavioral Pharmacology 
of Gerontopsychopharmacological Agents 

C. GIURGEA, G. GREINDL, and S. PREAT 

A. Introduction 

"The trick is to die young but as late as 
possible. " 

ASHLEY MONTAGU 

The above motto expresses the choice of the subject matter for this chapter. The 
authors are not going to discuss rejuvenating cures, nor elixirs or drugs claimed to be 
effective accordingly. Nor - other than incidentally - will the important scientific 
achievements in the knowledge of tissue, cellular, and metabolic age-related changes 
or possible drugs interactions at that level be dealt with. Those aspects of ageing are 
beyond the scope of this chapter and also beyond that of the authors' own compe­
tence. 

Behavioral pharmacology is essentially, although not exclusively, CNS related; it 
will be viewed on the basis of a pragmatic experimental option: to manipulate and to 
facilitate efficacy of the CNS plasticity, which is reduced but still present in the elderly. 
The term "plasticity" - in the sense of KONORSKY (1967) - is one of the fundamental 
properties of the CNS: Reactivity, states KONORSKY, is the ability of the system to be 
activated, while plasticity is the capacity to change the reactivity as a function of pre­
vious stimulations. Homeostatic chronic adaptations and learning in the broadest 
sense of the word are typical examples of CNS plasticity. 

In gerontopsychopharmacology, while taking advantage of any progress in funda­
mental research, the pragmatic option is to interfere essentially with concomitants of 
ageing. The basic and simple fact is that the elderly do retain mental capabilities, but 
that these are much too often partially masked by adverse economic, psychosocial, 
psychopathological, and physical factors. 

A typical example of such factors is the psychosomatic vicious circle described by 
LEHMANN (1975). Severe or moderate psychiatric decompensations of the vulnerable 
aged CNS are usually induced by professional and social stresses as well as those 
caused by isolation from family and relatives. The resulting persistent negative affec­
tive responses of environment are in turn a source of stress. Stress impairs brain me­
tabolism, usually by reducing demands on neurons, and decreases brain blood flow. 
These reactions aggravate the age-related enhanced loss of neurons; consequently, 
there is a further loss of noetic efficacy which reinforces, maintains, and somehow 
"justifies" the negative affective responses of and to environment. 

Hence this cycle is self-perpetuating. Therefore intellectual and especially memory 
impairments may not be as inevitably associated with the ageing process per se as is 
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generally believed (JARVIK et aI., 1972; KANOWSKI, 1978). Intellectual performances 
are affected much more by illness than by strict chronological age on the basis of an 
equivalent genetic background. Moreover, humans, and in particular the elderly, 
show strong susceptibility to social factors. 

Therefore, psychotropic drugs, together with other therapeutic tools, contribute 
to counteract at least partially the complex sociophysiopathological self-perpetuating 
destructive circle and consequently should help aged people to take advantage of un­
disturbed use of their mental capacities. If we cannot yet increase their years, we may, 
as KASS (1971) suggested, be able to help the elderly to enjoy their days. 

Moreover it seems to be possible that a positive feedback or reinforcement such 
as success may even increase longevity in a given subject. In other words, and using 
the terminology of KANOWSKI (1978), the immediate pragmatic aim in this field is to 
look for "gerontotherapeutic" drugs, i.e., drug actions which help the elderly to com­
pensate for some oftheir age-related deficits. Such drug effects may lead to "some sort 
of geroprophylaxis", i.e., causing the slowing down of intimate processes directly re­
lated to ageing. However realistic the possibility of gerotherapeutic intervention may 
be, even this is still a long-term aim. 

It is easily understood that behavioral psychopharmacology faced with the task 
of dealing with extremely complex behavioral disturbances of the elderly certainly has 
difficulties in setting up appropriate analogue models in experimental animals for hu­
man ageing or the deficits occurring with human ageing. For example, one of the ma­
jor problems for experimental behavioral pharmacology is whether or not old animals 
are the appropriate models. At first glance it seems obvious that the study of potential 
geropsychiatric drugs should be performed in old individuals. The problem is, how­
ever, much more complicated. Indeed, even laboratory standard animals are not, 
especially when old, a suitable, homogeneous population. A 2 Y2- or 3-year-old rat is 
as old as Methuselah. Why is it alive when almost two-thirds ofits congeners are dead? 
Moreover, most survivors have an individual differential pathological history which 
is ignored or unknown by the investigator. Some animals may be arthritic, others may 
have bronchitis or cardiac deficiencies. If an arthritic rat is given a performance task 
associated with lever pressing, the animal may fail simply because of his rigid and 
painful joints and not because of a brain deficit. Failure to perform a task may even 
be the result of a mixture of central and peripheral disturbances. Consequently it is 
impossible to ascribe the failure of one given individual to perform the task to deficits 
in some parts of the brain or to extracerebral forces. It is easily understood that such 
an attempt would be even more difficult using not a single ind\vidual, but a group. 

For some tasks, an 8-month-old rat shows definite age-related deficits, while for 
others the animal has to be 14-20 months old. The same is true for higher mammalians 
such as rabbits, cats, and dogs. Moreover, the use of higher species in experimental 
gerontology and pharmacology is hardly suitable because of their long life-span (dogs, 
cats, and monkeys usually live more than 10 years). Thus, economic considerations 
have to be taken into account in order to make large-scale experimental gerontologi­
cal studies feasible. 

Accordingly, although of great value in particular experimental setups, old ani­
mals need not be exclusively used in psychogeriatric psychopharmacology. Relatively 
young adults in normal and/or deficient conditions are equally qualified for behavior­
al studies provided that two main requirements are fulfilled. First, in normal adults, 
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parameters under investigation should be related to common psychogeriatric target 
symptoms such as mental fatigability (especially with accelerated rate of perfor­
mance), memory retrieval failure, behavioral disinhibition, and homeostatic hypo­
plasticity, and to EEG and sleep pattern alterations. Secondly, if such deficits are in­
duced in animals, they should mimic the usual concomitants of ageing in human be­
ings such as cerebral hypoxia and ischemia, inhibition of protein synthesis, metabolic 
changes, and sociosensory deprivation. 

Following these general considerations, this chapter will deal with experimental 
models relevant to behavioral psychogeriatry to be performed not only in old but also 
in young normal as well as in young animals made artificially behaviorally deficient. 

Drugs will be referred to insofar as they are of potential clinical use, provided that 
sufficient data are available in the given experimental models. Since the nootropic 
drugs piracetam and etiracetam will often be mentioned, the concept of nootropics 
deserves definition: N ootropics form a class of CNS-active drugs whose functional di­
rect impact is on the higher integrative mechanisms of the brain. They enhance the 
efficacy of these processes, there by producing direct improvement of mental, noetic 
functions. 

The nootropic concept has been described in detail (GIURGEA, 1972, 1973). Con­
sequently only the essential features of a nootropic drug will be mentioned (GIURGEA, 
1978). A nootropic drug 

1) Facilitates learning and enhances resistance to learning impairments from dif­
ferent causes [hypoxia, electroconvulsive shocks (ECS), chemicals such as 8-aza­
guanine]. 

2) Facilitates interhemispheric transfer of information (mainly across the corpus 
callosum, as assessed by electrophysiological and behavioral methods). 

3) Enhances cerebral resistance, as demonstrated by other than noetic criteria 
(EEG, convulsions, pathology, survival), versus different noxious stimuli (hypoxia, 
high altitude, barbiturate and other chemical intoxications). 

4) Induces even in very high dosages no significant behavioral (sedation or stim­
ulation), electrophysiological (EEG: reticular or limbic excitability), or autonomic 
changes and is devoid of toxicity, even with long-term administration. 

This unusual psychotropic profile is by no means an "animal" curiosity. Indeed, 
reliable, well-designed pharmacoclinical studies are now available that establish posi­
tive correlations with each of the four main features (GIURGEA and SALAMA, 1977). 

The evident absence of interference of the nootropic drug with the functions of re­
ticular formation of the brain, of the limbic system, or of other CNS functions detect­
able by the appropriate experimental methodology gives rise to the assumption that 
positive effects on learning or interhemispheric transfer or resistance to cerebral ag­
gressions may be related to a certain degree to the functional telencephalic selectivity. 
The detailed mechanisms of such selectivity are still obscure, although it has been 
demonstrated that nootropic compounds such as piracetam readily pass physiological 
barriers such as the blood brain barrier and are able to enhance the energetic potential 
of the brain (GOBERT, 1972). Further, such compounds have a strong affinity to 
neuronal tissue" especially to brain cortex and hippocampus (OSTROWSKI et aI., 1975). 
More recently, NICKOLSON and WOLTHUIS (1976a, b) suggested that some of the noo­
tropic compounds not only protect against hypoxia by activating brain adenylate 
kinase but also facilitate noetic functions by inhibiting the release of cortical proline. 
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Compounds such as hydergine, vincamine, and pyritinol which are generally ac­
cepted in geropsychiatry have also been included in the group of nootropic com­
pounds (SALETU 1978; DOLCE et aI., 1980; SALETU et aI., 1980). Previously they have 
been referred to as cognitive activators (BARTUS, 1980) or antihypoxydotics (SALETU 
et aI., 1980). Judged by their pharmacological profile, these compounds meet require­
ments 1 and 3 of the nootropic profile. Further, they have a high therapeutic index 
and low acute toxicity. They lack, however, the ability to facilitate interhemispheric 
connectivity. 

The fact that a number of drugs most important for therapy of geriatric or geron­
topsychiatric disorders meet, at least to some extent, the requirements of the nootro­
pic concept seems to confirm that the notion underlying this may constitute an impor­
tant strategy for the selection of compounds with possible gerontopsychiatric efficacy. 
Since at least a number of the important pharmacological properties of compounds 
belonging to this group can be demonstrated in young normal, young deficient, and 
in old animals, methods suitable for assessing their pharmacological profile in these 
three basic animals models will be described. 

B. Studies in Old Animals 

I. Life-Span Studies 

Probably due to the economic and technical problems mentioned above, there are few 
studies that try to observe animals throughout their life-spans and to detect eventual 
drug effect oflongevity. For the interested reader, three main sources of information 
are mentioned: 

1) BERTHAUX and BECK (1975), in a general review, emphasize three lines of re­
search: antioxidants and/or diets containing antioxidant ingredients; low-caloric diet; 
the attempt to enhance longevity in mice and rats by administration of psychoactive 
drugs such as meclofenoxate and its metabolite, the cholinergic substance DMAE (di­
methylaminoethanol). 

2) A possible correlation between alterations of the hormonal equilibrium and age 
has been reviewed by JARVIK and WILKINS (1978). The authors state that at present 
no conclusion about such correlation can be drawn from animal data. On the other 
hand, it seems clearly established that estrogens and extracts of the posterior pituitary 
are able to prolong life-span of rats, whereas treatment with androgens results in a 
shortening of life-span. 

3) SEGALL and TIMIRAS (1976), in Long-Evans rats, demonstrate that survival is 
reduced in a group of animals on a tryptophan-deficient diet, while no significant ef­
fect is obtained with an excess of para-chlorphenylalanine (PCPA). Among other be­
havioral observations, it was seen that reproductive activity clearly decreased with 
age. This parameter should be taken into consideration when estimating a new poten­
tial psychogeriatric drug. The data, however, require replication since the number of 
rats per group was relatively small. 

II. EEG and Evoked Potentials 

Although electrophysiological changes are not necessarily correlated with behavior, 
these studies will be reviewed briefly because their results permit some correlation be-
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tween EEG (electroencephalogram) and vigilance. Vigilance and its disturbances in­
terfere with almost all behavioral parameters (SCHALLING et aI., 1975; KANOWSKI and 
COPER, 1978). 

In humans, age-dependent EEG changes occur. The most striking and constant 
finding is a slowing down of the rhythm, from a dominant frequency of about 10 
cycles per second (cps) to 8 or 9 cps (OBRIST, 1972). The degree of reduced frequency 
is significantly correlated with general well-being and intellectual function, i.e., 
healthy and active old people show only minor deviations. This phenomenon seems 
to be significantly unrelated to concomitants of ageing, such as heart diseases (OBRIST, 
1972). It also seems unrelated to intelligence and cultural level; a slowing down of the 
EEG dominant frequency is therefore likely to be an electrophysiological expression 
of brain ageing, presumably correlated with the concomitant reduction in vigilance 
and alertness. 

Quantitative analysis of the EEG shows that decrease of the IX-power spectrum is 
usually accompanied by an enhancement of slow waves and eventually of the occur­
rence of f3 frequencies (ROUBICEK et aI., 1974; BENTE, 1977; ROUBICEK, 1977). DRECHS­
LER (1978) has described a progressive deterioration of the periodicity of occipital IX­
rhythm and a tendency to interhemispheric desynchronization with ageing. 

Drugs like imipramine, pyritinol, hydergine, and piracetam were found to be effec­
tive as "stabilizers" of the ability to regulate vigilance in the elderly (SCHNELL and OS­
WALD, 1967; FiiNGFELD, 1970; KiiNKEL and WESTPHAL, 1970; FAIRCHILD et aI., 1971; 
KANOWSKI, 1975; BENTE et aI., 1978). The most recent general review concerning 
drugs and quantitative EEG, not necessarily in relation to age, has been published by 
FINK (1978). 

Relatively few data are available on the influence of age on cortical evoked po­
tentials. They seem, however, to be imparied in the elderly, thus indicating some al­
terations of the cortical signal processing (BECK et aI., 1975). In this context it is in­
teresting to note that drugs with a nootropic profile of pharmacology enhance inter­
hemispheric functional connectivity both in man (DIMOND, 1975) and in animals 
(GIURGEA and MOYERSOONS, 1972; BURESOVA and BURES, 1973). 

In animals, almost all studies using quantitative EEG measurements were done in 
young adults. For the sake of convenience they will be reviewed here rather than in 
Sect.D. 

In the rat, ETEVENON et aI. (1970) studied the EEG spectral analysis and ETEVENON 
and BOISSIER (1971, 1972) later applied quantitative EEG methods to neuropsycho­
pharmacology. Since then, considerable progress has been made through the use of 
automated analysis of sleep patterns (KoHN et aI., 1974; WINSON, 1976; JOHNS et aI., 
1977). On the basis of the advanced technique of EEG analysis DEVOS (1978) was able 
to develop a program for pharmacological studies and to describe the effects of several 
psychotropic drugs, including analeptics and antidepressants. Finally, LANDFIELD 
(1976) introduced a "three-dimensional approach" to the problem of studying the ef­
fects of analeptic drugs on different EEG patterns and memory in the rat. 

In the rabbit, WILLINSKY (1974) studied the effects of cannabinoids on EEG by us­
ing power spectrum analysis. EFREMOVA and TRUSH (1973) investigated the chances 
of cortical power spectra in relation to the conditional reflex activity. Similar studies 
were done in the cat for amphetamine and barbiturates. GHERMANN and KILLAM 
(1975) described three qualitatively different drug-induced patterns in the EEG of 
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monkeys using quantitative analysis. They differentiated barbiturates from nonbar­
biturate hypnotics, meprobamate, and benzodiazepines and described further a spe­
cific pattern for chlorpromazine. 

Presently, despite of obvious importance of this approach, pharmacological data 
on drug effects on the EEG of old animals are hardly available. It is, however, to be 
expected that research in this field will gain increasing importance, especially since old 
animals, like human beings, demonstrate a slowing of the EEG dominant frequencies. 

III. Reactivity to Stress 

Humans, like animals, respond to various stresses essentially in the same manner, i.e., 
by the so-called general adaptation syndrome (GAS) (SELYE, 1936). An important 
part of the GAS is the secretion of hormones, e.g., ACTH and cortisonelike sub­
stances. 

Stress is related in many ways to ageing. One aspect is that it contributes signifi­
cantly to the etiology and physiopathology of arterial hypertension, cardiac failure, 
and arthritis, diseases that are among the most usual concomitants of ageing (SEL YE, 
1970). 

Another relation between stress and ageing is the reduction of homeostatic ca­
pacities in the old organism. It is generally assumed that the adaptability of homeo­
static, regulatory processes decreases with ageing in man (LEHMANN, 1972) and in ani­
mals (VERZAR, 1957, 1963). 

Thermoregulation has been studied by a number of authors. Thiss field of research 
seems important since it is known that there is a latent state of hypothermia in about 
10% of human beings over 65. Moreover the lowered adaptive capacity of regulatory 
systems in the elderly may result in thermic decompensation caused by noxious stimuli 
such as drugs, disorders, affective stresses, etc. (EXTON-SMITH, 1964; Fox et aI., 1973). 

Whether or not old rats exposed to cold are able to maintain a stable central tem­
perature when challenged with high or low environmental temperature is still contro­
versial, probably because of the difference in the experimental approach. VERZAR 
(1957, 1963), for instance, described an age-related reduction of the thermoregulatory 
ability. On the other hand, COPER et aI. (1978) using an experimental model based on 
an operant paradigm could not confirm an age-related instability of thermoregula­
tion. However, general agreement exists that old rats subjected to cold are much more 
sensitive than young ones to decompensation by psychotropic drugs such as perazine, 
amphetamine, or phentolamine. This effect has been ascribed to a greater sensitivity 
of the receptors involved (ROMMELSPACHER et aI., 1975; SCHULZE and BUERGEL, 1977). 

Age-related changes in reactivity to drugs have been described by several authors. 
Chlorpromazine induced a greater hypothermia in old animals than in young, at the 
same brain drug levels (SAUNDERS et aI., 1974). Older animals are more sensitive to 
morphine analgesia and to amphetamine-induced locomotor hyperactivity; they also 
need less hexobarbital than to young ones to suppress EEG activity (SAUNDERS et aI., 
1973). The authors conclude that an increase in CNS sensitivity appears to be an 
essential factor in this age-dependent effect. Age also interferes with an organism's 
ability to metabolize drugs. It is easily understood that changes in drug metabolism 
will interfere with an organism's reactivity to drugs to almost the same extent as 
changes in receptor sensitivity (BECK and VIGNALOU, 1975). 
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Resistance to more discrete metabolic stresses was studied in old animals. ADEL­
MAN (1972) demonstrated that the maximal activity of a number of liver enzymes is 
not changed with increasing age. However, the organism's speed of responding to an 
enzymatic stimulus is significantly age-dependent delayed. 

The above-reported and other existing data about the lowered adaptive responses 
to stress in old individuals point toward an eventual common neurochemical mecha­
nism. Indeed there is strong evidence of an age-related decrease in the accumulation 
of dopamine in the CNS (particularly in the striatum) and in the norepinephrine turn­
over (FINCH, 1973). 

This effect, together with other enzymatic age-related changes (MEIER-RuGE, 
1975), results in desynchronized fluctuations in the activity of inhibitory and excita­
tory CNS mechanisms. These facts might contribute to a genetic and biochemical 
understanding of the decreased homeostatic capacities of the aged organism, which 
will become most obvious when exposed to stress. These neurochemical age concomi­
tants, as well as reduced capacity for O2 turnover and formation of ATP, might be 
the origin of decreased EEG activity; reduced locomotion, alertness, and short-term 
memory; also sleep impairment in the elderly (MEIER-RuGE, 1975). 

IV. Learning and Memory 

There are relatively few consistent studies available on age-dependent changes of cog­
nitive functions of old animals. It appears that old animals generally do not exhibit 
learning deficits under all conditions of life and in all experimental situations. Like 
man, some old rats cope better with specific learning and memory tasks than do 
younger ones (JARVIK et aI., 1972; LEHMANN, 1975; KRUSE and KOHLER, 1978), but as 
in man these findings are not consistent and reproducible in all individual organisms. 

1. Thermic Decompensation 

SCHULZE and BUERGEL (1977) and COPER et aI. (1978) used a learning model to esti­
mate the part of the higher nervous mechanisms that contributes to the thermic de­
compensation by a hypothermic drug to which old animals are particularly sensitive. 

Animals were trained in a cold experimental chamber to press a lever in order to 
supply themselves with warm air. In such conditions, old rats will press more often 
and therefore will produce a higher room temperature than young ones. If treated 
with phentolamine, both young and old rats will increase lever pressing, thus main­
taining a satisfactory ambient temperature. 

Therefore it seems that old animals show a predominant peripheral neurovegeta­
tive disturbance which makes it difficult for them to thermoregulate in a cold environ­
ment and even more difficult when challenged with a hypothermic drug. Nevertheless, 
if appropriate conditions are available, they show good learning ability, which enables 
them to benefit from external heating facilities. 

2. Passive Avoidance 

KRUSE and KOHLER (1978) compared young and old rats in a passive avoidance task 
and in an active, shuttle-box avoidance task. They demonstrated that old Wistar rats 
(24 months) exhibit a "poor memory" under the conditions of the passive avoidance 



468 C. GIURGEA et al. 

procedure but an "excellent memory" which is even better than that of younger ani­
mals when performing under the conditions of the shuttle-box task. Chronic treat­
ment with a nootropic (piracetam, 350--400 mgjkgjday) did not affect the learning of 
young rats in either of the procedures. However, the poor performance of old rats in 
the passive avoidance task could be significantly improved by piracetam treatment. 
This finding again emphasizes the need for accurate models and control experiments 
in order to be able to assess a drug's effect in aged individuals. 

GOODRICK (1973) and others demonstrated the importance of the selection of the 
experimental procedure in gerontopsychopharmacology. They showed, for example, 
that old rats learn much better under massed trials than under the condition of dis­
tributed trials. Here again it becomes obvious that at least in the animal only certain 
abilities undergo changes with advancing age whereas other abilities are relatively age 
independent or may even improve with increasing age. 

3. Appetitive Maze Learning 

NANDY and LAL (1978) had mice perform a food-reinforced maze task followed by a 
reversal learning task. In terms of trials-to-criterion they found an age-related deficit 
of performance under their experimental conditions. This decrease in performance 
could be counteracted by chronic administration of centrophenoxine. The drug-treat­
ed mice also exhibited a reduction of lipofuscin pigments in the brain as compared to 
untreated animals. Further centrophenoxine treatment enhanced the life-span of these 
animals. 

4. Conditioned Avoidance Response (CAR) 

NANDyand LAL (1978) studied CAR in old rats and found reduced responses as com­
pared to those in young rats. This model might be of use for pharmacological studies, 
but no data seem to be available as yet. 

5. Short-Term Memory in Aged Monkeys 

BARTUS (1980) demonstrated that some cognitive functions of the rhesus monkey de­
crease with age. He used the measurement of response time as a model for short-term 
memory. He further showed that these age-related deficits could be improved by ad­
ministration of physostigmine, piracetam, hydergine, vincamine, and centrophenox­
ine (BARTUS, 1980). 

6. "Threshold" Active Avoidance 

Among the behavioral methods suitable for measuring age-related deficits, an active 
avoidance procedure based on the Randall-Selitto analgesic test has been proved to 
be most reliable (GREINDL and PREAT, 1971, 1976; GIURGEA et aI., 1978). In this test 
young adult Wistar rats (100-120 g, 1 Yz-2 months old) are subjected to threshold de­
terminations for pain produced by a standardized increasing, mechanical pressure on 
the hind paws of the animals. For this purpose Ugo Basile's analgesimeter is used. Re­
traction of the paw under pressure is considered as pain reaction and the pressure 
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threshold expressed in grams is noted. A mean of two measurements (right and left 
hind paw) is noted for each rat as a "trial." Groups of a minimum of 10 rats are 
usually used, so that 20 determinations are averaged to give the basic threshold mean 
of the group (± 300 g). The individual dispersion at the first trial is very large, but if 
each animal is given two more trials with a 30-min interval, thresholds decrease highly 
significantly, dispersion is greatly reduced, and an analgesic drug can then be tested. 

It has been assumed that rats retract the paws more quickly with each trial, i.e., 
with lower pressure, because they learn that a painful pressure will occur a few seconds 
after being placed in the analgesimeter. Consequently they anticipate the painful event 
and retract the paw more quickly. The validity of the hypothesis that this progressive 
decrease in threshold is due to a kind of active avoidance is based on several argu­
ments: 

1) There is an asymptote of learning, i.e., after three to four trials the threshold 
remains the same, independent of subsequent trials. 
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Fig. 1. Threshold active avoidance; three-trial training and retention. From left to right, col­
umns show, before interruption, the mean thresholds (and standard deviations) determined 
three times (i.e., in three trials) at 30-min intervals (n = 10; many replications are available). Re­
tention is seen as the mean threshold determined in the same group 24 h after training (after 
interruption). Note: a learning, seen as a progessive reduction in the thresholds, and b good re­
te~tion 24 h later, when trained rats showed a clear-cut lower threshold than when they were 
naive 

Fig. 2. Threshold active avoidance; age-induced impairment. (Ordinate and abscissa as in 
Fig. 1. Note that 8-9-month-old rats, trained in that way, do not show any tendency to learn 
(n = lO/group) 
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Fig. 3. Threshold active avoidance; ageing and "optimal" rhythm of learning. (Ordinate and ab­
scissa as in Fig. I, except that on the abscissa trials and not intertrial intervals are given; all rats 
were 8-9 months old (n = lO/group). Note that old rats show significant learning in the three­
trial test if the intertrial interval is 60 min (. -.) instead of the regular 30 min (0 --- 0) 

Fig. 4. Threshold active avoidance; pessimal rhythm of training in young adults. (Ordinate and 
abscissa as in Fig. I; all rats were I-I \12 months old (n = lO/group). Note the usuallearning cur­
ve for the regular 30-min intertrial interval (. -.); significant learning, although impaired, is 
possible with an accelerated rhythm at 10-min intervals (to. --- to. ); no learning is seen with I-min 
intertrial intervals, a much too accelerated pessimal training rhythm (0 ---0) 

2) Twenty-four hours after a three-trial training there is excellent retention, as 
shown by the fact that the threshold is very close to the level reached at the end of 
the previous acquisition day (Fig. 1). 

3) Learning of this particular active avoidance task is impaired by so-called am­
nesic interventions such as electroconvulsive shock (ECS) or protein inhibitors (see 
below). 

This model is highly sensitive to ageing. Indeed, even 5-6-months-old rats show 
noticeable learning, retention, or retrieval impairment. However, a standard "old" 
population of 8-9-month-old rats is unable to "learn" under these conditions (Fig. 2). 
These so-called old rats are, however, not completely unable to learn under these ex­
perimental conditions. If the intertrial interval is extended as demonstrated in Fig. 3 
they are able to "learn" at least to some extent. Since, however, young rats behave 
similarly when they are given shorter instead of longer intertrial intervals (Fig. 4), it 
is concluded that the "old" rats differ from "young" rats in that they need a slower 
rhythm of training. 

This type of behavior seems to be related to behavior observed in humans of ad­
vanced age, i.e., a reduction of central nervous system plasticity. Insofar as intellectual 
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Table 1. Threshold active avoidance: drugs and old animals' pharmacological reactivity 

Drug 

Deanol 
Dexamphetamine 
Dihydroergotoxine 
Etiracetam 
Meclofenoxate 
Methamphetamine 
Pemoline-Mg 
Piracetam 
Pyritinol 
Sulpiride 
Vincamine 

Minimal dose a 

17.8 
> 1 

40 
3.4 

>200 
> 1.5 

2.34 
10 

> 36.8 
> 34.1 

35.4 

Remarks 

Stereotypy and enhanced locomotion 

Stereotypy and enhanced locomotion 
Enhanced locomotion 

a The dose in mg/kg s.c. which enables old rats to show a significant acquisition pattern; note 
that> means the maximal dose used with a drug and that remained - as the lower ones -
ineffective in this test. The given drug is then considered as inactive 

functions are concerned, there is no doubt that the major concomitant of age is loss 
of speed depending on or generating a velocity decline in a series of fundamental bio­
chemical reactions (JARVIK and COHEN, 1973; JARVIK and WILKINS, 1978). Conse­
quently an experimental model permitting the measurement of speed of behavior or 
learning on the basis of a simple learning task seems to be a suitable tool for pharma­
cological studies. 

Several psychotropic drugs which are said to be useful therapeutics in psycho­
geriatry are active in this methodological approach. Results are demonstrated in 
Table 1, and the activity of several drugs investigated is illustrated in Fig. 5. Table 1 
and Fig. 5 demonstrate the high pharmacological sensitivity of the procedure. The ac­
tive doses for some nootropic drugs are quite low as compared to those needed to 
demonstrate effects in other models (GIURGEA, 1976). Despite the sensitivity, this 
method is quite selective since in old rats only a few drugs are active. 

C. Progeria Models 

Several manipulations are claimed to accelerate normal ageing processes in animals. 
There are various rationales for such models: 

1) To reveal critical changes (biochemical, subcellurlar, physicochemical) relevant 
to normal ageing. 

2) To produce a relatively homogeneous population of accelerated geriatric sub­
jects in which studies can be better programmed and followed than in spontaneous 
natural ageing. 

3) To find drugs (or other tools) able to counteract the progeriatric manipu­
lations, assuming that they will also be useful in natural ageing. Pro geriatric manipu­
lations may be physical, such as irradiations. or chemical in nature. 

The approaches used by most of the available studies are either biochemical, mor­
phological, or ontological. Among the studies using the biochemical approach is the 
dihydrotachysterol-increased glucose tolerance in rats which is accompanied by other 
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Fig. 5. Threshold active avoidance in "old" rats; 8 Y2 to 9 months drug effects. Ordinate and ab­
scissa as in Fig. I; the percentile 0.5 is given for the first trial. Drugs or saline were injected sub­
cutaneously (n = lO/group) 1 h before training. Note that pyritinol (46.5 mg/kg) is inactive, i.e., 
treated as control (saline) rats do not show any change in the thresholds with repeated, three 
trials. A weak effect is seen with the small doses ofhydergine (0.3-20 mgjkg) while a clear-cut, 
highly significant learning is reached in rats treated with the high dose ofhydergine (40 mgjkg) 
and of vincamine (35.7 mgjkg). Piracetam is active from 10 mgjkg. Old rats show, therefore, 
significant learning if they are treated, prior to learning, with an active compound 

glucidic and calcium metabolism changes in the experimental animals (SCHRIEFFER 
and SPRATTO, 1977). Morphological approaches are focussed for example, on accel­
erated lipofuscin accumulation in the brain of animals given a vitamin E-deficient diet 
(PURl et aI., 1972). The rationale for this approach is that normal ageing in human 
beings is accompanied by increased lipofuscin deposits in the brain (NANDY, 1971). 
Another example is the use of the lathyrismlike lesions produced by chronic injections 
of fJ-amino-proprionitril (BOUISSOU et aI., 1974). Ontological studies are usually fo­
cussed on measurement of life-span under certain conditions, for example, under a 
tryptophan-deficient diet (SEGALL and TiMIRAS, 1976). 

D. Studies in Young Adults 
Studies in "Deficient" Animals. Here a persistent deficit - presumably related to con­
comitants of ageing or to ageing per se - is induced prior to the behavioral and/or elec­
trophysiological investigation. Effects of treatment with eNS-active or other drugs is 
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then evaluated either during the physiopathological manipulation and/or during the 
test procedure. 

Studies in Standard Individuals. In these studies a deficit is induced which is contin­
gent to the behavioral procedure. Drugs are administered to enhance in these young 
animals the efficacy of selected behavioral and/or electrophysiological functions that 
are known to be particularly age sensitive. 

I. "Deficient" Animals 

A great number of studies exist along this line. Here only those psychopharmacologi­
cal models comprising behavioral and related parameters are commented on. 

Three types of experiments are differentiated. Two of them (brain ischemia and hy­
poxia) are directly related to one of the most frequent concomitants of ageing, i.e., 
inadequate brain oxygen supply. This inadequacy is due to many causes which often 
coexist in the elderly: microinfarction, which might now replace the concept of 
atherosclerosis for the explanation of the causes of senile dementia (HACIDNSKI et aI., 
1974); the consequences of sequelae of cerebrovascular accidents, pulmonary em­
physema, and chronic bronchitis; cardiac insufficiency; atherosclerosis; enhanced 
platelet aggregability; impaired glucose utilization; and other deficient oxidative pro­
cesses such as lack of physical exercise, etc. The third type of experiment involves 
deficits induced by a restricted sociosensory environment. Animal experiments along 
this line are relevant to psychogeriatrics since they mimic one of the concomitants of 
human ageing which occurs even in the relatively healthy elderly. 

Indeed the aging subject is almost inexorably beset by increasing degrees of so­
ciosensory deprivation (social and family disengagement, loss of relevant persons and 
responsibilities, reduced locomotion, etc.). One should also remember that simple sen­
sory loss (e.g., visual and hearing troubles) may generate many of the behavioral 
changes in the elderly (BOTWINICK, 1975). 

1. Brain Ischemia 

Many studies are available in which a temporary brain ischemia is induced and recov­
ery is measured by metabolic EEG or evoked potential parameters (MEIER-RuGE, 
1975). Most of the pharmacological data are related to vasodilators or drugs such as 
hydergine, vincamine, and pyritinol. A typical paper illustrating this line of research 
is that of BOISMARE and STREICHENBERGER (1974) on the ergot alkaloids. 

In curarized cats, brief carotid and vertebral occlusions block primary cortical 
evoked potentials for a few minutes after strangulation. Intracarotid, unilateral injec­
tion of the active compound significantly increases EPS recovery rate in the given 
hemisphere. Studies in hypercapnic, hypoventilated cats suggest that the protection 
seen with ergot alkaloid is due to a metabolic rather than a direct vasodilator effect. 

Among the behavioral models for studying the consequences of brain ischemia is 
an experimental procedure in which both carotid arteries are ligated (GIURGEA and 
MOURAVIEFF-LESUISSE, 1978). The physiopathological changes induced by the bilater­
al carotid ligature are multiple and interrelated in temporospatial sequences that have 
not been sufficiently studied. Behavioral sedation and catatonia may suddenly change 
into myoclonic jerks and clonic seizures; various cardiac arrhythmic and respiratory 
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Fig. 6.Bilateral carotid ligation: cortical EEG recording. Top:EEG in a freely moving rat with 
electrodes implanted over the dura mater prior to carotid ligation. After this recording the rat 
was anesthetized, subjected to the procedure described in the text, and injected with saline. Sec­
ond row, left: 8 min after ligation; EEG is still unchanged. Second row, right: 30 min after liga­
tion; EEG shows frequent spindling while the rat makes no movement, apparently in inhibition 
of the righting reflex. Third row, left: 30 min later; righting reflex reappears; note important am­
plitude decrease in the EEG and some slow waves. Third row, right: 5 min later; the rat makes 
a first spontaneous movement and the EEG becomes much more flat. Bottom: I h later; almost 
isoelectric EEG. (Unpublished data of Mouravieff-Lesuisse) 

irregularities are induced and most of the animals develop pulmonary edema and die 
within a few hours. Recently it has been shown that carotid ligated rats may at vari­
able time intervals after the ligature develop an irreversible cortical flat EEG or an 
almost total electrical silence as demonstrated in Fig. 6. These electrophysiological ex­
periments favor the assumption that bilateral carotid ligation in the freely moving rat 
may result in brain ischemia of various degrees. The principal available psychophar­
macological data are shown in Table 2. 

It is obvious that survival is increased by a great variety of drugs, presumably be­
cause they can interfere diversely and at various stages of the complex physiopatho­
logical syndrome induced by carotid ligatures. The model is therefore quite nonspe­
cific, yet has potential previsional value for the initial phases in the search for new 
drugs. 

2. Hypoxia 

Three models of experimental hypoxia are reported (GIURGEA and MOURA VIEFF­

LESUISSE, 1978): the "nitrogen" hypoxia and the "curarelike" hypoxia in mice (with 
DAUBY); the "catatoxic" model in rabbits (MoYERsooNs). Only the general schedule 
of the "catatoxic" model, i.e., the protection by a drug against a chemical intoxication, 
will be demonstrated in detail as a typical example for these types of studies. Figure 7 
and Tables 3, 4, and 5 give effects of some drugs in the respective models. As in the 
ischemia studies, too many drugs are active to draw specific previsional implications 
from the hypoxia models. 
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Table 2. Psychotropic drugs and survival of rats, 24 h after bilateral 
carotid ligation 

Drug Dose Survivors Activityb 
(mgjkg i.p., 3 X)8 at24h 

Placebo 1 cm3-100 g 2/10 0 
Atropine 34 3/18 0 
Meclofenoxate 90 5/15 0 
Chlordiazepoxide 3 4/15 0 
Dexamphetamine 1.5 1/11 0 
Dihydroergotoxine 3 13/18 + 
Diphenylhydantoin 81 22/29 + 
Deanol 28 3/16 0 
Hydroxyzine 25 14/20 + 
Metamphetamine 2.5 0/ 8 0 
Piracetam 500 1/ 9 0 
Etiracetam 54 11/17 + 
Procainamide 200 26/36 + 
Pyritinol 45 22/31 + 
Sulpiride 110 3/22 0 
Vincamine 3.5 0/9 0 

a Maximal dose used 
b Activity is established by the ratio between the number of survivors in 

drug-treated groups and in the placebo group; +, p<0.05 

Placebo ~ ------c-~-~ animal 1 survival fOO ~ 3 min f reactivity EEG pattern 

Drug ~>--:---) I Seco 1...-----.9!.':I.LJ survival 
I 60 min I 3 min I activity l EEG pattern 

Fig.7. Experimental schedule of the acute barbiturate intoxication; the "catatoxic" model: 
33 mg/kg secobarbital in 3 min i.v. perfusion (rabbit). In rabbits preimplanted with cortical 
electrodes, drugs or placebo are given i.v. a suitable time (usually 1 h) before the secobarbital 
standard perfusion. Two rabbits are simultaneously run, one placebo treated and one drug 
treated. EKG is also usually recorded. Survival and EEG patterns are the criteria followed to 
assess drug activity. For details as well as for arguments relating this model to a hypoxic one, 
see Moyersoons and Giurgea, 1974 

In two relatively recent studies the pharmacogenic changes of the brain's resis­
tance to hypoxia are related to changes in brain biochemistry (BOISMARE et aI., 1977) 
and to cognitive functions such as memory and learning (LINEE et aI., 1977). 

In spite of the obvious nonspecificity of both hypoxia and ischemia models one 
may tentatively admit that at least some gain may be derived for psychogeriatric phar­
macology from these studies, provided that there is progress in terms of generality. 
This means that a compound should be active in all models and by different routes 
of administration and its effects should be well reproducible in each of the ex­
periments. A further criterion is the intensity; that is, a compound has to have a low 
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Table 3. Psychotropic drugs and survival of mice in the nitrogen hypoxia 
model 

Drug Dose Survival Activity' 
(mgjkg, p.o.) 

Placebo Drug 

Atropine 34 5/40 2/40 0 
Meclofenoxate 82 6/40 9/40 0 
Chlordiazepoxide 11 5/40 4/40 0 
Dexamphetamine 1 5/40 2/40 0 
Dihydroergotoxine 15 2/40 6/40 0 
Diphenylhydantoin 80 6/40 22/40 + 
Deanol 28 5/40 6/40 0 
Hydroxyzine 14 8/40 28/40 + 
Metamphetamine 3 6/40 7/40 0 
Piracetam 300 6/60 21/60 + 
Procainamide 100 4/40 4/40 0 
Pyritinol 46 7/40 23/40 + 
Sulpiride 109 6/40 1/40 0 
Vincamine 15 5/40 5/40 0 

• Activity is established as in Table 2 
N.B. Data referred here are taken out of many different experiments 
and selected to give a general image of the pharmacological reactivity 
of the model 

Table 4. Psychotropic drugs and survival of mice in the curare hypoxia 
model 

Drug Dose Survival Activity' 
(mgjkg, i.p.) 

Placebo Drug 

Etiracetam 17 3/10 10/10 + 
0.17 3/10 7/10 0 

Metamphetamine 0.6 1/10 7/10 + 
Deanol 267 2/10 7/10 + 

89 2/10 3/10 0 
Dihydroergotoxine 30 1/10 1/10 0 
Vincamine 3 2/10 1/10 0 
Hydroxyzine 1.4 1/10 7/10 + 
Chlordiazepoxide 3.4 2/10 9/10 + 

0.34 3/10 2/10 0 
Chlorpromazine 10 1/10 2/10 0 
Imipramine 50 2/10 1/10 0 
Procainamide 81 2/10 1/10 0 
Meclofenoxate 29 2/10 8/10 + 

• Activity is established as in Table 2 
N.B. Data referred here are taken out of many different experiments 
and selected to give a general image of the pharmacological reactivity 
of the model 
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Table 5. Psychotropic drugs, survival, and EEG patterns in the acute barbiturate intoxication 
model 

Drug Dose Route Activity 
(mg/kg) 

Survivors' EEG Conclusion 
patterns b 

Placebo lcm3/kg I.V. 2/10 0 Inactive 
Meclofenoxate 50 i.v. 10/10 + Active 
Piracetam 19 i.v. 10/10 + Active 

142 p.o. 9/10 + Active 
Pyritinol 100 p.o. 8/11 + Active 
Metamphetamine 2.5 i.v. 10/10 + Active 
Deanol 89 p.o. 10/10 + Active 
Dihydroergotoxine 0.03 i.v. 8/10 + Active 
Sulpiride 341 p.o. 4/10 0 Inactive 

• Number of survivors, 3O-(j0 min after secobarbital 
b 0, long isolectric periods, very important EEG alterations; +, very important shortening of 

silences and more active EEG, similar to barbiturate sleep 

minimal active dose and a large range of active doses and finally to compensate 
strongly the deficit under study. The third criterion is the therapeutic ratio; that is, 
a compound has to have a large gap between the minimal active dose and the doses 
producing side effects and/or death. 

3. Sociosensory Deprivation 

One of the usual psychophysiological deficits in the elderly is a progressive impair­
ment of the central nervous system's inhibitory functions. Indeed, among common 
psychogeriatric symptoms one finds anterograde memory deficits, behavioral impul­
sivity, and distractibility. This might be partially related to the difficulty of forming 
new and stable memories, which is encountered with ageing. Even in relatively normal 
geriatric patients one might suspect a mild frontohippocampal-like syndrome. More­
over, on the basis of a large quantitative study, DRECHSLER (1978) concludes that with 
age, and especially in the dominant hemisphere, there is "a decrease of inhibitory cor­
tical processes resulting in a spread of cortical excitability over the whole hemisphere" 
(op. cit. p.212). 

From this point of view, experiments with restricted sociosensory environment are 
of particular interest (MORGAN et aI., 1975; GREENOUGH, 1976). This appears even 
more significant when one realizes that not only very young animals in a "critical pe­
riod" but also adult individuals are sensitive to the minimization of their sensory, 
especially their social, universe (ROSENZWEIG, 1970). One might then compare be­
haviors of animals under such deprivations with the behaviors of elderly human be­
ings under the influence of the inexorable sociosensory deprivation. 

Particularly relevant from this point of view are the experiments of ROUSSEAU-LE­
FEVRE (1977). Speculating upon her own and other authors' data on sensory-deprived 
rats, she tentatively attributes the behavioral induced symptomatology to a common 
factor, i.e., an impairment of the central inhibitory efficacy state that might be called 
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"dys-inhibition." Only two aspects from ROUSSEAU-LEFEVRE'S thesis which may also 
illustrate a possible nootropic "compensation" of this functional inhibitory "deficit" 
will be discussed here. For example, behavioral habituation to a sound was remark­
ably inconstant in young adults that were reared in a sensory-impoverished milieu. Pi­
racetam (120 mg/kg Lp.) significantly increased retention over a few days of habitu­
ation. In a classic one-trial passive avoidance learning performance, the acquisition 
was excellent in both "impoverished" and "enriched" rats after 24 h, yet when tested 
again 96 h later, avoidance was almost completely absent in the impoverished group 
while still excellent in the enriched one. Nootropics such as piracetam (120 mg/kg i.p.) 
given to impoverished rats even once, before the second test, significantly enhanced 
maintenance of passive avoidance behavior. 

If the passive avoidance behavior reflects a "memory trace" (or the memory trace 
availability), then nootropic drugs of the piracetam type are able to render this trace 
in the impoverished rats more stable or more available, at any rate less vulnerable to 
time decay. In other words, and within the limitations of the experiment, LEFEVRE 
showed that such drugs enhance the capability of deficient animals to form new, more 
stable memories. Other experiments showed that piracetam significantly compensated 
a learning deficit in sensory-deprived animals (MYSLMCEK and HASSMANOVA, 1973) 

These experiments demonstrated that it is possible to interfere by pharmacological 
means with the consequences of sensory deprivation. Thus they confirmed and en­
larged previous studies which demonstrated that the brain weight gain and the enzy­
matic activity of the brain induced by an enriched environment in the rat are enhanced 
under the influence of amphetamine-type psychostimulants (BENNETT et aI., 1973). 

The fact that nootropic compounds of the piracetam type, that is, non analeptic 
drugs, are able to compensate for memory deficits in impoverished rats enhances the 
previsional psychogeriatric implications of both the drugs and the nootropic concept 
(GIURGEA, 1978). The influence of sensory deficits on behavior and cognitive func­
tions was further demonstrated by experiments with environmentally impoverished 
rats SUbjected to changes in the external synchronizing signal (light-dark). These rats 
show typical impairments. For example, they follow the new "clock time" practically 
immediately but perform poorly in this respect. In other words, it seems that deprived 
rats lose a lot of their physiological autonomy, which results in a more pronounced 
dependence on environmental stimuli (WEYERS, personal communication). Biologi­
cally this can be considered as a kind of reversible regression not unlikely senile invol­
ution. WEYERS' experiments are, however, preliminary and deserve replication and 
further development. 

II. Standard Young Adults 

1. Preliminary Considerations 

This section deals mainly with manipulations of memory in standard young animals 
by means of drugs. These manipulations are supposed, however, to be relevant for the 
aging organism too, inasmuch as drugs enhance eNS plasticity, which is impaired in 
the elderly. However, eNS low plasticity is not exclusive to the aged: is is caused as 
well by fatigue, illness, brain damage, etc. Amnesialike syndromes are common to ce­
rebrovascular accidents (eVA), epilepsy, alcoholism, temporal lobe and hippocampal 
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lesions, etc. Animal models in this field may consequently facilitate discovery of new 
drugs that will specifically enhance lability of memory processes, facilitating retrieval 
and counteracting the hypoplasticity syndrome common to so many brain dysfunc­
tions, among which ageing is only one category. 

In relation to memory, CNS hypoplasticity syndrome may be seen as difficulty in 
retrieving, i.e., disposing of memories that are readily available and adequate to en­
vironmental demands. Studies along this line, especially when aiming at previsional 
pharmacology, encounter at least two major difficulties. The first comes from the fact 
that for many, if not for most psychoactive drugs, we do not know the intimate mech­
anism of action, which is directly related to their eventual effect on memory. 

The second difficulty arises because we infer from memory only by indirect es­
timations, i.e., through a behaving organism upon which the direct access of the ex­
perimenter is mainly on the level of motivation (hunger, thirst, pain, and, for human 
studies, verbal communication). 

Behavior (latency and rate of responses, trials-to-criterion, and even electro­
physiological events related to learning) is directly dependent upon engrams and the 
ability to retrieve them. However, a behavioral performance is also a function of mo­
tivational state, such as anxiety, perceptual capacity, locomotor abilities, and general 
level of cortical vigilance. It has been demonstrated that discrete electrical stimulation 
of the reticular formation (BLOCH, 1970) or of the hippocampus (MCGAUGH and 
GOLD, 1976) under appropriate conditions facilitate learning and memory. 

Most psychotropic drugs interfere in different ways with processes that modulate 
learning and memory, possibly directly or indirectly involving hippocampal path­
ways. Generally speaking, most drugs that impair learning are sedatives, while those 
that facilitate it are analeptics (MCGAUGH, 1973; ALPERN and JACKSON, 1978). Ap­
parently, nootropic drugs modulate memory without being sedative or stimulant, by 
possibly interfering directly with cortical vigilance (GIURGEA and SARA, 1978). 

2. "Amnesic" Procedures 

The reason for placing the word "amnesic" in quotation marks is that the literature 
is still controversial, especially when experimental paradigms assessing learning or re­
trieval disturbed by electroconvulsive shock such as the one-trial passive avoidance 
procedure are the variables of investigation. The most generally accepted position, 
however, is that electroconvulsive shock (ECS) interferes with adaptive integration of 
the learned material to previous knowledge and to environmental cues or, more sim­
ply, that ECS impairs memory by inducing a retrieval deficit and not a real amnesia 
(SARA and DAVID-REMACLE, 1974). If this is so, experimental models of this type 
should be related to experimental psychogeriatrics. 

a) Physical Agents 

The classic procedure is the passive avoidance, one-trial learning (step-through or 
step-down variants) in mice or rats. The general principle is that animals that received 
a painful shock in a specific part of a two-compartment cage will show retention (24 h 
later or more) by avoiding entry into the given compartment. If, however, contingent 
to learning, they are submitted to ECS or to other physical stimuli, such as hypoxia, 
a different situation will be encountered at the retention test. Most subjects will not 
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Rats subjected to ECS after training show amnesia (striped bar). Rats treated with etiracetam 
(50 mgfkg, s.c.) 30 min prior to the retention test showed significant reversal of the amnesia 
(U = 40; n = 12.12; P < 0.05); 1 mg/kg or 10 mg/kg had no significant effect. Similar results 
have been reported with piracetam (Sara and David-Remade, 1974). (Courtesy of Giurgea and 
Sara, 1978) 

avoid, thus showing that they either have really forgotten or that they have some dif­
ficulties in retrieving the experience from memory. 

Many studies are available that have used drugs to counteract the ECS-induced 
memory deficit. As stated before, most experiments showed that analeptics, given in 
appropriate dosages at time-to-trial intervals, protect against ECS aggression. In the 
passive avoidance, nootropic drugs were found to be active against ECS-induced am­
nesia in rats submitted to the classic one-trial passive avoidance learning (GIURGEA, 
1972). These findings were positively replicated by GOURET and RAYNAUD (1975) but 
not by WOLTHUIS (1971). However, SARA and DAVID-REMACLE (1974) found that the 
nootropic compound piracetam enhances recovery from ECS-induced amnesia when 
rats are exposed to training in the experimental environment. Another interesting 
finding was that the ECS-induced amnesia is prevented or reversed if the level of vig­
ilance is increased during the retention test. This is obtained by injecting strychnine 
more than 23 h after learning acquisition, i.e., Y2 h before the retention test (SARA and 
DAVID-REMACLE, 1977). Nootropic compounds (piracetam and etiracetam) are sig­
nificantly efficient (Fig. 8). 

The active avoidance paradigm is sensitive to ECS in the "three-trial" procedure. 
Contrary to old rats, in which no learning is seen, young adult rats show good learning 
and retention 24 h later. Learning is seen by a progressive threshold decrease, while 
retention is revealed by the fact that 24 h later most rats start performing almost at 
the level they reached at the end of the three-trial learning. If, however, ECS is applied 
15 min after the last trial, retention on the next day is seriously impaired, i.e., the first 
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threshold is high and relearning is required to reduce it (Fig. 9). Nootropic drugs (pi­
racetam and etiracetam) protect against ECS-induced amnesia in a highly significant 
manner, as seen in Fig. 10. The hypoxia-induced amnesia as the ECS-induced amnesia 
strongly interferes with multitrial conditioned avoidance learning in the rat (GIURGEA 
et aI., 1971). This has been demonstrated when animals were subjected to post-trial 
standard hypoxia sessions of 10-min-duration at 3.5% O2 in a specially designed cage. 

If the same procedure is followed, not immediately, but a few hours after a daily 
learning session of 30 min (delayed hypoxia), animals acquire normal CAR perfor­
mances. Therefore, in those experiments immediate post-trial hypoxia acts as an am­
nesic agent and not as an unspecific, toxic one. Tolerance to hypoxia and conditioned 
performances under hypoxia were recently shown to depend on the central and pe­
ripheral "catecholamine status" of the animal (BOISMARE and LE PONCIN, 1978). Hy­
poxia-induced amnesia is equally observed in the one-trial passive avoidance learning 
in rats (SARA and LEFEVRE, 1972). 

In both paradigms (multitrial active avoidance and one-trial passive avoidance), 
nootropic treatment is efficient in preventing hypoxia-induced amnesia (GIURGEA et 
aI., 1971; SARA and LEFEVRE, 1972; MATTHIES and OTT, 1975; GOURET and RAYNAUD, 
1976). Analeptic drugs protect against hypoxia-induced amnesia as they do in the ECS 
experiments (MATTHIES and OTT, 1975; GOURET and RAYNAUD, 1976). 
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Fig. to. Threshold active avoidance; ECS-induced amnesia is reversed by nootropics. See legend 
to Fig. 9, but only the retention test is shown here. ECS was supplied 15 min after training. Note 
from left to right: good retention in non-ECS group; nonretention in ECS-saline group; good 
retention in the ECS groups that received either piracetam or etiracetam 5 min after training 

Hippocampal Seizures 

It is generally agreed, that hippocampus and related limbic and frontal lobe structures 
play an important role in the ability to retrieve memories adequately to the environ­
mental context (LISSAK and GRASTYAN, 1957; WARRINGTON and WEISKRANTZ, 1970; 
ISAACSON, 1976). Little is done in previsional pharmacology in this field. However, 
POSCHEL (1977, personal communication) described a model related to the Korsakoff 
amnesic syndrome: Rats with electrodes implanted in the hippocampus are trained to 
run back and forth to obtain food pellets at either end of a special runway; in well­
trained rats retrieval is blocked for about 10 min after noncontingent hippocampal 
seizures. Retrieval recovery was significantly speeded up by hydergine as well as by 
vincamine and piracetam. 

b) Chemical Agents 

Convulsants such as pentylentetrazol given even 7-8 h after learning (one-trial passive 
avoidance) were claimed to impair retention (ESSMAN and JARVIK, 1961). However, 
the model seems insufficiently reproducible and is hardly ever used in previsional 
pharmacology. 

Much more robust as experimental models, and also more closely related to psy­
chogeriatric previsional pharmacology, are the studies in which memory impairment 
is provoked by interfering with protein synthesis capacity (synthesis inhibitors) and in 
which drugs are given to compensate the deficit. The fundamental rationales for stud­
ies along this line have been well discussed by AGRANOFF (1967), BARONDES (1970), 
or AGRANOFF et al. (1978). 

Generally, chemical interference with cognitive functions as an experimental mod­
el for psychogeriatry is of value provided that the basic mechanism of action of the 
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given chemical compound is known. For example it has been shown that 8-azaguanine 
(8-AZA) interferes with the normal amino acid sequences in the newly formed RNA 
(DINGMAN and SPORN, 1961), while cycloheximide and other antibiotics are inhibitors 
of general protein synthesis (BARONDES, 1970). Further the administration of the in­
toxicating chemical substance should only interfere with the animals' cognitive func­
tions without changing or deteriorating the animals' general behavior. 

The psychogeriatric implications of these experiments are based on two groups of 
facts related to the biochemical memory concept of HYDEN (1967): In order to form 
new and stable memories the brain requires its optimal efficacy to synthesize correct 
RNA and proteins, Moreover, in man, as in other mammalians, there is an optimal 
age-dependent brain RNA functional efficiency, which decreases significantly in old 
individuals (GORDON, 1971). Thus age-related memory impairments might be at least 
partially due to the slowing down ()fRNA and protein synthesis turnover in the elder­
ly. Consequently, drugs which compensate memory deficits due to protein synthesis 
inhibitors might be of use in psychogeriatric patients with memory deficits. 

Behavioral previsional pharmacology in this field is insufficiently developed. The 
most conclusive results of our studies are that the threshold active avoidance pro­
cedure is sensitive to 8-azaguanine (5 and 10 mg/kg), cycloheximide (0.25 and 0.5 mg/ 
kg) and streptomycin sulphate (25 and 50 mg/kg) and also the fact that piracetam 
among other compounds compensates the amnesic effect of all three inhibjtors. 

3. Memory-Related Psychophysiological Models 

Two original approaches wiII be briefly presented in this section. Although the ex­
perimental subjects are young adult animals, these studies are theoretically relevant 
to behavioral psychogeriatric pharmacology because the functional cognitive deficit 
seems to be - at least from the behavioral point of view - strikingly similar to what 
is currently encountered in normal aged people. Indeed, normal aged people learn and 
perform relatively slowly. If they are "pushed," performance is poor, thus helping to 
maintain the psychogeriatric vicious circle. Studies on "pessimaf' rhythms of learning 
are along this line. On the other hand, aged people are particularly sensitive to stress. 
One of the electrophysiological concomitants of stress is, as pointed out by GOLDSTEIN 
(1978), a relative degree of interhemispheric dysconnectivity. Consequently and 
whithin the framework of behavioral models relevant to geriatric psychopharmacol­
ogy, the "mono limb" input variant of the threshold active avoidance might contribute 
an interesting model for pharmacological modulations of the brain's interhemispheric 
interactions. 

a) Pessimal Rhythm of Learning 

Within the framework of the Pavlovian classical learning it has long been known that 
dogs, even when well trained, do not support accelerated rhythms of conditional re­
flexes. The usual intertrial interval used by the Pavlovian school is of the order of mag­
nitude of 5 min. Two-minute and especially one-minute intervals soon induce "su­
praliminal" inhibition or even neurosis (KUPALOV, 1952). This is true even for some 
nonmotivated conditional reflexes (CRS) involving direct cortical electrical stimula­
tion for both unconditional and conditional stimulus (GIURGEA and RAICIULESCU, 
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1957; DoTY and GIURGEA, 1961). Therefore, impaired performances under pessimal 
rhythms seem to be intimately related to learning. 

As shown in Figs. 3 and 4, a 30-min intertrial interval is already a pessimal rhythm 
in old rats, almost equivalent to a I-min rhythm in young rats. We have considered 
that the psychogeriatric drugs listed in Table I might enhance the ability to cope with 
a higher rhythm of performance, i.e. to facilitate learning under "pessimal" speed and 
that, both in old and young individuals. 

This was indeed the case when deanol, dexamphetamine, dihydroergotoxine, 
etiracetam, medofenoxate, pemoline, piracetam, sulpiride and vincamine were given 
- in identical doses - to animals of both ages submitted to their respective "pessimal" 
speeds of learning. 

b) Interhemispheric Transfer of Information 
(the Threshold Active Avoidance Model with "Monolimb" Input) 

Recently the possibility that the threshold active avoidance model may be of use to 
study the effects of drugs on the interhemispheric connectivity has been investigated. 
This new variant has been referred to as the "monolimb input," in analogy with 
monocular learning techniques (BURESOVA and BURES, 1976). 

Wistar rats were tested using the "three-trial" variant of the threshold active 
avoidance paradigm. In this case, however, a "trial" consisted in the measurement of 
the threshold of only one paw, instead of both paws, as in the usual procedure. There­
fore, only one paw was "trained." As illustrated in Fig. 11, after three successive trials 
at 30-min intervals, the threshold significantly decreased and the individual dispersion 
diminished, i.e., the paw "learned." 

Subsequently the "naive" paw was tested either immediately ("immediate" trans­
fer) or on the following day ("delayed" transfer). Figure 11 demonstrates that the 
"immediate" transfer is evident. Since it cannot be expected that it is the paw which 
learns, it can be inferred that during the monolimb input an interhemispheric transfer 
had occurred. The involvement of the corpus callosum in the immediate interhemis­
pheric transfer was shown by the fact that callosotomy results in absence of this "im­
mediate" transfer. As one might expect, the secondary engram is weaker and therefore 
more vulnerable to time decay, as demonstrated by the apparent absence of the "de­
layed" transfer (Fig. 12). As shown in Fig. 12 piracetam- and piritinol-treated rats pre­
serve the "delayed" transfer in the same way as the control animals present the "im­
mediate" transfer. These compounds therefore, when administered before retention 
test, enable retrieval of the weak, secondary, callosal-dependent engrams. 

Another behavioral model is therefore available to study a callosal-dependent in­
terhemispheric transfer of information, when initial learning takes place with unilat­
eral, monosensorial ("monolimb") input. The last examples show that such models 
might be suitable for pharmacological research also. Moreover, relevant correlations 
can be observed between pharmacological results along this line. For example, pi­
racetam was shown to enhance transcallosal EPs in the cat (GIURGEA and MOYER­
SOONS, 1972), callosal "writing-in" efficacy in the rat that learns through monocular 
input a visual discriminatory task (BURESOVA and BURES, 1976), and also to facilitate, 
in humans, verbal memory in a dichotic listening paradigm both in normal (DIMOND, 
1975) and in dyslexic subjects (WILSHER, 1979). 
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Fig. 11. Threshold active avoidance. Monolimb input immediate transfer. Ordinate and abscis­
sa as in Fig. 1. Note that only one limb was trained (three trials) and that when the untrained 
limb was tested, it showed the same low threshold as the trained one. Immediate transfer is 
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Fig. 12. Piracetam retrieves '2delayed" interhemispheric transfer in monolimb learning of the 
threshold active avoidance Piracetam (28 mg/kg s.c.) or saline (S), given 1 h after the retention 
test which is performed 24 h after a three-trial learning with the left paw. Retention test with 
the trained paw: Saline group shows significant retention but piracetam group is significantly 
lower (improved retention). Retention test with the untrained paw: No retention in the S-group; 
"delayed" transfer is therefore absent. Note that a highly significant retention is seen in the pi­
racetam-treated group, thus demonstrating that this drug is able to retrieve "delayed" transfer 

E. Final Remarks 

In the light of data and concepts presented in this chapter, behavioral, previsional, 
gerotherapeutic psychopharmacology appears to be a realistic, ongoing, therapeutic 
research purpose. Table 6 lists the main psychotropics drugs actually used. 

However to date, no drug seems quite as beneficial as one would wish, either in 
clinical situations (LEHMANN, 1975) or in fundamental experiments. Indeed, most hor­
mones respresented in Table 6 seem to enhance nonspecifically limbic vigilance by a 
moderate anxiogenic effect (FILE, 1978). Therefore, most studies agree that if a posi­
tive learning facilitation is seen (REISBERG et aI., 1979), it is also usually accompanied 
by an extinction impairment of the learning material, thus somehow maintaining a be­
havior that is not longer adaptive (RIGTER and VAN RIEZEN, 1978). Various drugs, 
called "stimulants" in Table 6, do not form a homogeneous class: amphetamine deriv­
atives, analeptics, cholinergic drugs like centrophenoxine, monoamine oxidase 
(MAO) inhibitors like procainamide, etc. Some of them have been shown to prevent 
lipofuscin accumulation in the brain (NANDY and LAL, 1978). Most of the stimulants 
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Table 6. Gerontopsychopharmacological agents 

TRH I Hormones ACTH 
Vasopressin 
Testosterone 
Thyroid hormones 

Alcohol I Stimulants Amphetamines Methamphetamine 
Methylphenidate 
Pipradol 
Pemoline 

Cholinergics Centrophenoxine 
Citicoline 
Deanol 
Nicotine 

Others Caffeine 
Strychnine 
Pentylenetetrazol 
Procainamide 
Anticholinergics 
Anticholinesterases 

Papaverine I Vasodilators a Cyc1andelate 
Vincamine 

+ 
Naftidrofuryl I 

I .. 
Microcirculation Hydergine 
Activators a Pyritinol 

J Noetic Nootropics Piracetam 
( te lencephalic ) 
Activators a 

a Synonyms: cognitive activators, antihypoxidotics metabolic drugs etc. 

include the danger of tolerance and of state-dependent learning. They also provoke 
insomnia and REM alterations. Learning might be facilitated by weak doses but the 
safety margin to reach excitatory and dys-inhibitory side effects is usually rather nar­
row. 

Cerebral vasodilators might produce a "steal" -effect, thus enhancing blood flow 
in normal rather than in ischemic brain areas. The brain glucose utilization impact of 
pyritinol or the glia-related microcirculatory mechanism of action of hydergine might 
be accompanied by a direct vasodilator effect (BAN, 1978, 1979). As for the nootropic 
approach more potent drugs than piracetam should be found. New openings are still 
expected in geriatric psychopharmacology. No specific geriatric antidepressant is yet 
available in spite of the clinical evidence of high incidence of depression in the elderly 
(BAN, 1978, 1979) which might be related to the experimental data showing a particu­
larly elevated blood and brain MAO content (ROBINSON et aI., 1972) in old animals. 
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In this context the suggestion of LEHMANN (1977) for developing reliable, nontoxic 
euphoriants without disorganizing the vulnerable mental activity in the elderly is also 
to be considered. Further, drugs that increase the cortical vigilance in a specific way 
and are more potent than the existing nootropic drugs would be desirable. Anoxiose­
datives that cause less impairment of mental faculties have yet to be found, as well as 
specifically designed neuroleptics for geriatric use. 

From the experimental preclinical point of view, it seems evident that there is no 
single animal experimental model that will be able to assess the potential clinical value 
of neuropsychogeriatric drugs. This applies also to highly sophisticated techniques 
such as the quantiative electroencephalography. Only careful and competent evalua­
tion by means of a relative large battery of models can be of previsional significance 
for this extremely complex field. 
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CHAPTER 12 

Cerebrovascular Agents 
in Gerontopsychopharmacotherapy 

F. HOFFMEISTER, S. KAZDA, and F. SEUTER 

A. Introduction 

Treatment of cerebral dysfunctions and disorders occurring mainly in the elderly by 
cerebral vasodilating agents seemed to gain its justification when KETY (1956) con­
cluded that cerebral blood flow and oxygen consumption declines with age (Fig. 1). 
In an attempt to differentiate the extent to which decrease of cerebral blood flow is 
due to age or the effect of disease, DASTUR et al. (1963) excluded effects of disease by 
selecting old persons in good health. Cerebral blood flow in these selected elderly per­
sons did not differ from that of young ones. Since cerebral blood flow was low even 
in diseased elderly subjects with mild disorders, it was concluded that pathology is the 
main cause for decreased cerebral circulation in old age. 

Cerebral pathology of the elderly may, however, have its origin in primary cere­
brovascular or primary parenchymatous changes or comprise vascular disease and 
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Fig. 1. Changes in cerebral blood flow and cerebral oxygen consumption with age in normal 
human males. (Modified from KETY, 1956) 



494 F. HOFFMEISTER et al. 

cell damage - one disorder depending on the other. Thus, because vasodilatory thera­
py is primarily directed toward vessel functions, it should be indicated in those dis­
eases of the elderly which have pathophysiologic mechanisms of cerebrovascular or­
igin. Since, however, cerebrovascular interventions eventually are directed to im­
provement of brain dysfunction including psychological disturbances, a number of 
drugs with vascular sites of action may, simply as a consequence of their use, be in­
cluded in the group of gerontopsychopharmacologic agents. 

Due to the lack of exact diagnosis cerebral vasodilators very often have been used 
more or less ex juvantibus under the notion that pharmacologic intervention in cere­
bral vessel functions would be of benefit for the patient in any case. Very rarely was 
therapeutic use directed toward selected patients with diseases which could have been 
exactly attributed to a primary vascular damage. It is thus not surprising that the ex­
isting evidence on therapeutic results with vasodilators in cerebral disorders ofthe el­
derly is contradictory and confusing. 

Drugs with effects on the cerebral vascular bed traditionally have been considered 
to be nonspecific vasodilators. The finding that vasodilation may cause hyperfusion 
of the unaffected areas and lower the perfusion of ischemic areas, in this way "steal­
ing" blood from the injured region, has been generalized to cerebral circulation. 

As a consequence the rationale underlying vasodilating therapy in cerebral dys­
functions has been severely doubted (see also HOYER, p. 533, this volume). In addition, 
the assumption that an arteriosclerotic vessel has to be considered unresponsive to 
pharmacologic actions contributed to a discrediting of therapy with vasodilators. 

Pharmacologic analysis of the modes and sites of action of drugs referred to as 
vasodilators reveals, however, that the cerebrovascular pharmacotherapeutic ap­
proach comprises, at least theoretically, much more than simple undirected vasodila­
tion. Generally speaking the term "vasodilator" has become obsolete. It originates 
from that time when only a few compounds such as papaverine, nitroglycerin, or 
nicotinic acid were known to relax vascular smooth muscle in vitro and to increase 
blood flow through some vascular areas. Recent progress in knowledge of physiology 
and pathophysiology of cerebro- and cardiovascular regulation has demonstrated 
that it is necessary to classify vasoactive compounds according to their modes and 
sites of action instead of referring to them simply as vasodilators. The vascular system 
does not represent an uniform homogeneous set of tubes differentiable only by lumen 
diameter or by thickness and construction ofthe vascular wall. It has been shown that 
the neurally and metabolically determined regulation of arteries is different in various 
vascular beds. Differences in regulation and responsiveness to stimuli between con­
ductance and resistance vessels have been demonstrated. It became obvious that ex­
tramural arteries differ in sensitivity to stimuli from intramural vessels, although both 
have the same caliber and morphology. Finally, first, second, or third messengers may 
have various importance or cause alternating effects depending on the vascular beds 
they are acting on. 

It thus became clear that vasodilators or, to use a better term, vasoactive drugs may 
influence cerebral or peripheral oxygen supply through very different mechanisms. 
They may influence regulation of cerebral vessels of various sizes in different ways 
through interference with autonomic nervous receptors in the vessel wall or by a 
variety of direct effects on the vascular smooth muscle. They may further prevent or 
ameliorate reoxygenation damages occurring after ischemic periods through effects 
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on the vascular cell membrane. Prevention of ischemia or hypoxia is made further pos­
sible by inhibition of platelet aggregation, thus interfering with one of the mechanisms 
of thrombus formation. Vascular tone is also influenced by thromboxane (TXA2), a 
strong vasoconstrictor and platelet aggregation inducer, and prostacyclin (PGI2), a 
vasodilator and powerful platelet aggregation inhibitor. The same applies for drug­
induced changes in rheologic properties of blood, and there is some evidence that 
vascular damages occurring with arteriosclerosis may be influenced or in part even 
prevented. 

Although the possible therapeutic implications of these mechanisms for geronto­
psychopharmacology are still obscure and far from being proven, an attempt will be 
made to review the pharmacologic and clinical-pharmacologic evidence on vasoactive 
drugs applied for therapy of cerebral disorders in the light of pharmacologic mech­
anisms which may playa role in gerontopsychopharmacology. Some examples which 
may represent the different approaches to vascular therapy are discussed. 

B. Some Mechanisms of Vasoactive Pharmacologic Intervention 
in Cerebrovascular Disorders 

I. Receptor Agonistic and Antagonistic Mechanisms 

Neurotransmitters such as noradrenaline, adrenaline, dopamine, and histamine, as 
well as serotonin, play an important role in the regulation of cerebral blood flow both 
in normal and diseased states such as hypoxia or ischemia (ZERVAS et aI., 1975; ED­
VINSSON and OWMAN, 1975). During brain ischemia monoamines are released in excess 
into the cerebral parenchyma. The effects of serotonin and noradrenaline are spasmo­
genic whereas the effects of dopamine may depend on concentration, being spasmo­
genic with high and spasmolytic with low levels (EKSTROM-JODAL et aI., 1973). Thus 
a-adrenergic or serotonergic receptor stimulation seems to be the most common and 
powerful vasoconstricting factor in the cerebrovascular area. Consequently, block­
ades of the vascular effects of these neurotransmitters have been expected to decrease 
vascular tone to produce vasodilation and to prevent or release spasm, in this way re­
ducing vascular resistance to flow and improving tissue perfusion. Pial vessels are ac­
companied by cholinergic fibers (LAVRENTIEVA et aI., 1968). The effect of increased 
cholinergic tone is vasodilation and increased cerebral blood flow and cerebral met­
abolic rate of oxygen (PURVES, 1972; MATSUDA et aI., 1974; MEYER et aI., 1976). Stim­
ulation of f3-adrenoreceptors will result in the reduction of cerebral vascular tone and 
vasodilation. Simultaneously, f3-adrenergic stimulation increases heart contractility 
and cardiac output, thus contributing to improved cerebral circulation. Stimulation 
of vascular histamine receptor (H 1) may result in cerebrovascular dilation, apart from 
peripheral vascular effects (WALTER et aI., 1941; ANDERSON and KUBICEK, 1971). 

II. Direct Effects on Cerebrovascular Smooth Muscle 

In contrast to many other excitable tissues, the only second messenger directly involv­
ed in the activation of vascular smooth muscle appears to be calcium. The increase 
in calcium concentration required to induce contraction can be brought about in sev­
eral ways. Some agents such as angiotensin or noradrenaline release intracellular cal-
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Fig. 2. Schema of different ways of activating vascular smooth muscle cell for contraction or 
relaxation. Receptor stimulating by agonists releases calcium from intracellular stores and 
opens receptor-operated channels ROC. Depolarization opens potential-sensitive PS channels. 
Both ROC and PS enhance the transmembrane calcium influx, thus increasing the intracellular 
concentration of free calcium necessary for activating contractile proteins CPo Activation of 
cAMP increases the calcium effiux and/or its reuptake in the intracellular stores, diminishing 
free calcium concentration and initiating relaxation of contraction. Relaxation (vasodilation) 
may be induced also by blocking receptors and/or by blocking channels. (TOWART, 1981) 

cium to initiate contraction and, in addition, open membrane calcium gates to sustain 
contraction. These gates have been called "receptor-operated channels" (BOLTON, 
1979). Cell depolarization results in the opening of voltage-sensitive or "potential-sen­
sitive gates" (BOLTON, 1979; ROSENBERGER and TRIGGLE, 1978). As a consequence of 
these mechanisms there are different ways to pharmacologically relax the vascular 
smooth muscle cell (Fig. 2). Decreasing the concentration of adrenergic neurotrans­
mitters or blocking their receptors will relax vascular smooth muscle tone. 

Cyclic adenosine monophosphate (cAMP), an intracellular intermediate of 
adenonucleotide metabolism, seems to diminish intracellular concentration of activa­
tor calcium by stimulating either transmembrane calcium efflux (Fig. 2) or calcium 
reuptake in the intracellular calcium stores, or both. Thus, each event resulting in in­
crease of intracellular cAMP, either enhancing its synthesis or blocking its degrada­
tion, will relax the muscular tone of the vessel, decrease vascular resistance, and in­
crease blood flow. f3-adrenergic stimulation of membrane receptors will activate 
adenylcyclase with consequently enhanced synthesis of cAMP. Inhibition of phospho­
diesterase (P DE) will result in the same effect (Fig. 2). Availability of intracellular ac-
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tivator calcium as a basic denominator for contraction of the vascular smooth cell 
may also be achieved by pharmacologic inhibition of transmembrane calcium influx 
(Fig. 2). Excitation of the membrane of the smooth muscle cell enhances the calcium 
entry, thus increasing free calcium concentration for producing contraction. Some of 
the gates in the cellular membrane necessary for calcium entry are receptor operated 
(VAN BREEMEN and SIEGEL, 1980; HENRY et aI., 1979), and others are essentially poten­
tial sensitive. The excitation-contraction uncoupling is the main effect of a number of 
compounds which are referred to as calcium entry blockers. Sensitivity to drugs may 
be entirely different in different vascular areas. It has been shown that Ca + + entry 
in vitro via receptor-operated channels of cerebral vessels (basilar artery) is much 
more susceptible to certain calcium entry blockers than entry via the corresponding 
channels in the peripheral vascular bed (TOWART, 1980a, b). In this way some com­
pounds may have specific vasospasmolytic effects in the brain without affecting the 
peripheral vascular system (ALLEN and BANGHART, 1979). Other compounds may in­
hibit potential-dependent calcium channels only, in this way exerting vasospasmolytic 
activities based on a different mechanism (Fig. 2). Lack of oxygen in hypoxia or isch­
emia will result in damage to the cell membrane, thereby producing a loss of intracel­
lular potassium. Increased extracellular potassium concentration depolarizes the cell 
membrane and further enhances transmembrane calcium influx (NAYLER et aI., 1980; 
HENRY et aI., 1979). For this reason "calcium antagonism" may contribute to the pre­
vention of ischemia-induced damage to the brain, which may also occur when blood 
flow is restored to an area already damaged by ischemia. 

ID. Mechanisms Involving Blood and Blood Vessel Wall Interactions 

Until 2 decades ago it was assumed that ischemic cerebral vascular disorders might 
be caused by hemodynamic factors only. It is still a matter of controversy whether ce­
rebral multiinfarction or transient ischemic attacks are of hemodynamic or throm­
boembolic origin (FIELDS, 1977). On the other hand, there is no doubt that throm­
boembolic processes in the carotid arteries contribute to acute and chronic cerebro­
vascular disease (BARNETT, 1976; GENTON et aI., 1977; HARRISON, 1978; GAUTIER, 
1979; BANSAL et aI., 1978; GANSIllRT, 1978). An arteriosclerotic plaque in the carotid 
artery very often is the primary cause of the induction of thrombogenesis (IMPARATO 
et aI., 1979). 

Platelet aggregation, blood coagUlation, hemorheologic properties, and fibrinoly­
sis are considered basic mechanisms for hemostasis as well as thrombogenesis, the 
pathological exaggeration of hemostasis (Fig. 3). Platelets are able to adhere to foreign 
surfaces such as exposed collagen of an injured vessel or an arteriosclerotically altered 
extracranial vessel. They release constituents which make further platelets sticky, form­
ing platelet thrombi, and other compounds with procoagulant activity (Figs. 3 and 
4). Such aggregates as well as mixed thrombi containing fibrin, platelets, and other 
blood cells or atheromatous debris, may embolize and downstream obstruct vessels 
of the intracranial circulation (RODVIEN and MIELIrn, 1978). 

Aggregate formation normally is a temporary process, the platelet plaque being 
dissolved within a very short time. Short-lasting syndromes such as amaurosis fugax 
may be considered the functional correlate of the existence of aggregates which are 
visible in the retinal vessels during seizure. Similar observations were made in animal 
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experiments using the pial window technique with aggregating agents such as ADP 
(adenosindiphosphate) or arachidonic acid (FIESCHI et aI., 1977, 1978; ROSENBLUM 
and EL-SABBAN, 1977). Reinforcement of physiologic platelet reactions may be caused 
by hyperaggregable platelets or platelets with enhanced adhesive properties (PRENCIPE 
et aI., 1974; JOBIN, 1978; Ts'Aoet aI., 1978; TEN CATE et aI., 1978). An increase in num­
ber of platelet aggregates was shown in the circulating blood of patients with cerebral 
infarction (ACHESON, 1974; MEYER and WELCH, 1974; Wu and HOAK, 1975). 

Thus cerebrovascular disorders may have their cause not only in primary vascular 
actions or reactions, but may also occur through interaction of blood and blood con­
stituents with an altered vessel wall. This notion has been supported by the discovery 
of thromboxane A2 (TXA2) and prostacyclin (PGI2) (MONCADA and VANE, 1977, 
1979; VANE, 1978; SAMUELSSON et aI., 1978). Arachidonic acid is liberated from phos­
pholipids in cell membranes of platelets by phospholipase activated by aggregating 
agents such as thrombin, collagen, or ADP (Fig. 4). Arachidonic acid is metabolized 
by the fatty acid cyclooxygenase to the labile endoperoxides prostaglandin G 2/H2 
(pGG2, PGH2). Thromboxane synthetase rapidly transforms the endoperoxides to 
thromboxane A2, which causes vasoconstriction and platelet aggregation. Arachi­
donic acid also serves as a substrate for the lipoxygenase. In this way 12-L-hydroxy-
5,8,10,I4-eicosatetraenoic acid (HETE) is generated (Fig.4). Prostacyclin (pGI2), an 
antagonist of thromboxane A2, is the most active inhibitor of platelet aggregation 
known so far and a potent vasodilator (Fig.4). This compound is synthesized in the 
vessel wall, predominantly in the microsomal fraction of the intima. PGI2 is generated 
by prostacyclin synthetase from its own precursor arachidonic acid via endoperoxi­
des. It is rapidly metabolized to the degradation product 6-keto-PGF liz' These find­
ings (HAMBERG et aI., 1975; MONCADA et aI., 1976; GRYGLEWSKI et aI., 1976) have gen­
erated the hypothesis that thromboxane A2 and prostacyclin, in addition to adenine 
nucleotides and thrombin (COOPER et aI., 1979; BoRN, 1980), contribute to the control 
oflocal intravasal thrombus formation. Accordingly, disturbances of the equilibrium 
of these two substances might easily lead to fatal consequences. Cyclooxygenase in­
hibitors influence both thromboxane formation in platelets and prostacyclin gener­
ation in the vessel wall (Fig. 4). Thromboxane synthetase inhibition would not inter­
fere with prostacyclin formation. Thromboxane synthetase inhibition, in contrast to 
interference with cyclooxygenase, would not impair prostacyclin synthesis, thus leav­
ing intact an important endogenous vasodilating and antiaggregational mechanism. 
Thus, cyclooxygenase inhibitors, just as drugs inhibiting the thromboxane synthetase, 
would be promising pharmacotherapeutic approaches to cerebrovascular disease. As 
stated above, thromboxane A2 has been shown to be a potent vasoconstrictor and 
prostacyclin a potent vasodilator. 

It is thus easily understood that the thromboxane-prostacyclin system not only has 
an important function in thromboregulation, but may also contribute to local regula­
tion of vascular tone. Thus, pharmacologic intervention in an imbalance of this system 
occurring in cerebrovascular disease seems to be promising, although relatively little 
is known about the significance of the TXA2-PGI2 balance for the local cerebral 
blood flow. As yet there is little information on the formation of prostaglandins and 
thromboxanes in brain tissue, but TXB2 (degradation product of TXA2) has been 
found in the brain tissue of animals and TXB2 content in the blood increases after 
pentetrazol-induced seizures (mouse) (WOLFE, 1978; STEINHAUER et aI., 1980). Pre-
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treatment with TXA2-synthetase inhibitors (imidazole or l-carboxy-heptyl-imidaz­
ole) inhibited dose-dependently the increase in TXB2 occurring with seizure. SmMA­
MOTO et ai. (1977) demonstrated that injection of fluids containing TXA2 in the 
carotid artery resulted in strokes. Thus it may be concluded that pharmacologic inter­
vention with thromboxane synthesis, thromboxane antagonism, or stimulation of 
prostacyclin synthesis or release may be reasonable therapeutic approaches to cere­
brovascular disorders. 

The thrombogenic theory of atherosclerosis presumes that thrombosis precedes the 
development of the atherosclerotic plaque. Damage of the endothelial lining of the 
vessel results in formation of microthrombi, which are organized, infiltrated with 
cholesterol, and eventually become atherosclerotic plaques. This theory (ROKITANSKI, 
1842; DUGUID, 1949) has received renewed attention (SPAET et aI., 1974), because a 
number of observations support it: Platelets and fibrin as the major constituents of 
thrombi are found in atherosclerotic plaques. As was expected, fibrous tissue or col­
lagen,rather than lipids, is the major component of structured atherosclerotic plaques. 
In the experimental animal (SEUTER et aI., 1980) thrombogenic stimuli produce intimal 
thickening by proliferation of the medial smooth muscle. Consequently pharmaco­
logic interventions aimed at this chain of events leading to development of atheroscle­
rotic plaques will have much in common with anti thrombotic therapy. 

Disturbances and disorders of microcirculation may be caused by changed func­
tional states of the blood vessel (constriction, dilatation, atherosclerotic plaques, etc.), 
as well as by changes in the function of the blood itself, especially of the red blood 
cells (RBC) (SCHMID-SCHONBEIN, 1977; THOMAS, 1979). Changes of the flow proper­
ties of blood have been found to accompany disorders such as cerebrovascular dis­
ease, myocardial infarction, vascular diseases, or diabetes (MULLER, 1980; SCHMID­
SCHONBEIN, 1978). Whole-blood viscosity depends to a certain extent on plasma vis­
cosity, but is decisively influenced by the ability of RBC to be easily deformed and 
by the formation of red blood cell aggregates. RBC aggregation is influenced by he­
matocrit and fibrinogen level in the plasma. It is easily understood that a change in 
the deformability of the erythrocytes may influence the oxygen or nutrition supply of 
tissues. The RBC which has a diameter of 7-8 J..Lm when situated in larger blood vessels 
is able, by its physiologic fluidity or deformability, to pass through small capillaries 
with diameters of 2-3 J..Lm. RBC deform ability has been found to be decreased by 
changes in osmolarity, lactate concentration, and changes of the pH occuring in isch­
emic areas. Red blood cell aggregation is a reversible phenomenon. Under normal 
flow conditions there are no aggregates in larger vessels. However, under pathologic 
conditions RBC aggregation may be enhanced to such an extent that disturbances of 
blood flow may occur which sometimes result in stasis. 

It thus appears quite probable that pharmacologic improvement of rheologic prop­
erties of blood may be of benefit in cerebrovascular disorders or in geriatric patients. 
This is especially the case when, as a consequence of major changes in the vascular­
ization of an area, vasomotor compensation seems impossible. The rheologic effects 
caused by drugs are measurable but admittedly far from dramatic. The question re­
mains open whether a number of reported pharmacotherapeutic successes in cerebro­
vascular disease may be ascribed to rheologic interventions. On the other hand there 
may exist undetected changes in rheologic properties of the blood due to the paucity 
of the experimental methodology. 
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c. The Drugs 
I. Drugs with Vascular Receptor-Agonistic and Antagonistic Properties 

Codergocrine mesylate, a mixture of hydrogenated ergot alkaloids (see also LoEW and 
VlGOURET, this volume, p. 435, possesses ex- and p-adrenoreceptor blocking properties 
(TAESCHLER et aI., 1952). As an ex-blocker it inhibits noradrenaline-induced vasocon­
striction but produces bradycardia instead of tachycardia. Similar to P-blocking 
agents codergocrine mesylate antagonizes the hypoglycemic effect of adrenaline and 
the adrenaline-induced inhibition of intestinal motility. It does, however, not modify 
the inotropic effect of adrenaline. Antiarrhythmic effects have been reported. Because 
of cerebral serotonergic and dopaminergic effects of codergocrine mesylate (see also 
LoEW and VlGOURET, this volume, p.435), effects on cerebral as well as on peripheral 
circulation should be expected. Moreover, the preparation interferes with low km 

phosphodiesterase activity of the brain (ENZ et al., 1975), an effect which could lead 
to direct cerebral vascular smooth vessel actions (km is the substrate concentration at 
which the respective isoenzyme works with half maximal velocity). 

It has been shown that codergocrine mesylate is able to increase cerebrovascular 
flow for a short time through a decreasing effect on the cerebrovascular resistance in 
a number of experimental animals such as rabbit, cat, dog, and baboon. Simulta­
neously, an increase in the cerebral metabolic rate of oxygen consumption (CMR02 ) 

has been reported (RoTHLIN and TAESCHLER, 1951; SCHNEIDER and WmMERs, 1951; 
TAESCHLER et aI., 1952; SZEWCZYKOWSKI et aI., 1970, POURRIAS et aI., 1972). Cerebro­
vascular resistance of normocapnic dogs is not influenced whereas the reduced cere­
brovascular flow induced by hypocapnia is strongly increased. It has therefore been 
supposed that the preparation has a direct musculotropic vasodilating effect, espe­
cially in vessels with high muscular tone (SCHNEIDER and WmMERs, 1951). In ex­
perimental cerebrovascular insufficiency ofthe cat produced by hypovolemic oligemia 
the preparation improves the cerebrocortical P02, thereby stabilizing EEG power 
without influencing cerebral blood flow (CBF). Since phenoxybenzamine, an ex-antag­
onist, protected the brain in the same experimental procedure it has been concluded 
that the codergocrine mesylate induced protection is in part due to regulating effects 
on CNS catecholamines (GYGAX et aI., 1978). 

Clinical pharmacological evidence of codergocrine mesylate as affecting cerebral 
blood flow is controversial, possibly because different techniques have been used and 
different populations of healthy persons and patients investigated. After acute intra­
venous administration of a single dose almost no changes in human CBF have been 
observed (GOTTSTEIN, 1969; McHENRY et aI., 1971; OLESEN and SKINHOJ, 1972; 
HERRSCHAFT, 1977). HERZFELD and WITTGEN (1971) were unable to observe changes 
in brain circulatory time (99 MTC) of patients with cerebrovascular disease with in­
tramuscular administration of single doses. 

However, daily administration of codergocrine mesylate for 6 weeks shortened ce­
rebral circulatory time in patients older than 65 years (HERZFELD et aI., 1972). Cere­
brovascular resistance to flow was clearly decreased after 6 weeks' therapy with coder­
gocrine mesylate in patients with "cerebrovascular sclerosis." A similar effect of long­
lasting therapy was observed in patients with cephalic hypertension (KLEIN and 
SmDEK, 1966). There is a vast literature describing cerebral effects of codergocrine me­
sylate in geriatric and/or cerebrovascular patients that was recently reviewed by SPAG-



502 F. HOFFMEISTER et al. 

NOU and TOGNONI (1979). Although there seems to be no doubt that codergocrine me­
sylate exerts a number of clinical-pharmacologic and therapeutic effects it is doubted 
that those actions described are due to vascular effects. It is now generally accepted 
that codergocrine mesylate exerts its actions mainly through metabolic and neuro­
transmitter effects on brain parenchyma rather than on brain vasculature (HYAMS, 
1978). 

Nicergoline is another ergot alkaloid derivative used in treating cerebrovascular 
dysfunctions (BERNARDI, 1979). It has been shown that its IX-adrenolytic potency is 
more pronounced than that of other ergot alkaloids and that of phentolamine. The 
compound increases blood flow in various vascular beds including the cerebral. This 
has been demonstrated in the formal and cephalic (vertebral) arteries. In dogs phenyl­
ephrine-induced vasoconstriction of the vertebral vascular bed is inhibited as well 
as the epinephrine- and norepinephrine-induced blood pressure increase (LIEVRE et aI., 
1979). In the in situ \solated perfused normoxic brain of the dog nicergoline decreases 
cerebrovascular resistance to flow and increases CMR02 • During the recovery perfu­
sion period after a 15-min hypoxic perfusion, nicergoline increases glucose uptake and 
decreases pyruvate formation without changing lactate outflow in the same prepara­
tion (MORETTI, 1979). It is therefore concluded that nicergoline acts at least in part 
through parenchymatous metabolic effects. Single-dose administration of nicergoline 
in patients did not increase the regional or total cerebral blood flow (HERRSCHAFT, 
1977). On the other hand, JUFF et al. (1979) reported that nicergoline increased re­
gional blood in some patients with multi-infarct dementia or transient ischemic at­
tacks. A number of studies have demonstrated effects on behavior and cognitive func­
tions in geriatric patients (for review see AUPRANDI and TANTALO, 1979; BORGIOU et 
aI., 1979). As with codergocrine mesylate differentiation of vascular from nonvascular 
neurotransmitter effects is difficult. As an ergot alkaloid derivative nicergoline should 
not be very different from the former in this respect. 

The chemical structure of vincamine (see also LoEW and VIGOURET, this volume, 
p.435), one of the alkaloid constituents of vinca minor (Apocyanies), was first de­
scribed by SCHUTTLER and FURLENMEIER (1953) as being related to the structure of 
reserpine. Although long known as a therapeutic remedy it was not used before 1960 
in the treatment of cerebrovascular diseases. Vincamine and its analogues decrease pe­
ripheral resistance to flow via IX-sympatholytic effects (SZPORNY and GOROG, 1962), 
although a parasympathomimetic mode of action has also been postulated. Vasodilat­
ing effects of vinca mine have been shown mainly in the cerebral and coronary vascular 
beds whereas flow in skeletal muscle is only slightly increased and splancnic vessels 
seem to remain unaffected (AUROUSSEAU, 1971; KARPATI and SZPORNY, 1976). Effects 
on CBF have been reported by WITZMANN and BLECHAZ (1977) as well as by SZPORNY 
(1976), ARFEL et al. (1974), and BRAILOWSKI et al. (1975). Besides its IX-receptor antag­
onistic effects vincamine seems to exert a number of cerebral actions such as inhibition 
of spontaneous motility, prolongation of barbiturate anesthesia, and antagonism of 
amphetamine excitation (AUROUSSEAU, 1971; AUROUSSEAU et aI., 1972; DUPONT and 
AUROUSSEAU, 1970). These effects might be due to direct cerebrometabolic actions and 
probably are independent of vascular smooth muscle effects. 

The vincamine analogues ethyl-apovincaminate (KARPATI and SZPORNY, 1976) 
and L-eburnamomine (LINEE et aI., 1979) increase the cerebral metabolic rate of oxy­
gen (CMR02) in dogs. Other effects such as increased survival of mice in hypobaric 
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hypoxia and inhibition of the amnesic effects of exposure to hypoxia in rats might be 
attributed to "oxygen-saving mechanisms." Vinca alkaloids have been shown to im­
prove the metabolic status and the energy charge potential in the cerebral cortex of 
dogs during hypoxia and/or ischemia (VILLA et aI., 1979), and metabolic effects in the 
brains of cats, rats, and dogs have been reported by BIRO et aI. (1976), KANIG and 
HOFFMANN (1979), and GLATT et aI. (1979). 

In man, e.g., in healthy volunteers as well as in "arteriosclerotic patients," vinc­
amine increases CBF as measured by 133Xe clearance (ESPAGNO et aI., 1969; ARlms, 
1972; GOSSETTI et aI., 1979; LIM et aI., 1980). In some patients the cerebral arteriove­
nous difference in oxygen content seemed to be increased after vincamine, an effect 
which has been interpreted as being caused by improved oxygen extraction of the 
brain (ESPAGNO et aI., 1979). A number of clinical-pharmacologic and clinical studies 
on vincamine and vincamine analogues described improvement of carbohydrate me­
tabolism in cerebrovascular patients, amelioration of the EEG of patients with ad­
vanced cerebral sclerosis, and improvement of cognitive deficits (TESSERlS et aI., 1975; 
V AMOSI et aI., 1977; MIKUS et aI., 1973; MIKUS, 1980; MAROLDA et aI., 1979). Further 
improvement of neurologic symptoms following stroke and attenuation of the 
Meniere syndrome as well as decrease of disturbances of psychomotor performance 
in encephalopathic children have been reported (PIlCH and GITENET, 1972; FOSSEY and 
PAsQumR, 1972). It appears that vinca alkaloids increase CBF through vasospasmo­
lytic effects. Nevertheless there are no clearly defined metabolic actions which might 
contribute to the therapeutic effects reported. 

Naphtidrophuryl is a spasmolytic and vasodilating compound with a potency 30-
40 times greater than that of papaverine (SZARVASI et aI., 1965; FONTAINE et aI., 1966). 
Antiserotonergic activities were described by FONTAINE et aI. (1968, 1969). Further 
naphtidrophuryl decreased the 45Ca uptake of the membrane fraction of the rabbit 
aorta (BARON and KREYE, 1973). Besides vascular effects other pharmacologic prop­
erties such as local anesthesia, antifibrillatory actions, and ganglioplegic, analeptic, 
and antidepressant properties have been reported (ARNAUD et aI., 1965; FONTAINE et 
aI., 1968, 1969). FONTAINE demonstrated cerebral vasodilating effects in dogs. POUR­
RIAS and RA YNAUD (1972) measured increased subcortical blood flow in the rabbit and 
the dog after naphtidrophuryl using a thermoelectric method. The same applies for 
cerebral blood flow of cats as measured by thermocouple probes. The reactive hy­
peremia occurring after short-lasting bilateral carotid occlusion seemed to be attenu­
ated (LEVY and WALLACE, 1977). According to MEYNAUD et ai. (1972, 1973) and 
KANIG et ai. (1979) naphtidrophuryl exerts cerebral metabolic effects such as in­
creased glucose concentration, decreased tissue lactate in the mouse brain, and 
changes in enzyme activity. 

This is little information on the effects of naphtidrophuryl on the CBF in man. Ce­
rebral transition time was found to be decreased in patients with internal carotid 
thrombosis, cerebral sclerosis, and stenotic carotid disease as measured by 51Cr_ 
radiocirculography (EICHHORN, 1969). Further release of spasms ofthe carotid artery 
occurring during angiography has been reported (FoURNmR and MOUROU, 1972). On 
the other hand, HERRSCHAFT (1977) found a slight decrease of regional cerebral blood 
flow after administration of naphtidrophuryl e33Xe). A variety of reports on the 
clinical efficacy of the compound are available. Improvements in patients with acute 
cerebral ischemia (EICHHORN, 1969) and chronic arteriosclerosis have been claimed af-
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ter treatment for several months (DANIELCZYK, 1971). Evidence of the clinical efficacy 
of naphtidrophuryl was reviewed recently by BEGm (1979), who concluded that the 
reports available are not sufficient to prove therapeutic efficacy of the compound. 

Isoxuprine is a catecholamine derivative with p-adrenomimetic properties. Ac­
cordingly, it dilates arterial vessels, lowers blood pressure, and increases heart rate and 
contractility. Isoxuprine dilates cerebral vessels in cats (W AREMBOURG et aI., 1961) and 
increases CBF in monkeys (KARLSBERG et aI., 1963) and in humans (GLONING and 
KLAUSBERGER, 1958; HORTON and JOHNSON, 1964; MIYAZAKI, 1971). 

In cerebrovascular patients isoxuprine prevented abnormal slow waves in the 
EEG usually induced by hyperventilation. Vasodilating effects were postulated to oc­
cur (WHITTIER and DHRYMIOTIs, 1962) in cerebrovascular and/or geriatric patients. 
Improved performance (HUSSAIN et aI., 1976) as well neurological symptoms (DHRY­
MIOTIS and WmTTIER, 1962; AFFLECK et aI., 1961) were described. Beneficial effects on 
behavioral, psychiatric, and neurological criteria in a number of patients were report­
ed (ELLIOT et aI., 1973; GUYER, 1977, 1978). 

Tinophedrine, an experimental compound being clinically investigated, exerts p­
adrenomimetic actions (see also p. 495, this volume). This property becomes evident 
in positive ino- and chronotropic as well as vasodilating effects which can be antag­
onized by p-adrenergic blocking agents (ACHENBACH et aI., 1979; STROMAN and THIE­
MER, 1981). Tinophedrine increases the vertebral artery blood flow and total CBF in 
the dog, as measured by 133Xe clearance (THIEMER et aI., 1978). Tinophedrine further 
antagonizes metabolic disturbances caused by controlled hypotension hypoxia and bi­
lateral carotid occlusion through increasing cerebral glucose utilization and enhanc­
ing tissue concentration of ATP and CP in the rat. The "energy charge potential" was 
significantly increased (OBERMEIER et aI., 1978). Besides slight sedative, anxiolytic, lo­
cal anesthetic, and antiphlogistic effects, no other important pharmacologic effects 
have been reported (JAKOVLEV et aI., 1978). . 

No significant effects on total hemispheric CBF occurred after intravenous injec­
tion of 0.2 mg/kg tinophedrine in humans (HEISS and ZEILER, 1978). However, in 
patients with reduced CBF in the course of multiinfarct dementia tinophedrine in­
creased cerebral blood flow by an average of 28% (MERORY et aI., 1978). A number 
of clinical-pharmacologic and therapeutic studies some of them reporting beneficial 
effects, have assessed EEG changes, changes in performance, cognitive functions, and 
vigilance (SPEHR, 1978; SALETU and ANDERER, 1980a, b). Tinophedrine exhibits an in­
teresting pharmacologic profile characterized by p-stimulant properties which con­
tribute to its cerebrovascular dilating properties. Its cerebrometabolic effects are not 
yet clearly defined and proof of therapeutic value is not yet established. 

Betahistine is a histamine analogue with a comparatively selective stimulating ef­
fect on H1 (vascular) receptors (WALTER et aI., 1941). The compound increases flow 
in the basilar artery of the dog as measured by electromagnetic flowmeter. At the same 
time the systemic blood pressure decreases (ANDERSON and KUBICEK, 1971). Further, 
an increasing effect on cochlear blood flow has been demonstrated (SUGA and SNOW, 
1969). In patients with various forms of chronic cerebrovascular disease betahistine 
was reported to increase regional cerebral blood flow remarkedly in most of the re­
gions measured (MEYER et aI., 1974). In addition to this study some improvement in 
vigilance and cognitive functions has been shown after betahistine therapy (PATHY et 
aI., 1977; BOTEZ, 1975; SPRUILL et aI., 1975). At present betahistine is used clinically 
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to some extent. The appropriate indications and therapeutic value are not fully estab­
lished. 

II. Drugs with Direct Vascular Smooth Muscle Effects 

Papaverine has been used in pharmacotherapy for decades due to its musculotropic, 
vasodilating, and spasmolytic effects. Its vasodilating effects are explained by the 
phosphodiesterase inhibitory activity (KUKOVETZ and POECH, 1970; TRINER et aI., 
1970) (for further explanation see p. 496, this volume). When administered parenter­
ally papaverine dilates peripheral and cerebral vessels in normal animals and in hu­
mans (SOKOLOFF, 1959; BETZ, 1972; OLESEN, 1974). In rabbits with reduced cerebral 
blood flow papaverine increased CBF dose dependently (MUCCI and STERNIERI, 
1968). In cats with unilateral occlusion of the middle cerebral artery papaverine in­
creased CBF only in the nonischemic hemisphere. In other models mimicking cerebral 
ischemia, CBF seemed decreased - a result which was explained as being the conse­
quence of a drop in mean arterial blood pressure due to general vasodilation (REGLI 
et aI., 1971). Electrophysiologic phenomena, such as speed of recovery of evoked po­
tentials during reperfusion periods after ischemic episodes, seemed to be improved by 
papaverine during hypocapnia. There was no effect in normocapnic animals 
(STREICHENBERGER et aI., 1970). The immediate postischemic reactive cerebral hy­
peremia of the cat is prolonged by papaverine, but there is no influence on the sub­
sequent postischemic impaired reperfusion hyperemia (KAZDA and HOFFMEISTER, 
1979). 

Although there is no doubt that papaverine exerts cerebral vasodilating effects in 
animals and normal subjects the clinical pharmacologic and therapeutic reports on the 
actions of the compound in chronic cerebrovascular disease are controversial. MEYER 
et al. (1965), GOTTSTEIN (1965), and WERNITZ (1969) reported favorable effects on ce­
rebral blood flow and metabolism in patients suffering from stroke. Further, it has 
been shown that papaverine increased the regional blood flow in areas with low per­
fusion due to vasospasms. Despite this effect on cerebral perfusion the clinical symp­
toms accompanying vasospasm were not changed by papaverine infusion (McHENRY, 
1972). Increase of cerebral blood flow was further reported by HONERMANN et al. 
(1975). Increased CBF in normally perfused areas, and decreased flow in ischemic 
areas, was demonstrated (OLESEN and PAULSON, 1971). For this reason it was recom­
mended that vasodilator therapy should be avoided becauseofthe "steal phenomenon." 
Although this finding has never been confirmed beyond doubt and McHENRY (1972) 
demonstrated an increase in regional cerebral blood flow in both healthy and ischemic 
areas in patients, the notion of the "steal phenomenon" as an inevitable consequence 
of pharmacogenic cerebral vasodilation greatly influenced clinical-pharmacologic 
and therapeutic attitudes toward cerebral vasodilation as means of pharmacologic in­
tervention in cerebrovascular disease (HOYER, p. 533, this volume). The therapeutic ef­
fect of papaverine in geriatric patients with chronic cerebrovascular disease has been 
investigated repeatedly (DUNLOP, 1968; SMITH et aI., 1968; RITTER et aI., 1971). Favor­
able effects in those patients have been reported, but due to the poor design of these 
studies no conclusions as to the efficacy or nonefficacy of the compound can be 
drawn. 

Cyclandelate is also a direct musculotropic vasodilator active in 3 times-lower con­
centrations than papaverine. As is to be expected, the compound as a phosphodies-
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terase inhibitor nonspecifically antagonizes acetylcholine-, histamine-, and barium­
produced spasms of the guinea pig intestine. 

When administered intravenously to humans cyclandelate increased CBF in the 
internal carotid artery. This increasing effect was more pronounced than the concomi­
tant increase in the brachial artery. The effect lasted longer than that obtained with 
papaverine (MIYAZAKI, 1971). Increased CBF in the frontotemporal-parietal regions 
of elderly persons has been found as measured by 133Xe clearance after administra­
tion of cyclandelate (O'BRIEN and VEALL, 1966). A I-month treatment of elderly 
patients resulted in significant improvement in mental performance (BALL and TAY­
LOR, 1967). At the same time CBF was increased. A number of behavioral and cog­
nitive improvements following cyclandelate therapy have been reported (HALL, 1976; 
CAPOTE and PARIKH, 1978; WESTREICH et aI., 1975; FINE et aI., 1970; DAVIES et aI., 
1977; JUDGE et aI., 1973). 

The methylxanthines, among them theophylline, caffeine, and a variety of other 
xanthine derivatives, are known as cerebral stimulants and vasodilators. In addition 
to papaverine they are the prototype of cyclic AMP phosphodiesterase inhibitors (see 
also p. 496, this volume), and most of their vascular and stimulatory effects seem to 
be related to this basic property. There is little evidence of a direct cerebrovascular 
dilatory activity of the xanthine derivatives. Moreover, WECHSLER et ai. (1950), GOTT­
STEIN (1962,1965), FAZEKAS et al. (1953), and HERRSCHAFT (1977) found that xanthine 
derivatives such as aminophylline as well as theophylline exerted cerebral vasocon­
striction. 

The assumption that cerebral vasoconstriction after xanthines is due to hypocap­
nia occurring as a result of amino(theo )-phylline-induced hyperventilation could not 
be proven, because SKINHOJ and PAULSON (1970) demonstrated that the xanthines also 
exert a direct vasoconstrictor effect on brain vessels at physiologic PaC02 levels. 

In patients the xanthines seem to have an inhomogeneous effect on cerebral circu­
lation which possibly depends on the metabolic and circulatory state of a given region 
(PAULSON, 1970). Redistribution phenomena (see also p. 494, this volume) of cerebral 
blood flow in the sense of an "inverted steal phenomenon" have been demonstrated 
(HEISS, 1973). This effect, referred to as the "Robin Hood phenomenon," is considered 
to be responsible for some positive therapeutic effects reported in patients following 
stroke. Such effects (including improved EEG, performance, and cognitive functions) 
are described by JOVANOVIC (1972), KOPPENHAGEN et ai. (1977), LEHRACH and MUL­
LER (1971), FEINE-HAAKE (1977), KELLNER (1976), HARWART (1979), and SEN and 
CHAKRAVARTY (1977). Further therapeutic effects in ophtamologic (HEINSIUS and 
FLAMM, 1973; KUCHLE, 1977) and otologic (W ACKENHEIM, 1976) patients have been 
reported using pentoxithylline. The xanthines, also comparatively weak in action, are 
still, with some justification, used in the pharmacotherapeutic management of chronic 
cerebrovascular disorders. To which extent, however, whether the effects reported are 
due to cerebrovascular or other cerebral or peripheral actions remains unsolved. 

Xanthinol-nicotinate exerts vascular effects and interferes with cerebral metabo­
lism (BRENNER and BRENNER, 1972). Among the reported effects are increased oxygen 
uptake in brain homogenates in vitro as well as ex vivo. This does not apply to the 
xanthinol base and nicotinic acid. Metabolic actions are explained as being caused by 
stimulation of the biosynthesis of the oxygenated pyridine-nucleotides in tissues 
(BRENNER, 1974). 
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Xanthinol-nicotinate has been shown to inhibit spontaneous platelet aggregation 
in patients with parenteral but not enteral administration (STEGER, 1973). With long­
term administration only collagen-induced platelet aggregation was inhibited; ADP­
induced aggregation remained unaffected (SEIDEL and ENDELL, 1977). The compound 
was ineffective preventing aggregation of platelets in human platelet-rich plasma in 
vitro (SEUTER, 1976). 

Increase of CBF after xanthinol-nicotinate was not shown convincingly. Investi­
gations with e31I-albumin) demonstrated an increase of radioactivity in the scinti­
gram in cerebral sclerotic patients. This effect was interpreted in terms of improved 
CBF (BIRKMAYER et aI., 1965). Ophtalmotemporal dynamographic analysis revealed 
decreased vascular resistance in the internal as well as external carotid vascular bed 
when xanthinol-nicotinate was administered intravenously (KLEIN and SIEDEK, 1965). 
Cephalic venous outflow increased after continuous intravenous infusion of xan­
thinol-nicotinate (thermocouple measurement) (BECKMANN and HERRMANN, 1970). 
As with other methylxanthines total CBF decreased in patients with chronic cerebro­
vascular disease after an intravenous bolus injection e33Xe) (HERRSCHAFT, 1979). 
This finding could not be confirmed in patients treated orally with xanthinol­
nicotinate for 4 weeks. In contrast, in demented patients with initially low CBF values 
(Kety-Schmidt method), a significant increase of CBF was found parallel to increased 
oxygen and glucose uptake. In patients with normal initial CBF values no changes 
have been found (QUADBECK and LEHMANN, 1978). In clinical pharmacologic and 
therapeutic investigations effects on attention, visuomotor coordination, self-care, 
general performance have been observed in some cases (HELD et aI., 1973; HELD, 1973; 
REICHERTZ et aI., 1967; BRAVERMANN and NAYLOR, 1975; BRUCKNER and JANSEN, 
1979; HAUPT and ISERMANN, 1976). Positive effects on xanthinol-nicotinate in the 
treatment of the Meniere syndrome, acute loss of hearing, and ophtalmologic vascular 
diseases have also been reported. 

Bencyclane is an antiserotonergic compound with a potency similar to that of 
methylsergide (DAVID and KENEDI, 1967; CSABA et aI., 1969). Mild sedative, tranquil­
izing, and analgesic effects were described (GRASSER et aI., 1966; CSABA et aI., 1969). 
Bencyclane has spasmolytic effects on isolated intestine preparations and on the 
uterus in situ. Coronary vessels of the dog are dilated and blood flow and O2 delivery 
to extremities increase (SOLTI, 1970; SOLTI et aI., 1970; MOLNAR and KELLER, 1970; 
SZEKERES, 1970; KISS et aI., 1972). Later the cardiovascular effects ofbencyclane were 
explained by calcium-antagonistic properties (KUKOVETZ et aI., 1975; FLECKENSTEIN 
and FLECKENSTEIN-GRUN, 1977) (for explanation see p. 496, this chapter). In situ ben­
cyclane produced electromechanical uncoupling in the coronary artery strip and ne­
gative ino- and chronotropic effects in the isolated guinea pig heart. The negative ino­
tropic action can be antagonized by increased calcium concentration. In the anesthet­
ized cat bencyclane diminishes the force of heart contractions, lowers blood pressure, 
and increases the PQ and QT interval in the ECG (KOHLER et aI., 1975). 

The diameter of pial vessels of cats is enlarged by bencyclane, and the cortical 
blood flow and p02 of cats and pigs is increased (SARATIKOY et aI., 1971; GARTNER 
et aI., 1975). Reduction of cerebral blood flow as a consequence of embolism in cats 
can be counteracted by appropriate doses ofbencyclane (SARATIKOY et aI., 1971). Its 
vasodilatory effects are different in various vascular beds. Main effects have been 
found to be in vessels of the heart and skeletal muscle. Less vasodilatory effects are 
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seen in the brain and liver (NISHINO, 1974). Serotonin-induced spasms of rabbit basilar 
and saphenous artery can be counteracted by bencyclane. The compound's serotonin­
spasmolytic effect is much more pronounced in the saphenous artery than in the 
basilar artery. Its vasospasmolytic potency is, however, identical in both vascular beds 
when K + ion is used as a spasmogen (KAZDA and TOWART, 1981). Bencyclane was 
claimed to have metabolic effects. In bovine lens homogenate O2 consumption and 
formation of CO2 are increased and ATP, ADP, and AMP levels are stabilized 
(HOCKWIN et aI., 1977). These metabolic effects become evident in very high concen­
trations of the drug (10- 2 M) only. 

Bencyclane was shown to inhibit the ADP-, collagen-, and epinephrine-induced 
platelet aggregation in vitro (SEUTER, 1976; KOVACS et aI., 1971; JAGER et aI., 1975; 
PONARI et aI., 1976) as well as the spontaneously enhanced aggregation (BRED DIN et 
aI., 1976) in 10- 5 M concentration (JAGER et aI., 1975). However, no significant ex vi­
vo activity was revealed (SEUTER, 1976; JAGER et aI., 1975; RIEGER et aI., 1978). 

Controversial findings on the influence of bencyclane on CBF in humans have 
been published. In patients with reduced CBF bencyclane increased the regional and 
total CBF (KOHLMEYER, 1972). Using 133Xe clearance, HERRSCHAFT et ai. (1975) 
could find no effects on CBF of healthy persons whereas there was some decrease in 
total and regional CBF in patients with cerebrovascular disorders. KLAUSBERGER and 
RAJNA (1970) demonstrated bencyclane-induced shortening of the passage time of 
contrast agents through cerebral vessels in patients with cerebrovascular disorders. 

As with other compounds there is a vast literature on therapeutic results with ben­
cyclane in a number of disorders and diseases occurring in the elderly. Improvement 
of symptoms such as vertigo, insomnia, depression, and tinnitus and further effects 
on performance and cognitive functions have been described (HOEFT, 1972; BOHLAU, 
1975; GARCIA GUERRA, 1978; DINKHOFF, 1975; BARTELS and SCHNEIDER, 1978; 
SCHNEIDER et aI., 1977). Not all of these studies were controlled and controversial 
opinions as to their relevance as proof of therapeutic efficacy do exist. 

Cinnarizine is also a musculotropic vasodilator which inhibits the contractile re­
sponse of isolated arteries to calcium in depolarizing solution but not noradrenaline­
induced contractions in calcium-free medium. It is therefore postulated that cinnar­
izine acts on the cell membrane, reducing the availability of free Ca + + to the con­
tractile proteins (GODFRAIND and KABA, 1969). In this sense cinnarizine belongs by 
definition to the class of Ca-antagonistic compounds (see p. 496, this chapter). This 
basic effect is modulated by other actions which may contribute to its overall pharma­
cologic profile. Cinnarizine inhibits the contractions of isolated smooth muscle and 
heart preparations induced by a number of agonists including noradrenaline in a non­
competitive way. Histamine-induced contractions, however, are inhibited both com­
petitively and noncompetitively (VAN NUETEN and JANSSEN, 1933). The occurrence of 
isoproterenol-induced multifocal necrotic lesions in rat myocardium is markedly re­
duced (GODFRAIND and STURBOIS, 1972), an effect which might be due to cinnarizine's 
calcium-antagonistic properties. Some effects on CBF in the dog and rabbit have been 
described (POURRIAS and RAYNAUD, 1972; COSNIER et aI., 1977). These effects seem 
to be pC02 independent (COSNIER et aI., 1977). Obviously cinnarizine does not specifi­
cally or predominantly act on cerebral vessels because it affects CBF less and for a 
shorter time than femoral artery flow (ITO et aI., 1980). In patients with intracranial 
space-occupying lesions or cerebral edema cinnarizine (i.v.) increased the rCBF 
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e33Xe clearance) to some extent (ITO et aI., unpublished work). The CBF as measured 
by ophthalmodynamometry increased after drug administration in patients with cere­
brovascular disease (WEIGELIN and SAYEGH, 1969). Prolonged brain circulation time 
was shortened in patients when treated 3-4 weeks. Improvement of neurologic symp­
toms was also reported (WILCKE, 1966). Similar results were observed in other open 
studies (BEHRENS, 1966; REIMANN-HUNZIKER and REIMANN-HUNZIKER, 1969). In 
patients with chronic cerebrovascular disease treated with cinnarizine for 4-6 weeks 
the signs of disturbed circulation in rheoencephalography were significantly improved 
(y ARULLIN et aI., 1972). Again, a number of reports are available demonstrating the 
clinical efficacy of cinnarizine in geriatric patients with or without chronic cerebrovas­
cular disease. Cinnarizine was found to reduce blood viscosity in vascular patients, 
and the increased viscosity was even normalized after long-term administration (DI 
PERRI et aI., 1977; DE CREE et aI., 1979). It was suggested that this effect is due to 
changes in red cell deformability. Improvement of performance, cognitive functions, 
and neurological symptoms was reported (MEER-VAN MANEN, 1967; BERNARD and 
GOFFART, 1968; TOLEDO et al., 1972). There are also a number of studies in which no 
therapeutic effect could be demonstrated (IRVINE et aI., 1970; BODEN et aI., 1973). 
Clinical evidence on cinnarizine is controversial, probably because pivotal clinical 
therapeutic studies were not well designed. 

Flunarizine is a difluoro derivative of cinnarizine. It possesses pharmacological 
qualities similar to those of cinnarizine, but flunarizine is more active than cinnarizine 
(VAN NUETEN and JANSSEN, 1973). In cats flunarizine increases the cerebrocortical 
oxygen tension as well as CBF (implanted thermocouple) and decreases cerebrocor­
tical pC02 despite a fall in blood pressure, indicating that the increase in CBF is due 
to cerebral vasodilation. The effects are comparable to those of papaverine (TOYODA 
et al., 1975). Flunarizine was shown to improve RBC deformability in patients under 
normal as well as hyperosmolar conditions (DE CREE et aI., 1979). More recently (VAN 
NUETEN and V ANHOUTTE, 1980) these effects were explained by the ability of cinna­
rizine and flunarizine to inhibit Ca 2 + influx, because increased levels of intracellular 
calcium diminish RBC deformability. Such a decrease in deformability occurs during 
hypoxia, causing insufficient ATP and oxygen supply to maintain the Ca2+ effiux. 

Nicardipine (IWANAMI et aI., 1979) and nimodipine (KAZDA and HOFFMEISTER, 
1979) are experimental dihydropyridine derivatives chemically related to nifedipine 
(VATER et aI., 1972), which is used for treatment of ischemic heart disease. The vasodi­
lating effect of nicardipine is in part caused by the inhibition of cyclic AMP phospho­
diesterase (SAKAMOTO et aI., 1977). Comparable effects have been demonstrated with 
nimodipine (SCHINDLER, 1979). Nimodipine inhibits calcium-induced contraction of 
K + depolarized aortic strip with no effect on norepinephrine-induced contractions in 
vitro (TOWART and KAZDA, 1979). K + - and serotonin-induced contractions of the 
basilar artery are inhibited at low concentrations whereas in the saphenous artery the 
serontonin-induced spasm is less inhibited than the depolarization contraction 
(TOWART and KAZDA, 1980) (further explanation, see p. 495, this volume). In anes­
thetized dogs both compounds have stronger vasodilatory effects in both cerebral and 
coronary vascular beds than in the femoral vessels. Pretreatment with nimodipine pre­
vents impaired postischemic reperfusion after global cerebral ischemia in the cat 
(KAZDA et aI., 1979), thereby improving postischeInic survival rate and EEG changes 
(HOFFMEISTER et aI., 1979). The vasodilating effect ofnimodipine is more pronounced 



510 F. HOFFMEISTER et al. 

in baboons with breakdown of the blood-brain barrier (CRAIGEN et aI., 1981; TEAS­
DALE, 1980). In cats topical administration of nicardipine solution rapidly reverses 
spasms of the basilar artery induced with subarachnoid application of autogenous 
blood, serotonin, or prostaglandin F 2 (HANDA, 1976; HANDA et aI., 1975). Nicardipine 
increased CBF in patients with chronic cerebrovascular disease e33Xe clearance) (in­
tracarotid and intravenous injection) (TAKENAKA and HANDA, 1979). Spasms of the 
internal carotid or the middle cerebral artery in cranial surgery are reversed by topical 
application of nicardipine (HANDA, 1976). 

Improvement of subjective and objective symptoms in patients with chronic cere­
brovascular disorders by nicardipine has been reported (HANDA et aI., 1979). Nimo­
dipine increased CBF e33Xe clearance) in ischemic brain regions of patients (OTT and 
LECHNER, 1981). 

Nicardipine and nimodipine are still experimental drugs and their therapeutic 
value has not been proven. Nevertheless this therapeutic approach seems to be - at 
least from the pharmacologic point of view - an interesting one. 

Su/octidil, a compound with very complex pharmacologic properties, dilates 
vessels, affects lipid metabolism, and inhibits platelet aggregation, thrombus forma­
tion, and inflammation. As ionophore-mediated calcium translocation as well as glu­
cose-stimulated 45C uptake is inhibited in isolated pancreatic islets and in myocardial 
tissue (MALAISSE, 1977), suloctidil shares effects of calcium antagonists. In the isolated 
rat aorta both the Ca 2 + and norepinephrine-induced contractions are attenuated, but 
Ca2 + channels in the cell membrane are not blocked (GODFRAIND, 1976). Thus, suloc­
tidil is another type of calcium-antagonist with direct smooth vascular muscle effects 
(ROBA et aI., 1976a). In rabbits suloctidil antagonizes spasms of pial vessels induced 
by the intracarotid injection of barium. In dogs subjected to transient respiratory hy­
poxia and cerebral ischemia suloctidillowered brain lactate concentrations during re­
covery and increased the energy charge potential. No changes in the brain metabolism 
during hypoxia-ischemia occurred (BENZI, 1978). In curarized rats during iterative hy­
percapnic anoxia suloctidil increased the "brain resistance" (time to onset of cerebral 
electric silence) and accelerated electric recovery during the first anoxic exposure, but 
not during subsequent anoxic periods (VAN DEN DRIESSCHE et aI., 1979). Increased en­
zyme activities in rat brain homogenates and mitochondria (maleate, NADH 
cytochrome c reductase, cytochrome oxidase, citrate synthetase and LDH) have been 
reported after treatment from the 16 th to the 20 th week of age. Treatment in ad­
vanced age increased mitochondrial activity only (BENZI, 1979). 

Suloctidil inhibited platelet aggregation in human PRP in vitro, when the aggre­
gation was induced by thrombofax (partial thromboplastin) or collagen (DE GAETANO 
et aI., 1976). The drug was also active by repeated oral administration to volunteers 
(DEGAETANO et aI., 1976). Ex vivo efficacy has not been observed in the rat (SEUTER, un­
published results). The bleeding time and platelet retention to glass were not modified 
after ingestion of suloctidil (DE GAETANO et aI., 1976). 

Antithrombotic properties of the compound in experimental thrombosis have 
been described (ROBA et aI., 1976 b, c; GUREWICH and LIPINSKI, 1976). 

There are almost no reports available on a cerebral vasodilating effect of suloctidil 
in humans. Geriatric inpatients with mental deterioration of vascular origin showed 
improvement in concentration, attention, psychomotor capacities, and recognition. 
No neuropsychiatric changes were observed by TillERY et al. (1977). Symptoms such 
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as dizziness, sleep disturbances, headache, fatigue, concentration disorders, and loss 
of interest seemed to be improved by suloctidil when administered to elderly patients 
(JANSEN, 1980). In multicenter studies of patients with chronic cerebrovascular disease 
several therapeutic effects were described 01 AN SCHEPDAEL, 1977). Further, vertigo 
has been claimed to be susceptible to suloctidil treatment (NORRE, 1977). Therapeutic 
effects of suloctidil have been reviewed by CANDELISE (1979), who stressed the need 
for more and better controlled studies in order to provide better judgment of its clini­
cal value, which presently is considered to be unclear. 

III. Nonspecific Vasodilators 

Hexobendine is an arterial vasodilating compound which increases coronary blood 
flow without changes in the systemic arterial blood pressure. In spite of the increased 
cardiac work, O2 consumption of the heart remained unchanged. Increased glucose 
uptake parallel to decreased lactate consumption was explained through a possible ac­
tivation of cardiac phosphofructokinase (KRAUPP et aI., 1966 a, b). Hexobendine also 
increases the CBF, as evaluated by electromagnetic flow measurements in the internal 
maxillary vein. Its effects on substrate uptake were similar in the brain and heart, the 
most striking feature being the high increase in glucose consumption. The A V differ­
ence in pC02 decreases parallel to the increased cerebral release of hydrogen ion. It 
was postulated that this primary metabolic effect may contribute to the cerebral 
vasodilating effect ofhexobendine, probably through an increased tissue CO2 tension 
(KRAUPP, 1969). In cats with unilateral carotid occlusion hexobendine increased CBF 
only in the healthy hemisphere, but to a lesser degree than papaverine (REaLI, 1972). 
In patients with ischemic cerebrovascular disease, CBF in both the diseased and the 
healthy hemisphere was reported enhanced. Cerebral oxygen and glucose consump­
tion and lactate and pyruvate production were unchanged (MEYER, 1971). An increase 
of CBF in patients with cerebrovascular disease was found also by McHENRY (1970, 
1972) and by HEISS (1970). HERRSCHAFT (1977) did not find changes in CBF in patients 
with CVD after hexobendine. 

Instenon, a combination of hexobendin with vanilIinic acid, diethylamide, and 
theophylline, improved the CBF to a greater extent than hexobendine alone. This was 
explained by the fact that the decrease of blood pressure observed with hexobendine 
was not observed with instenon. In some patients with focal vascular lesions the focal 
CBF was improved together with an increase of the total CBF. In other cases blood 
was shunted to other regions and the pathologic area was enlarged. The danger of in­
tracerebral "steal phenomenon" was considered as a possible limitation of the thera­
peutic value ofhexobendine (HEISS, 1970). Inteston is described as increasing the load­
ing tolerance of the brain as measured by flicker frequency in 24 healthy volunteers 
(AMBROZI, 1971). In patients with "general brain symptoms" and with transient dis­
orders in the vertebrobasilar system instenon normalized asymmetry of EEG wave­
forms and of desynchronization (LEBEDEVA, 1975). The combination significantly im­
proved mood and memory and there was some improvement in headaches, dizziness, 
and insomnia. 

Nicotinyl alcohol is considered to be a predrug. In its metabolism an active 
nicotinic acid is released which results in a prolonged pharmacologic effect 
(RAAFLAUB, 1966). The pharmacology of nicotinyl alcohol is complex. Besides ar-
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teriolar vasodilation, antilipidemic as well as fibrinolytic effects have been described. 
CBF-increasing effects in dogs were shown by means ofrheography (KAINDL, 1954). 
By means of the Kety-Schmidt method increased CBF due to a decrease in cerebro­
vascular resistance was found after a single intravenous injection as well as after long­
term therapy in patients with chronic cerebrovascular disease (HEYCK, 1962). How­
ever, GOTTSTEIN (1962) could not confirm increased CBF in patients with cerebral ar­
teriosclerosis, either after an intravenous bolus or continuous infusion, although using 
the same method. HERRSCHAFT et ai. (1975) reported a decrease in CBF in patients 
with chronic cerebrovascular disease applying 133Xe clearance. There are no well-con­
trolled therapeutic studies with nicotinyl alcohol in geriatric patients with chronic ce­
rebrovascular disorders. 

IV. Antiplatelet Drugs 

Many investigators have described the inhibitory effect of acetylsalicyclic acid (ASA) 
on platelet aggregation (BUSSE and SEUTER, 1979; MONCADA and VANE, 1979; SEUTER, 
1976; JOBIN, 1978; WEIssetaI., 1968; ROSENBERG et aI., 1971; MUSTARD and PACKHAM, 
1975; WEISS, 1976; BAUMGARTNER, 1977; Tsu, 1978). ASA acetylates plasma proteins 
and donates the acetate group for incorporation in platelet components (AL-MoND­
mRY et aI., 1970). Recent studies suggest that the arachidonate pathway is important 
for the platelet aggregation inhibitory action of ASA. Formation of prostaglandin en­
doper oxides increases the tendency of platelets to aggregate. ASA inhibits cyclooxy­
genase, the enzyme controlling the formation of endoperoxides from arachidonic 
acid. It was therefore suggested that the platelet aggregation inhibitory activity of 
ASA is due to irreversible inhibition of the platelet cyclooxygenase (MONCADA and 
VANE, 1979 ; HAMBERG et aI., 1974; WILLIS, 1974). ASA, depending upon the experimen­
tal conditions (JOBIN, 1978; BAUMGARTNER and MUGGLI, 1974; CAZENAVE et aI., 
1978), is an inhibitor of platelet adhesion and retention to foreign surfaces or to al­
tered elements of the vessel wall. The substance attenuates platelet release reaction, 
including the procoagulatory activity. It inhibits the second phase of ADP- and of epi­
nephrine-induced aggregation as well as collagen-, thrombin-, and serotonin-induced 
platelet aggregation. Ex vivo ASA proved to be antiaggregatory in oral doses of 3 mg/ 
kg when administered to rats. These effects persisted for up to 2 days when the ani­
mals were given doses of 30 mg/kg orally (SEUTER, 1976). ASA also prevents venous 
as well as arterial thrombus formation in different animal species (MENG, 1975, 1976; 
SCHMIDT, 1975; MENG and SEUTER, 1977). Rabbits pretreated with ASA are protected 
against arachidonic-acid-induced thromboembolic death (SILVER et aI., 1974; SEUTER 
and BUSSE, 1979). 

ASA is considered to have good therapeutic effects in prophylactic treatment of 
transient ischemic attacks (TIA), as well as in chronic cerebrovascular disease (FIEscm 
et aI., 1977; MILLIKAN and McDOWELL, 1978; MUSTARD and PACKHAM, 1975; WEISS, 
1976; YATSU, 1977). In most TIA studies the positive results consisted of protection 
against an additional TIA and a trend to lower the incidence of stroke or death. Two 
of the most appreciated trials on TIAs within the last years are the AITIA studies (As­
pirin in Transient Ischemic Attacks), performed by FIELDS (FIELDS, 1977; FIELDS and 
LEMAK, 1978; FIELDS et aI., 1977, 1978) and the Canadian trial reported by BARNETT 
et ai. (1978). FIELDS, in his studies with nonsurgical and surgical patients, found sta-
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tistically significant differences in favor of ASA when death, infarction, and continu­
ation ofTIA activity were considered together. ASA therapy seemed particularly suc­
cessful in patients with a history of multiple episodes of TIAs. In individuals having 
symptoms referable to stenotic lesions in the carotid artery territory, the "aspirin 
takers" had markedly fewer TIAs. But there was no distinct difference in the rate of 
stroke mortality and cerebral infarction when considered separately. In the Canadian 
collaborative double-blind trial (BARNETT, 1978; BARNETT et aI., 1978; BARNETT and 
Canadian Cooperative Study Group, 1978) with ASA and sulfinpyrazone (see p. 513) 
in threatened stroke, ASA was effective (p < 0.05) when TIA and death/stroke were 
considered as endpoints together or separately, respectively. But only men benefited 
(48% reduction in the risk of stroke or death), whereas it was negative in female 
patients. Sulfinpyrazone alone was completely ineffective and did not further diminish 
the incidence of stroke and death when administered in combination with ASA (BAR­
NETTet aI., 1978; BARNETT, 1979). Consistent with previous findings was the reduction 
of stroke incidence by ASA in two recently finished prospective trials with ASA - the 
AMIS (Aspirin Myocardial Infarction Study) and PARIS (Persantin-Aspirin Rein­
farction Study) (see p. 514) studies (ASPIRIN MYOCARDIAL INFARCTION STUDY RE­
SEARCH GROUP, 1980; PERSANTIN-AsPIRIN-REINFARCTION STUDY RESEARCH GROUP, 
1980). 

Other nonsteroidal antiinflammatory agents (NSAIA) such as amidopyrine, flu­
fenamic acid, indomethacin, ibufenac, ibuprofen, mefenamic acid, paracetamol, 
phenylbutazone, sodium salicylate, and suprofen exert antiinflammatory activity and 
inhibition of collagen-induced platelet aggregation (DE CLERCK et aI., 1975; O'BRIEN, 
1968). The typical NSAIAs are inhibitors of the release reaction only and differ from 
each other primarily in potency, with the exception of ASA which has a unique long­
lasting effect. The safety margin of most of them is low and their widespread use as 
antithrombotic agents is therefore doubtful. 

SulJinpyrazone is a pyrazole compound structurally related to phenylbutazone. 
Like ASA, sulfinpyrazone is a cyclooxygenase inhibitor (BAILEY et aI., 1977) which 
inhibits collagen-induced platelet aggregation and the release of platelet contents at 
high concentrations in vitro (BUSSE and SEUTER, 1979; SEUTER, 1976). However, ex vi­
vo effects were not found at therapeutic dose levels in patients (WEISS, 1976). Sulfin­
pyrazone was shown to be a competitive inhibitor of prostaglandin synthesis in 
platelets (ALI and McDONALD, 1977). Its ability to protect rabbits from arachidonate­
induced death (SEUTER and BUSSE, 1979) may be due to its interference with the 
arachidonic acid metabolism. Sulfinpyrazone prolongs decreased platelet survival 
time and restores platelet survival values to normal in patients (SACLE et aI., 
1975; MUSTARD et aI., 1964; WEILY and GENTON, 1970; WEILY et aI., 1974). 
Adherence of pig platelets to fibrinogen-coated surfaces (PACKHAM et aI., 1971) 
is decreased as well as adherence of rabbit platelets to the vessel wall (DAVIES and 
MENYs, 1979). In contrast to the positive results found in the "Anturane Reinfarction 
Trial," a multicenter clinical trial, in cardiac death (Anturane Reinfarction Trial Re­
search Group, 1978) sulfinpyrazone was ineffective in threatened stroke (BARNETT et 
aI., 1978; compare this chapter, p. 513). 

Dipyridamole, developed as a vasodilator of coronary vessels, and other pyrimido­
pyrimidines (RA 233, RA 433) as well as the thienopyrimidines (VK 744, VK 774) in­
hibit the first- and second-wave aggregation-induced by ADP at high concentrations in 
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vitro (BUSSE and SEUTER, 1979; SEUTER, 1976; EMMONS et aI., 1965; GRIGUER et aI., 
1975; RIFKIN and ZUCKER, 1973; DIDISHEIM and FusTER, 1978; HORCH et aI., 1970; 
CUCUIANU et aI., 1971). However, in ex vivo clinical doses dipyridamole does not in­
hibit platelet aggregation (SEUTER, 1976; WEISS, 1976; BAUMGARTNER, 1977). Its 
antiaggregatory effects are explained by inhibition of the platelet phosphodiesterase 
(AsANO et aI., 1977; MILLS and SMITH, 1971; ROZENBERG and WALKER, 1973; McEL­
ROY and PHILP, 1975). This effect may be of importance in reinforcing the adenyl 
cyclase-stimulating activity of compounds such as prostaglandins (MONCADA and 
KORBUT, 1978). Dipyridamole also inhibits erythrocytic adenosine deaminase and 
blocks uptake of adenosine by platelets and red blood cells (PHILP et aI., 1973; BUNAG 
et at, 1963; BORN and MILLS, 1969; SUBBARAO et aI., 1977), thereby causing an in­
crease in the platelet aggregation inhibitor adenosine. Reduced platelet adhesion and 
retention to glass beads was found by some authors (RIFKIN and ZUCKER, 1973; 
HORCH et aI., 1970; MUSTARD and PACKHAM, 1975; WEISS, 1976; Tsu, 1978), both in 
vitro and ex vivo in patients. Dipyridamole normalizes decreased platelet survival 
(HARKER and SLICHTER, 1974). Antithrombotic properties were found in some ex­
perimental models of thrombosis (DIDISHEIM, 1968; HORCH et aI., 1970; DIDISHEIM and 
OWEN, 1970). Recently, potentiation of the antiaggregatory effect ofPGI2 production 
has been reported (see p.499, this chapter) (MONCADA and KORBUT, 1978; MASOTTI 
et aI., 1979; DI MINNO et aI., 1979; PEDERSEN, 1978; HORROBIN et aI., 1978; BEST et aI., 
1978). Further, inhibition of TXA2 formation has been described (HORROBIN et aI., 
1978; BEST et aI., 1978, 1979; ALLY et aI., 1977; MONCADA et aI., 1978; NERI SENERI 
et at, 1979), although these effects are not unequivocal as yet. 

The first clinical trials with dipyridamole derivatives were less encouraging (SrxMA 
et aI., 1972; TEN CATE et aI., 1972), whereas dipyridamole itself is an agent very often 
administered in cerebrovascular disease alone or in combination with ASA. Dipyrid­
amole, similar to sulfinpyrazone, causes a prolongation of platelet survival time in 
patients (HARKER and SLICHTER, 1970, 1974; WEILY et aI., 1974). In most ofthe other 
successful studies dipyridamole has been used in combination with other drugs (an­
ticoagulants and platelet aggregation inhibitors). There is at present no evidence that 
dipyridamole alone is effective in cerebral ischemic disease (amaurosis fugax, TIA, 
stroke) (MUSTARD and PACKHAM, 1975; WEISS, 1976; Tsu, 1978; HARRIsoNet aI., 1971; 
ACHESON et aI., 1969). In the PARIS study (Persantine-Aspirin Reinfarction Study 
Research Group, 1980) the incidence of definite stroke was reduced from 2.0% in the 
placebo group to 1.1 % in the ASA and 1.2% in the ASA/dipyridamole group. 

Prostaglandins such as PGE1 inhibit aggregation of platelets (KLOEZE, 1969). This 
effect is attributed to PGE1-induced stimulation of adenyl cyclase and subsequent ac­
cumulation of cyclic AMP. PGE1 is one of the most potent inhibitors of the primary 
phase of ADP-induced platelet aggregation known so far; it is active at 5 x 10- 8 M 
(see also p. 498/9, this chapter). Prostaglandins in general are rapidly eliminated from 
the circulation, and thus their application in anti thrombotic therapy is limited. 

V. Inhibitors of Thromboxane Synthesis and Thromboxane Antagonists 

Imidazole and methylimidazole are inhibitors of platelet aggregation at relatively high 
concentrations, but are also selective inhibitors of thromboxane synthetase (PmG­
P ARELLADA and PLANAS, 1977), which from a theoretical point of view may be a better 
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approach in the treatment of thromboembolic diseases (BUSSE and SEUTER, 1979). 
Pyridinolcarbamate and phthalazinol are considered as TXA2 antagonists (BUSSE and 
SEUTER, 1979; SHIMAMOTO et aI., 1976). Their potency in influencing platelet function 
is very weak in vitro, particularly that of pyridinolcarbamate (BUSSE and SEUTER, 
1979; SEUTER, 1976; N_N 1974). 

VI. Defibrinating Agents, Fibrinolytics, and Anticoagulants 

Defibrinating agents such as arvine are considered to improve the hemorheologic 
properties of blood, but do not seem to be more advantageous than heparin (GALLUS 
and HIRSH, 1976). Also, dextrane as a rheologic drug was not found to be clinically 
effective (GALLuS and HIRSH, 1976). Theoretically thrombolytic therapy would appear 
to be a promising and rational therapeutic approach to the destruction of occlusive 
thrombi in extra- or intracranial vessels by thrombolytic agents. On the other hand it is 
known thatfibrinolyticdrugs involve a higher risk of bleeding than anticoagulants. As 
a consequence the possibility exists that hemorrhages are provoked and/or that emboli 
will result from the dissolution of an extracranial thrombus. Thus the administration 
of the fibrinolytic enzymes such as plasmin, streptokinase, and urokinase is limited to 
a few cases (HOSSMANN, 1977), because the benefit risk/ratio is considered sufficiently 
high and clinical emergency care must be at hand when this therapy is in use. 

The results obtained with anticoagulants (coumarin derivatives, heparin) are con­
troversial; the more recent randomized trials show negative results (PERKIN, 1979; 
SANDOK et aI., 1978; MILLIKAN and McDOWELL, 1978; GENTON et aI., 1977; GOT­
SHALL and HARKER, 1977). They do not reduce stroke mortality in TIA patients, nor 
do they prevent recurrent strokes (GOTSHALL and HARKER, 1977). However, in some 
studies it does reduce the frequency ofTIAs (HASS, 1977). Anticoagulants like heparin 
may be valuable in an active thrombotic state (progressing stroke) as well as in cere­
bral infarction caused by thrombotic material of cardiac or peripheral origin, but not 
in a completed stroke. Prevention of recurrent thrombosis may be attempted by oral 
anticoagulants (e.g., coumarin derivatives). The use of anticoagulants is always po­
tentially associated with a risk of hemorrhage, which should be born in mind. In some 
cases anticoagulants also may temporarily be a completion of the antiplatelet therapy. 

D. Conclusions 

The vasoactive drugs presently in use for treatment of gerontoneurologic and psychi­
atric disorders belong to very different chemical classes and have different sides and 
modes of action. Moreover, most of these drugs have a multifunctional pharmaco­
logic profile which includes smooth vascular effects together with a variety of other 
pharmacologic properties such as influence on carbohydrate metabolism, oxygen con­
sumption, and interference with neurotransmitter regulation, which result in changes 
in vigilance, attention, and emotions. Even cerebrovascular effects are caused by very 
different modes of action involving transmitter-dependent vascular smooth cell regu­
lation as well as direct smooth vascular relaxation. Finally, a number of vasoactive 
drugs exert therapeutic results through actions on blood and blood constituents. 
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Because of the comparatively broad spectrum of pharmacologic properties, single 
mechanisms of action influence the experimental or clinical pharmacologic profile of 
these vasoactive substances only to a limited extent. As a consequence, due to their 
multiple pharmacodynamic effects, the majority of the drugs in therapeutic use do not 
allow one to establish the clinical-pharmacologic or therapeutic relevance of ph arm a­
cologic actions on individual regulatory functions. Thus, further research is necessary 
and new compounds with "tailor-made" pharmacologic properties might help to as­
sess the benefit of the individual approaches to vasoactive treatment in gerontopsy­
chiatry more clearly. In this respect it should be mentioned that the therapeutic effi­
cacy of the "anti thrombotic approach" obviously has been much more reliably assess­
able than that of vasodilators acting by qualitatively different smooth muscle effects. 
Progress toward solving these questions, however, does not depend on pharmacologic 
and clinical-pharmacologic research alone. A sort of vicious circle develops as the 
patients to be treated are generally multimorbid. As a result the pathophysiology and 
etiology of the vascular parenchymatous-morphological or metabolic changes in the 
brain of individual patients underlying the symptoms or syndromes indicating a de­
crease in their physical and mental capacity are almost impossible to describe in detail. 
It is therefore difficult to select those specific pharmacologic interventions which 
could be expected to be of benefit for the individual patient according to his patho­
physiologic state. 

As a consequence, clinical trials with vasoactive compounds are very often per­
formed on ill-diagnosed multimorbid collectives of patients, collectives which are not 
preselected to include only certain diagnosed diseases and to exclude all others. 

Moreover some of these clinical trials do not have a well-defined strategy to an­
swer questions such as: Does a compound improve the blood supply in ischemic re­
gions and if so, what does this mean from a functional point of view? Or is it effective 
in preventing new ischemic foci and if so, what is the functional importance of this 
effect? And, finally, what benefit does restoring the total cerebral blood flow to nor­
mal value have for the patient? We are still far from meeting those prerequisites and 
as long as the clinical methodology for assessing possible therapeutic effects in geron­
toneurology and psychiatry is not sufficiently developed, therapeutic trials will yield 
little information on the important question as to which direction pharmacology 
should take to achieve therapeutic progress (HOFFMEISTER, 1981). 

Thus, at present we have to state that results of pharmacologic treatment of geron­
topsychiatric disorders with vasoactive drugs are far from satisfactory. This does, 
however, not mean that the theoretical basis of this therapeutic approach has to be 
considered invalid. Our understanding of the regulation of the cerebrocardiovascular 
system under normal and diseased conditions continues to increase. Hitherto-un­
known regulatory mechanisms for cerebral vessels as well as for cerebral blood vessel 
interactions have been established, and these mechanisms open up new possibilities 
for pharmacotherapeutic interventions. It is certainly worthwhile to investigate their 
relevance with regard to the treatment of gerontopsychiatric disorders involving mal­
nutrition of the cerebral tissue. 

It is hoped that further research both in the clinical as well as in the experimental 
field will give more insight into the possibilities of pharmacotherapy and will es­
sentially solve the question as to the "sense" or "nonsense" of vasoactive therapy in 
a number of gerontoneurologic and psychiatric diseases. 
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CHAPTER 13 

Biochemical Effects 
of Gerontopsychopharmacological Agents 

S. HOYER 

A. Introduction 
Discussion of the biochemical effectiveness of gerontopsychopharmacological agents 
in gerontopsychiatric (i.e. demented) patients should be based on criteria concerning 
cerebral blood flow, cerebral oxygen consumption and cerebral glucose uptake as bio­
logically important brain parameters which might be predominantly altered in de­
mentia. Physiologically, a close relationship exists between cerebral blood flow on the 
one hand and the cerebral metabolic rates of oxygen and glucose on the other (ALBER­
TI et aI., 1975; ALEXANDER et aI., 1965, 1968; COHEN et aI., 1964, 1968; FOLBERGROVA 
et aI., 1972; GOTTSTEIN et aI., 1977, 1976; GRANHOLM et aI., 1969; GRANHOLM and 
SIESJO, 1969, 1971; HAMER et aI., 1976, 1978; HOYER et aI., 1974; KAASIK et aI., 1970; 
KOGURE et aI., 1970; SIESJO and MESSETER, 1971; SIESJO et aI., 1971; SIESJO and ZWET­
NOW, 1970; ZWETNOW, 1970). Therefore these parameters should not be considered 
separately in dementia. Cerebral blood flow variations should also be discussed in de­
mentia although the disturbances of the metabolic brain parameters might be of 
greater importance in this disease (see below). 

B. Pathobiochemical and Pathophysiological Variations 
of Brain Functions in Gerontopsychiatry: General Considerations 
The most common disease in gerontopsychiatry is dementia due to degenerative or 
cerebrovascular changes in brain tissue. Degenerative changes are the cause in 60% 
of dementia patients. Cerebrovascular disturbances alone are responsible for de­
mentia in only 20%-25%, while both degenerative and cerebrovascular variations are 
present in 15%-20% (JELLINGER, 1976; TOMLINSON et aI., 1970). Nosologically, 
"simple" senile dementia, Alzheimer's senile dementia and Alzheimer's presenile de­
mentia might be regarded as variations of the same degenerative brain disease (AL­
BERT, 1964; ARAB, 1960; CONSTANTINIDIS, 1978; KATZMAN, 1976; LAUTER and MEYER, 
1968; NEWTON, 1948; TERRY, 1976, 1978). It is evident that the cerebrovascular (multi­
infarct) brain processes mentioned may be related to disturbances in cerebral 
microcirculation which might lead to circumscribed nerve cell loss with gliosis (COR­
SELLIS, 1969). Rheological factors such as arteriosclerosis or thrombosis of the larger 
arterial brain vessels, which would lead primarily to neurological disorders such as 
strokes, may be of marginal relevance in the development of the dementias. Therefore 
it might be expected that the pathological variations in brain tissue, i.e. more diffuse 
or more patchy nerve cell loss, might produce disturbances, firstly in brain metabolism 
and secondly in brain blood flow. 
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The variations of cerebral blood flow, cerebral oxygen consumption and cerebral 
glucose uptake were not found to be homogeneous. They are dissimilar in the different 
types of distinct morphological disturbances, i.e. degenerative or cerebrovascular 
variations (HACHINSKI et ai., 1975; HOYER et ai., 1975). In general, cerebral blood flow 
and cerebral oxygen consumption are rather more decreased in patients suffering 
from a cerebrovascular (multi-infarct) dementia than in patients in whom the de­
mentia is due to a degenerative brain process. 

The degree of changes in cerebral blood flow and metabolism is influenced by the 
duration of the dementia process. In both types of dementia the first and major patho­
logical changes are found in cerebral glucose metabolism rather than in cerebral oxy­
gen consumption or cerebral blood flow. In the further course of both types, all these 
biological brain parameters decrease more and more and approach a pathologically 
low level of about 50% of normal (HOYER, 1978 a, 1978 b). 

The variations in cerebral blood flow and metabolism parallel the deranged func­
tional state of the brain. In general, mild to moderate dementia symptoms accompany 
mild to moderate decreases in brain blood flow and metabolism, and severe dementia 
symptoms accompany severe variations [both decreases and (pathological) increases] 
of the biologic brain parameters (HOYER et ai., 1978 b). 

There is no doubt that these different factors may interfere and thus produce a 
larger number of factors determining the variations of brain blood flow and metab­
olism as well as clinical symptoms in dementia. 

The preponderance of changes in brain tissue over changes in brain vessels along 
with the predominance of disturbances in oxidative brain metabolism over disorders 
of brain blood flow in dementia patients (HOYER, 1970; 1978 b) make it seem reason­
able to treat dementia patients with gerontopsychopharmacological agents which 
would mainly act on the different disturbances in oxidative brain metabolism, i.e. the 
metabolism of glucose and oxygen and energy production in the brain, rather than 
on a disturbed cerebral circulation. 

c. Studies of Drug Effects in Gerontopsychiatric Patients 
Earlier investigations studying drug effects on disturbed brain blood flow and metab­
olism in dementia patients had two important failings: 

1) The patients were not classified into the two major different types of dementia 
(degenerative or cerebrovascular), but were investigated as "organic brain syn­
dromes" or "arteriosclerosis ofthe brain vessels." Since the pharmacological drug ef­
fects on the different pathophysiological disturbances in brain blood flow and metab­
olism and other factors in the dementia types were not studied, positive or negative 
drug effects could hardly be related to investigations in which the dementia types, the 
duration of dementia, the functional state of the brain etc. were examined. 

2) Most drug studies in patients suffering from dementia were performed as acute 
experiments, i.e. drug effects were mostly investigated after only one single adminis­
tration and within only a few minutes after the administration. It seems, however, to 
be questionable whether a drug can show any effect on generally investigated 
subchronically disturbed brain functions within such a short time. As a consequence, 
many drug effects on brain blood flow and metabolism, positive and negative, should 
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therefore be regarded with a certain circumspection. With these reservations the effec­
tiveness of distinct gerontopsychopharmacological agents on brain blood flow and 
metabolism in patients suffering from primary or secondary dementia will be discuss­
ed here in more detail. 

I. Sympathicomimetic Drugs 

These drugs, such as adrenaline, noradrenaline, angiotensin and amphetamine, failed 
to influence brain blood flow and metabolism after intravenous injection. Intracarotid 
injections of adrenaline, noradrenaline or angiotensin in moderate dosages showed no 
effect on these biological brain parameters (AGNOLI et aI., 1965, 1968; GOTTSTEIN, 
1962, 1963, 1969; OLESEN, 1972, 1974; SOKOLOFF, 1959). Intravenous infusions of high 
dosages of adrenaline provoked an increase in both cerebral blood flow and cerebral 
oxygen consumption in humans not suffering from organic brain diseases. It was as­
sumed that these effects were due to anxiety and sensations of apprehension which 
were observed under high dosages of adrenaline (KING et aI., 1952). 

II. Sympathicolytic Agents 

This large group of drugs was extensively studied. Rauwolfia alkaloids showed no ef­
fect on cerebral blood flow and cerebral metabolic rate (CMR)-oxygen, despite vari­
ous means of administration: intravenous infusion, intramuscular injection along 
with or immediately following control measurements and oral application over a pe­
riod of3 weeks (GOTTSTEIN, 1962, 1963, 1969; SOKOLOFF, 1959). Other sympathicolyt­
ic drugs with a-receptor blocking effects, such as tolazoline, phentolamine and phen­
oxybenzamine, did not show any effects on brain blood flow and metabolism (GOTT­
STEIN, 1962, 1965, 1969; HEISS et aI., 1971; HERRSCHAFT, 1973, 1975; SKINH0J, 1971/72; 
SOKOLOFF, 1959). HACHINSKI et aI. failed to find any effect of ergotamine on cerebral 
blood flow, but did not perform metabolic studies (HACHINSKI et aI., 1978). The effect 
of another Secale alkaloid, dihydroergotoxine, was investigated by GOTTSTEIN (GOTT­
STEIN, 1962, 1963, 1969), by McHENRY et al. (1971) and by OLESEN (1974) who per­
formed intravenous as well as intracarotid infusions. These investigators could not 
find any influence of dihydroergotoxine on cerebral blood flow and CMR -oxygen. On 
the other hand HEYCK described an increase of the pathologically decreased cerebral 
blood flow depending on the degree of the disturbance, whereas CMR-oxygen re­
mained unchanged (HEYCK, 1961). 

The intravenous administration of adenosine compounds (ATP, AMP) revealed no 
changes of cerebral blood flow and CMR-oxygen. The intracarotid infusion of AMP 
did cause an increase in cerebral blood flow, but CMR-oxygen remained unchanged 
(GOTTSTEIN, 1962, 1965, 1969). 

The spasmolytic drug papaverine administered as an intravenous or intracarotid 
infusion increased cerebral blood flow, but not CMR-oxygen, which was not in­
fluenced (GOTTSTEIN, 1962, 1969; McHENRY, 1972; OLESEN and PAULSON, 1971). 
However, the effect on cerebral blood flow seemed to be short lasting. On the other 
hand SHENKIN failed to show any effects of papaverine on cerebral circulation and me­
tabolism (SHENKIN, 1951). 

Neither serotonin nor histamine influenced cerebral blood flow and CMR-oxygen 
(ALMAN et aI., 1952; OLESEN, 1974; SHENKIN, 1951). 
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As an interim result, one might conclude that sympathicomimetic drugs, sympath­
icolytic drugs and biogenic amines have no effects on disturbed cerebral blood flow 
and metabolism in dementia patients. The beneficial effects of intracarotid infusions 
of adenosine bodies and of papaverine may be almost negligible because of the kind 
of application and because of the side effects of both drugs. 

III. Miscellaneous Vasoactive and Metabolically Active Drugs 

Several investigations of brain blood flow and metabolism were performed to study 
the effect of xanthine derivatives on the above-mentioned parameters. In most studies 
no improvement of the disturbed cerebral blood flow and metabolism could be found, 
but often a further decrease of cerebral blood flow due to vasoconstriction was de­
scribed (GOTTSTEIN, 1962, 1965, 1969; GOTTSTEIN and PAULSON, 1972; HEISS et al., 
1971; HERRSCHAFf, 1973, 1975). In only a very few cases could an inverse steal 
phenomenon of cerebral blood flow be observed in patients with acute stroke (HERR­
SCHAFf, 1975; SKINHl1>J et al., 1970). 

The results of investigations concerning the effects of xanthinole + nicotinic acid 
derivatives on brain blood flow and metabolism are somewhat conflicting. While 
GOTTSTEIN, GOTTSTEIN et al., LENNARTZ, HERRSCHAFI and HEISS et al. (GOTTSTEIN, 
1962, 1969; GOTTSTEIN et al., 1962; Heiss et al., 1971; HERRSCHAFT, 1975; LENNARTZ, 
1962) were not able to demonstrate any effects of these substances on brain blood flow 
and metabolism, Hoyer and co-workers found a normalization of the disturbed 
CMR-oxygen after a 2-week treatment. An influence of this drug on CMR-glucose 
could be suspected but could not be proved statistically (HoYER et al., 1978 a) 
(Table 1). Recently QUADBECK and LEHMANN described a positive effect ofxanthinole 
nicotinate on disturbed cerebral glucose uptake after a 4-week treatment, but this ef­
fect depended on the degree of the disturbance (QUADBECK and LEHMANN, 1978). 
Nicotinic acid on its own could not be shown to have any influence on cerebral blood 
flow and metabolism (GOTTSTEIN, 1962, 1969; GOTTSTEIN et al., 1962). 

While naphtidrofuryle did not show an effect on cerebral blood flow (HERRSCHAFT, 
1975), divergent influences of bencyclane and proxazole were reported. HERRSCHAFT 

Table 1. Mean values of cerebral blood flow (CBF) and oxidative brain metabolism in patients 
with organic brain disorders under treatment with xanthinole + nicotinic acid 

Patients with predomi­
nant disturbances in 
CBF and CMR-oygen 
(n= 10) 

Patients with predomi­
nant disturbances in 
cerebral glucose 
metabolism (n= 10) 

" =0.05 

Age (years) 

64 

56 

Resting rate 
After a 2-week 

treatment 

Resting rate 
After a 2-week 

treatment 

CBF CMR- CMR-
oxygen glucose 

mljl00gmin 
mg/l00 g min 

40.3 2.31 5.87 
41.5 3.66" 4.83 

43.0 3.01 2.30 
45.1 3.03 6.10 
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Table 2. Mean values of cerebral blood flow (CBF) and oxidative brain metabolism in patients 
with organic brain disorders under treatment with pyritinol-HCl (900 mg/die) 

Age (years) 

Patients with predomi- 52 
nant disturbances in 
CBF and CMR-oxygen 
(n= 18) 

Patients with predomi- 49 
nant disturbances in 
cerebral glucose 
metabolism (n = 27) 

8 cx=O.OI 

Resting state 
After a 4-week 

treatment 

Resting state 
After a 4-week 

treatment 

CBF CMR-
oxygen 

ml/l00gmin 

42.1 2.18 
40.6 2.62 

53.7 3.12 
52.7 3.10 

CMR­
glucose 
mg/loogmin 

5.99 
3.95 

2.47 
4.768 

could not find any effects of these drugs on cerebral blood flow (HERRSCHAFT, 1975; 
HERRSCHAFT et aI., 1974a), but HEISS described dose-dependent increases of cerebral 
blood flow under proxazole (HEISS, 1973) and KOHLMEYER reported improvements of 
decreased cerebral flow rates under bencyclane (KOHLMEYER, 1972). 

The investigations of MEYER et aI. (1971) showed an increase of cerebral blood 
flow under hexobendine, while cerebral metabolism remained unaffected (MEYER et 
aI., 1971). HEISS et aI. and McHENRY et aI. confirmed these findings as far as cerebral 
blood flow was concerned (HEISS et aI., 1971; McHENRY et aI., 1972). On the other 
hand HERRSCHAFT was not able to demonstrate any effect of this drug on cerebral 
blood flow (HERRSCHAFT, 1976). 

The effect of vineamine, the alkaloid from vinca minor, on global and regional ce­
rebral blood flow was studied by HERRSCHAFT, by KOHLMEYER and by HEISS et aI. 
(HEISS et aI., 1977; HERRSCHAFT, 1977; KOHLMEYER, 1977). This drug obviously in­
creased the disturbed blood flow rate dose dependently, especially in areas of the brain 
which are extremely underperfused. 

The effects of drugs such as pyritinol-HCI, eentrophenoxine, extraetum sanguinum 
deproteinatum sieeum and piraeetam on cerebral blood flow alone and on cerebral 
blood flow along with the CMRs of oxygen and glucose were investigated by HERR­
SCHAFT et ai., by BECKER and HOYER and by HOYER et aI. (BECKER and HOYER, 1966; 
HERRSCHAFT, 1975, 1976; HERRSCHAFTet ai., 1974b, 1977; HOYER et ai., 1977, 1978a). 
HERRSCHAFT and co-workers observed an increase of the grey matter flow under the 
influence of pyritinol-HCl, centrophenoxine, and extractum sanguinum depro­
teinatum siccum, whereas the flow in the white matter of the brain was not affected. 
This flow increase in grey matter was regarded as secondary to an improvement of 
the oxidative brain metabolism. BECKER and HOYER (1976) and HOYER et aI. (1977) 
found a normalization of the predominantly decreased CMR-glucose in patients suf­
fering from organic brain disorders (Table 2). 

Based on more detailed, clinicopsychometrically different findings (HACHINSKI et 
aI., 1975), HOYER et ai. (1978 a) classified their patients into multi-infarct dementias 
or primary degenerative (Alzheimer) dementias. As mentioned above, this classifica­
tion seems to be useful for nosological und also pharmacotherapeutic reasons. 
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Table 3. Mean values of cerebral blood flow (CBF), CMR-oxygen and CMR-glucose in patients 
with organic brain disorders (MI, multi-infarct dementia; PD, primary degenerative dementia; 
AD, dementia due to alcoholism) before and after a 3-week treatment with extr. sanguin. deprot. 
sicc., centrophenoxin or piracetam 

Age Resting rate After treatment 
(years) 

CBF CMR- CMR- CMF CMR- CMR-
oxygen glucose oxygen glucose 

ml/lOOgmin mg/100gmin mlj100 g min mg/100 g min 

Extr. sanguin. 
deprot. sicc. 

MI (n=6) 71 29.9 2.50 2.69 36.1 2.73 3.50 
PD (n=4) 63 52.0 3.90 4.83 47.0 3.14 4.93 
AD (n= 10) 47 28.0 1.99 3.03 45.1 _ 3.23- 4.14 

Centro-
phenoxin 

MI (n=9) 68 33.3 2.50 3.39 47.5' 2.92 4.43 
PD (n=4) 65 32.1 2.36 3.14 37.8 2.25 3.60 
AD (n=7) 43 50.1 3.62 3.70 37.7 2.40 3.64 

Piracetam 
MI (n=7) 59 33.3 2.41 3.26 49.5- 3.83- 4.88-
PD (n=4) 62 32.3 2.23 3.57 38.3 3.15 3.83 
AD (n=9) 44 42.1 3.56 4.77 46.2 3.44 4.83 

_ a=0.05 

Centrophenoxine increased the disturbed cerebral blood flow in multi-infarct de­
mentias. It also seems to have an effect on the decreased cerebral metabolic rate of 
glucose, but this increase was not statistically significant (Table 3). 

Extractum sanguinum deproteinatum siccum improved cerebral blood flow and 
CMR-oxygen in dementia due to chronic alcoholism when these parameters were de­
creased to about 50%-60% of normal. CMR-glucose was also augmented, but this 
increase was just below the level of statistical significance (Table 3). 

Piracetam produced an improvement of cerebral blood flow, CMR-oxygen and 
CMR-glucose to the normal range in patients suffering from multi-infarct dementia 
(Table 3). All improvements in the biological brain parameters found by HOYER and 
co-workers were accompanied by improvements in the clinical findings. 

D. Concluding Remarks 
In all drug-induced improvements of biological and clinical brain parameters is 
should be noted that an improvement both of brain blood flow and metabolism and 
the dementia symptoms occur spontaneously in about one-third of the dementia 
patients, while in two-thirds the biological parameters as well as the clinical findings 
increasingly deteriorate (HOYER, 1976; HOYER et aI., 1978a). Therefore the possibility 
of a spontaneous improvement should be taken into account when evaluating thera­
peutic effects of agents which are directed towards brain blood flow and metabolism. 
In performing such studies it seems to be more necessary to compare the findings be-
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tween a treated and a non-treated group of patients in a randomized study. It would 
seem insufficient merely to compare the findings before and after treatment in one 
group of patients. 

Gerontopsychopharmacological agents which are claimed to have almost 100% 
positive effects on brain blood flow and metabolism and/or dementia symptoms 
should be treated with much scepticism because of the pathophysiologically different 
underlying process and because of the possibility of spontaneous improvement. Re­
sults on improvements of the biological brain parameters and the clinical symptoms 
showing a success rate of 50%-60% after pharmacotherapeutic treatment are much 
more convincing and might also be explained in pathophysiological terms. 

In future investigations on the effectiveness of agents on brain blood flow and me­
tabolism one should differentiate more thoroughly between neurological brain dis­
eases (strokes) and psychiatric brain diseases (dementias), which have different patho­
physiological mechanisms. There is no doubt that strokes are primarily the result of 
rheological disturbances, whereas dementias are due more to diseases of the brain tis­
sue itself. 

By taking into account such (patho)biological and clinical suppositions and by us­
ing well-established biological and clinical methods, it should be possible to find 
ranges of indications for gerontopsychopharmacological agents which should be suc­
cessful in the treatment of metabolic and circulatory disturbances in organic brain dis­
orders. 
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CHAPTER 14 

The Pharmacological Profile 
of Some Psychomotor Stimulant Drugs 
Including Chemical, Neurophysiological, 
Biochemical, and Toxicological Aspects 

S. GARATTINI and R. SAMANIN 

A. Introduction 

Psychostimulant agents are an ill-defined class of drugs in which the potential danger 
of abuse is greater than the therapeutic benefits. Yet it would be very important to 
have select drugs available for stimulation of psychomotor functions with the aim of 
achieving, among other effects, relief offatigue and improvement ofleaming-memory 
capacities. Unfortunately, no such ideal drugs presently exist although there are some, 
such as amphetamine, which have played a historically important role in elucidating 
central biochemical and physiologic functions, particularly those connected with the 
neurochemical transmission linked to monoamines. In contrast, psycho stimulants 
have only a limited role in therapy in the treatement of obesity, narcolepsy, and hy­
perkinesis in children (ANGRIST and SUDILOVSKY, 1978; MARTINDALE, 1977). 

The space allotted to this review imposes several limitations. For instance, the ef­
fects of met hylx ant hines (theobromine and caffeine) and nicotine will not be taken in­
to account because, although they are used as psycho stimulants, their intake occurs 
in complex mixtures (beverages and smoking). Many psycho stimulants are simply 
minor chemical variations in the structure of amphetamine; usually there is relatively 
little information to differentiate their actions from those of amphetamine, and there­
fore these drugs will not be discussed in detail. Whenever possible, quotations will be 
made from reviews dealing with specialized aspects of the actions of psychostimulants. 

d-amphetamine, methylphenidate, nomifensine, mazindol, and amineptine are 
therefore the drugs considered to be of primary importance for this review, because 
they have clinical applications even if some (nomifensine and amineptine) are primar­
ily used as antidepressants. 

B. Chemistry 

The chemical structures of some psychostimulants mentioned in this review are pre­
sented in Fig. 1. It will be noted that several compounds such as methylphenidate, pi­
pradrol, and nomifensine contain in their structures a phenylethylamine or a pheny­
lisopropylamine skeleton, chracteristic of the prototypical sympathetic stimulant d­
amphetamine; mazindol does not contain a phenylethylamine structure. Another 
notable exception to this common feature of psycho stimulants is amineptine which 
has an easily recognizable tricyclic structure. Several thousand molecules have been 
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Fig. 1. Chemical structures of some psychostimulant drugs 

synthesized since the discovery of amphetamine in the hope of finding a more potent 
and/or more specific agent. 

Numerous reviews discuss the possible relationship between chemical structure 
and pharmacologic effects of amphetamines with special emphasis on locomotor stim­
ulation and anorexia (BIEL and Bopp, 1978; BIEL, 1970; SHULGIN, 1978; VAN ROSSUM 
and SIMONS, 1969; ANGGARD, 1977). Briefly, the asymmetry of the oc-carbon of the side 
chain of amphetamine makes possible two stereoisomers of which the d-form is several 
times more active than the I-isomer (TAYLOR and SNYDER, 1971; SVENSSON, 1971; 
LAWLOR et aI., 1969). The length of the side chain is crucial because its shortening or 
lengthening diminishes the stimulant effect (VAN ROSSUM and SIMONS, 1969). Substi­
tution of the primary nitrogen with groups greater than methyl also results in a loss 
of activity (ANGGARD, 1977); substitution in the aromatic group has produced mole­
cules such as fenfluramine (or its metabolite, norfenfluramine) where a 
trifluoromethyl group in meta position completely eliminates the stimulant activity 
without substantially affecting the anorectic effect (BEREGI et aI., 1970; LE DOUAREC 
and NEVEU, 1970). 
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Incorporation of the aminoalkyl side chain into a ring structure led to synthesis of two 
well-known stimulants, methylphenidate and pipradroi. These piperdine derivatives 
have been reviewed by KRUEGER and MCGRATH (1964). Of the two diasterioisomers 
of methylphenidate, the threo form is the active one (KRUEGER and MCGRATH, 1974; 
SHAFI'EE and HITE, 1969; SHAFI'EE et aI., 1967), while of the two enantiomers ofpipra­
drol, the [-form exerts all the stimulant activity of the drug (PORTOGHESE et at, 1968). 
No structure-activity relationships have yet been reported for nomifensine, a stimu­
lant drug utilized for treatment of depression (NICHOLSON and TURNER, 1977) or for 
mazindol, used as an anorectic agent (HADLER, 1972). 

c. Kinetics and Metabolism 

I. Amphetamine 

The main factor influencing the kinetics of amphetamine is urinary pH. An acidic pH 
favors renal clearance of unchanged amphetamine, while a more basic pH favors the 
retention of amphetamine and therefore its metabolism (ASATOOR et aI., 1965; 
BECKETT and ROWLAND, 1965a, b,c; BECKETT et aI., 1965, 1969). For instance, when 
the urine is acidic, almost 70 % of the administered amphetamine is eliminated in urine 
over a period of 4 days, the remaining 30% being metabolized; the plasma half-life 
is 5-6 h (DAVIS et aI., 1971; ANGGARD et aI., 1970a, b). In less acidic conditions, ex­
cretion of amphetamine as such amounts to only 30% with a plasma half-life of about 
20-30 h (ANGGARD et aI., 1970a). According to ANGGARD (1977), it is considered that 
each unit of increase in urinary pH prolongs the plasma half-life for d-amphetamine 
by about 7 h. This information has practical value in the treatment of amphetamine 
intoxication when it is important to keep a high flow of acidic urine to achieve maxi­
mum clearance of the drug (ANGGARD et aI., 1970a). 

In rats, d-amphetamine declines in plasma with a half-life (t y,) of 0.5 h (first phase) 
and 3 h (second phase) (MAICKEL et aI., 1969; LEWANDER, 1971a; JONSSON and 
LEWANDER, 1973). 

BAGGOT and DAVIS (1973) studied the pharmacokinetics of d-amphetamine in 
various animal species and concluded that the plasma t y, of d-amphetamine was lon­
ger in carnivorous (dog and cat) than in herbivorous (pony, rabbit, and goat) species. 
Other information on the parmacokinetics of amphetamines can he found in the re­
views by VREE (1973) and ANGGARD (1977). 

Amphetamine and its congeners are readily absorbed in man (BECKETT and Row­
LAND, 1965c; ASATOOR et aI., 1965; QUINN et aI., 1967; WILKINSON and BECKETT, 
1968); in plasma the protein binding of d-amphetamine is about 20% (BAGGOT et aI., 
1972; FRANKSSON and ANGGARD, 1970). Amphetamine distributes extensively in the 
extravascular compartment with an apparent volume of distribution in man of 3.5-
4.6 l/kg (ROWLAND, 1969). The drug rapidly penetrates the brain where it accumulates 
with a brain-to-plasma ratio of 7-12, depending on the animal species (JORI et aI., 
1978 a; MAICKEL et aI., 1970; ELLISON et aI., 1968). Within the rat brain, d-amphetami­
ne is uniformly distributed in the various areas (YOUNG and GORDON, 1962; JORI and 
CACCIA, 1974), as shown in Table 1. Similar results were obtained in cats (SIEGEL et 
aI., 1968) where, however, at shorter times after amphetamine administration, the 
drug was localized more in the gray than in the white matter (LATINI et aI., 1977). 
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Table 1. Distribution of d-amphetamine and its hydroxylated metabolites in various areas of 
the rat brain after intravenous administration of 15 mg/kg i.p. d-amphetamine (JORI and 
CACCIA, 1974)" 

Area Interval between Levels (ng!g± SE) 
treatment and 
death (h) Amphetamine p-Hydroxy- p-Hydroxy-

amphetamine norephedrine 

Striatum 1 11,615±874 92± 6 25 
5 I,099± 86 46± 5 57± 3 

12 l00± 11 < 25 31± 1 
Brainstem 1 14,763 ± 778 105± 18 32± 3 

5 852± 87 37± 6 168±15 
12 75± 8 25 53± 1 

Cerebellum 1 9,663 ± 777 83± 9 32± 5 
5 596± 56 < 25 84± 8 

12 82± 5 43± 3 

Hemispheres 1 13,413±488 105± 6 27± 2 
5 628± 44 < 25 120± 5 

12 91± 14 41± 5 

a Determination by a gas chromatographic method developed by BELVEDERE et al. (1963) 

Within any given brain area, such as the striatum or brainstem, indirect evidence in­
dicates that d-amphetamine may be preferentially stored in the catecholaminergic 
nerve terminals (JORI et aI., 1977), a finding which may explain some of this com­
pound's neurochemical effects. 

Studies of the subcellular localization of d-amphetamine have revealed higher con­
centrations of the drug in the cytoplasm than in the synaptosomal fraction (OBIANWU 
et aI., 1968; WONG et aI., 1972; PFEIFFER et aI., 1969; MAGOUR et aI., 1974). AZZARO 
et ai. (1974) reported that d-amphetamine uptake may occur in vitro in the synapto­
somal fraction when the drug is present at relatively low concentrations in the 
medium. The main metabolic pathway of amphetamine is depicted in Fig. 2; general 
surveys of the comparative metabolism of amphetamine in various animal species 
(WILLIAMS et aI., 1973; SMITH and DRING, 1970; CASTAGNOLI, 1978) and in man (SMITH 
and DRING, 1970; GORROD, 1973) are available. 

Aromatic hydroxylation of d-amphetamine in para position is well known in vivo 
(AXELROD, 1954 b; DRING et aI., 1966; ALLEVA, 1963) and in vitro (JONSSON, 1974; 
ROMMELSPACHER et aI., 1974) with the formation of p-hydroxyamphetamine, a metab­
olite which has only weak central stimulant effects (TAYLOR and SULSER, 1973) be­
cause it does not easily croSS the blood-brain barrier (JORI and CACCIA, 1974; JORI et 
aI., 1978c). p-Hydroxyamphetamine is unevenly distributed in the brain (JORI and 
CACCIA, 1974; DANIELSON et aI., 1976; LINDENBAUM et aI., 1975) and disappears more 
slowly from the rat striatum (t y" 8 h) than from the brainstem (t y" 2 h), probably be­
cause it is stored in the dopaminergic system (JORI et aI., 1978c; DANIELSON et aI., 
1976) which is present more in the striatum than the brainstem. This metabolite may 
have an affinity for dopamine structures as is borne out by reports of its uptake and 
storage by synaptic vesicles (L'HERMITE et aI., 1973; EL GUEDRI et aI., 1975), particu-
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Fig. 2. Metabolism of N-alkylated amphetamines and amphetamine. 1, N-dealkylation occur­
ring, for instance, after administration of methamphetamine. 2, formation of N-oxide deriva­
tives. This metabolite has been shown only in vitro (BECKETT et aI., 1973). 3, oxidative deami­
nation. Only the final product, phenylacetone, is shown in this scheme. 4, oxidation of phenyl­
acetone to benzoic acid. 5, conjugation of benzoic acid with glycine to yield hippuric acid. 6-9, 
aliphatic hydroxylation with formation of norephedrine or p-hydroxynorephedrine. This reac­
tion is catalyzed by dopamine-p-hydroxylase. 7-8, aromatic hydroxylation with formation of 
p-hydroxyamphetamine or p-hydroxynorephedrine. 9, transformation of norephedrine to ben­
zoic acid, probably with formation of the intermediate l-hydroxy,1-phenylpropan-2-one (FEL­
LER and MALSPEIs, 1971) 

larly in striatal preparations (CHO et al., 1975). p-Hydroxyamphetamine, in fact, ac­
cumulates in the striatum (JOR! et aI., 1979) where its level is reduced by destruction 
of the dopaminergic nerve terminals as a consequence of intracerebral 6-hydroxydo­
pamine treatment or catecholamine depletors such as tetrabenazine and reserpine or 
pimozide (JORI et aI., 1979) a powerful specific and long-lasting dopamine receptor 
blocker (JANSSEN et aI., 1968) which causes release of dopamine by a feedback re­
sponse (NYBACK et aI., 1967; WESTERINK and KoRP, 1975). 

Aliphatic hydroxylation of amphetamine is carried out by dopamine-p-hy­
droxylase (GoLDSlElN and CONTRERA, 1962; CREVELING et aI., 1962), an enzyme local­
ized in the adrenergic neurons, with the formation of norephedrine (CALDWELL et aI., 
1972b). p-Hydroxylation is stereo-specific for the d-form of amphetamine (GOLD­
SlElN et aI., 1964; TAYLOR, 1974) and p-hydroxyamphetamine is a better substrate 
than amphetamine. This suggests that amphetamine is first hydroxylated in the aro­
matic ring by the liver and then hydroxylated in the /l-position in the adrenergic ter­
minals with formation of p-hydroxynorephedrine (POHNE) (GOLDSlEIN and ANAG-
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Table 2. Metabolism of amphetamine in various animal species (AnggArd, 1977) 

Species Percent of amphetamine excreted as Ref. 

Unchanged Aromatic Deaminated 
hydroxylated 

Man 
acidic urine 65 5 15 DAVIS et a1. (1971) 
alkaline urine 22 9 27 DAVIS et a1. (1971) 

Monkey (squirrel) 29-42 1- 2 7-9 ELLISON et a1. (1966) 
Monkey rhesus 34 6 27 DRING et a1. (1970) 
Dog (beagle) 42-49 lO-D 18-20 ELLISON et a1. (1966) 
Dog (grey hound) 30 6 30 DRING et a1. (1966, 1970) 
Rabbit 3 6 55 DRING et al. (1966, 1970) 
Guinea pig 22 0 62 DRING et al. (1966, 1970) 
Rat 14 48 3 DRING et al. (1966, 1970) 
Mouse 33 14 31 DRING et al. (1966, 1970) 

NOSTE, 1965; CAVANAUGH et aI., 1970; CALDWELLet aI., 1972b); in fact, more pOHNE 
can be found in the brainstem than in striatum (CATTABENI et aI., 1973; JORI and CAC­
CIA, 1974) (see Table 1), paralleling the richness in noradrenergic terminals in these 
two discrete brain areas. 

Oxidative deamination of amphetamine leads to the formation of phenylacetone 
and ammonia in the presence of rabbit liver microsomes fortified with nicotinamide 
adenine dinucleotide phosphate (NADPH) (AXELROD, 1954 b, 1955). The various 
mechanisms proposed to expalain the intermediate pathway of this oxidative process 
(DRING et aI., 1966; BRODIE et aI., 1958) have been recently summarized by ANGGARD 
(1977). 

N-Dealkylation is a metabolic pathway common to several amphetamines which 
are substituted in the nitrogen (BOISSIER et aI., 1970). Methamphetamine, for instance, 
is N-demethylated (AXELROD, 1954 a) by liver microsomal enzymes (for review see LA 
Du et aI., 1971), the extent of this reaction varying from one animal species to another 
(CALDWELL et aI., 1972a,c). 

N-Oxidation has been mostly described in vitro (BECKETT et aI., 1973), with con­
siderable differences between species. A review on oxidation of aliphatic amines is 
available (BRIDGES et aI., 1972). 

Any summary of knowledge of the metabolism of amphetamines must underline 
the considerable importance of the species in the predominance of anyone pathway 
(WILLIAMS et aI., 1973), as illustrated in Table 2. In rabbits and guinea pigs, deamina­
tion is the most important metabolic process, but aromatic hydroxylation predomi­
nates in rats. 

Particular attention should be given to the metabolism of amphetamine in depen­
dent subjects since it has been suggested that amphetamine psychosis depends on the 
formation of metabolites rather than on amphetamine itself. ;{nggard (1977) has re­
cently summarized the arguments in favor of such a hypothesis showing that (1) am­
phetamine psychosis does not occur immediately; (2) it is not related to amphetamine 
plasma levels; (3) it is more intense under conditions which lead to increased metab­
olism; and (4) there is a positive correlation between excretion of hydroxylated am­
phetamine metabolites and the intensity of the psychosis. 
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II. Methylphenidate 

Threo-methylphenidate is extensively metabolized in man, dogs, and rodents (F ARAJ 
et aI., 1974) and easily penetrates the brain, with a brain-to-plasma ratio ranging from 
2 to 8 (FARAJ et aI., 1974; BERNHARD et aI., 1959; SHEPPARD et aI., 1960; GAL et aI., 
1977). The half-life of plasma methylphenidate is around 2 h in dogs (FARAJ et aI., 
1974) and 25 min (GAL et aI., 1977) or 105 min (SEGAL et aI., 1976) in rats. A formal 
kinetic study in rats was made by GAL et aI., (1977) using a specific gas-liquid chro­
matography mass spectrometry method. The principal metabolite of methylphenidate 
is ritalinic acid (BERNHARD et aI., 1959; SHEPPARD et aI., 1960; FARAJ et aI., 1974; 
DAYTON et aI., 1970), a product deriving from hydrolysis by plasma and tissue es­
terases. In addition, microsomal enzymes hydroxylate methylphenidate in the para 
position similarly to what has been found for d-amphetamine. The hydroxymethyl­
phenidate may, after hydrolysis, yield p-hydroxyritalinic acid (FARAJ et aI., 1974), a 
metabolite found in conjugated form in the urine. 

Another important metabolic route is 6-oxomethylphenidate (BARTLETT and EG­
GER, 1972), which in turn is transformed into 6-oxoritalinic acid (FARAJ et aI., 1974). 
The metabolism of methylphenidate differs according to the animal species (F ARAJ et 
aI., 1974). In man, the principal metabolite is ritalinic acid; in the dog it is oxoritalinic 
acid; and in rats it is p-hydroxyritalinic acid. All the metabolites described were found 
in the rat brain, p-hydroxymethylphenidate predominating. However, both p-hy­
droxymethylphenidate and 6-oxomethylphenidate can be regarded as inactive metab­
olites, at least judging by their locomotor stimulant activity in mice (FARAJ et aI., 
1974).A review on the kinetics and metabolism of methylphenidate appeared recently 
(PEREL and DAYTON, 1977). 

III. Nomifensine 

This compound is rapidly absorbed by the gastrointestinal tract after oral administra­
tion to rats, dogs, and monkeys (KELLNER et aI., 1977). In these species, plasma pro­
tein binding is around 60%. In rats the drug does not seem to concentrate in brain, 
compared to plasma levels (KELLNER et aI., 1977). In man, when nomifensine was de­
termined with a specific GLC method (VERECZKEY et aI., 1976), the opparent half-life 
was about 2-4 h (VERECZKEY et aI., 1975; RINGOIR et aI., 1977), but it is considerably 
longer in subjects with impaired renal function (RINGOIR et aI., 1977). 

The metabolism of nomifensine has been studied in several animal species (KELL­
NER et aI., 1977; HEPTNER et aI., 1978). In man, as in monkeys, nomifensine is hydrox­
ylated in the unsubstituted aromatic ring in position 4 and then in position 3; 3-hy­
droxy, 4-methoxy, and 3-methoxy, 4-hydroxymetabolites have been isolated (KELL­
NER et aI., 1977; HEPTNER et aI., 1978). The dihydroxy metabolite of nom if en sine may 
have a role in vivo, since it has been shown to stimulate striatal adenylate cyclase 
(POAT et aI., 1978). 

IV. Mazindol 

Very little information is available on the kinetics and metabolism of this anorectic 
and stimulant agent. The drug is absorbed after oral administration, giving a peak 
level in blood at about 2-4 h and a half-life ranging from 33 to 55 h in man and in 
four animal species (HADLER, 1972). 
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V. Amineptine 

This compound is rapidly absorbed in rats (intraperitoneally) and man (orally). The 
levels in rat brain are lower than in blood and they disappear very rapidly (SBARRA 

et aI., 1979). In man, orally administered amineptine results in peak plasma levels 
around 30-45 min, with an apparent plasma t y, of about 45 min (F ANELL!, unpub­
lished). 

In rats and man, a metabolite forms with five carbon atoms in the side chain (p­
oxidation), this has a plasma tv, of about 90 min, a finding which explains why during 
repeated administration to man, the metabolite exceeds the level of the parent com­
pound in plasma (F ANELL!, unpublished). 

D. Interaction with Central Chemical Transmitters 

I. Catecholamines 

The bulk of available data for psychostimulant agents concerns their effect on brain 
catecholamines (dopamine and noradrenaline), and therefore our comments will be 
mostly confined to this aspect of these drugs' complex effects in the brain. Many re­
views are available and readers are referred to them for further details (COSTA and 
GARATTINI, 1970; LEWANDER, 1977 a; MOORE, 1978; SULSER and SANDERS-BUSH, 1971; 
WEINER, 1972; KATZ and CHASE, 1970). The following preliminary comments are per­
tinent: 

(I) The literature gives the impression of many contradictory findings concerning 
interactions between psychostimulants and central catecholaminergic mechanisms 
(ANGG.ARD, 1977). This is because of differences in animal species, doses, schedules of 
treatment, and/or intervals between drug administration and the determination of 
biochemical parameters reported. It is also evident that while d-amphetamine has 
been widely studied, for other psychostimulants the literature is scanty and much im­
portant information is lacking. 

(2) To observe an effect, the doses of psycho stimulants are frequently pushed up 
to toxic levels. As the dose increases, there is an increase of nonspecific effects. This 
point is clearly illustrated in Fig. 3, which reports the effect of d-amphetamine on the 
uptake of noradrenaline (NA), dopamine (DA), and serotonin (5 HT) as a function 
of the drug concentration. The figure also shows the levels of d-amphetamine present 
in the rat brain after different doses of the drug are given in vivo. At lower doses 
(0.7 mg/kg), NA is affected more than DA uptake, but at higher doses there may also 
be an effect on 5 HT uptake. At the dose of 15 mg/kg, the levels of amphetamine in 
the brain inhibit the uptake of all three amines (GARATTINI et aI., 1978). 

(3) Most of the biochemical data available refer to the whole brain or to large 
areas such as the striatum, but relatively small areas may also be affected by drugs 
in a specific manner and these effects are obviously missed when the determination 
of drug effect is diluted in a larger brain area or in the whole brain. 

(4) Recent findings indicate a number of interactions among the various neuro­
transmitters in the brain (GARATTINI et aI., 1977), so that no single monoaminergic 
system can be seen as isolated from the influence of the other chemical mediators. For 
instance, an increase of striatal homovanillic acid may depend on a direct effect on 
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Fig.3. Log-dose response curves for d--amphetamine inhibition of monoamine uptake. The 
dotted lines represent the concentration of d-amphetamine reached in the brain 2 h after i.p. 
injection of 0.7 mg/kg (CHO et al., 1973), 1.8 mg/kg (JORI et al., 1978a), and 15 mg/kg (BELVE­
DERE et al., 1973) d-amphetamine sulfate in rats. The concentrations are calculated from the le­
vels of the drug per gram of brain tissue, assuming a density of 1. Each point represents the 
mean ± SE of four replications 

the dopaminergic system, but it may be the result of an interaction of the drug with 
the serotonergic system (CRUNELLI et al., 1980). An increase in striatal acetylcholine 
may be the result of direct action on the cholinergic system or of an effect on the do­
paminergic (LADINSKY and CONSOLO, 1979) or serotonergic (SAMANIN et al., 1978 b) 
systems. The effect of a drug on a single chemical mediator can only be described for 
didactic purposes. 

With these limitations, Table 3 gives a somewhat arbitrary selection of data to il­
lustrate the effects of psychostimulants, namely d-amphetamine, methylphenidate, 
nomifensine, mazindol, and amineptine, on the noradrenergic system of the rat brain. 
The bulk of data is consistent with the hypothesis that d-amphetamine acts as an in­
direct noradrenergic agonist. There is, in fact, a release of NA and inhibition of NA 
uptake, both leading presumably to increased availability of NA at the postsynaptic 
receptor sites. The direct effects of d-amphetamine on dopamine-fJ-hydroxylase and 
on tyrosine hydroxylase are of doubtful significance because no consistent results 
have been found (ANGGARD, 1977). Several authors (GROPPETTI and COSTA, 1969; 
BRODIE et al., 1970; THoENEN et al., 1966; LEWANDER, 1977a; TAYLOR and SULSER, 
1973) have suggested a role of p-hydroxynorephedrine, the amphetamine metabolite 
formed in the noradrenergic terminals, in explaining the release of NA, particularly 
during repeated treatments. For the other stimulants, the predominant effect seems 
to be a marked inhibition of brain NA uptake. 

Table 4 sets out the effects of the various psycho stimulants on the dopaminergic 
system in the rat striatum. The picture is now clearer for d-amphetamine. This drug 
is a releaser of DA, both in vitro and in vivo, and this results in an increase of 3-
methoxytyramine and homovanillic acid (HV A), the extraneuronal metabolites of 
DA. Inhibition of monoamine oxidase (MAO) is probably responsible for inhibition 
of the intraneural metabolite of DA, dioxyphenylacetic acid (DOPAC). The inhibi­
tory effect on DA uptake is not very marked and is certainly less than the inhibition 
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ofNA uptake (GARATTINI et aI., 1978), but it may contribute to increasing the avail­
ability of DA at the postsynaptic receptor sites. Indeed, levels of the DA-mediated 
adenylate cyclase increase at shorter times after d-amphetamine administration 
(CARENZI et aI., 1975). That this effect is due to the release of DA and not to a direct 
effect of d-amphetamine on DA receptors is shown by the inability of the latter to ac­
tivate adenyl cyclase in vitro (IVERSEN et aI., 1975). The other DA receptor, studied 
by means of haloperiodol binding, is not directly affected by d-amphetamine (BURT 
et aI., 1976). 

Methylphenidate is very similar to d-amphetamine in its effects on the dopamin­
ergic system, with the difference that it increases DOPAC levels, a finding which may 
be related to its releasing DA intraneuronally from a storage pool. 

The other psychostimulants induce much less DA release than d-amphetamine but 
except for amineptine, they are just as effective as amphetamine in inhibiting DA up­
take. Other differences are less important or have still to be confirmed and evaluated. 

The fact that a number of biochemical catecholaminergic parameters behave simi­
larly under the effect of the various psychostimulants does not mean that the intimate 
mechanisms of action must be similar. Some recent findings concerning differences 
between d-amphetamine and methylphenidate are good examples of this point. When 
catecholamines are taken up by nerves of animals pretreated with reserpine and niala­
mide, they are mostly located extragranularly in the axoplasm (MALMFORS, 1965; 
STITZEL and LUNDBORG, 1966; JONSSON and SACHS, 1969). In this experimental con­
dition, d-amphetamine releases DA more powerfully than from tissues of untreated 
animals (FARNEBO, 1971) Therefore, it may be concluded that d-amphetamine prefer­
entially releases newly synthesized (reserpine-resistant) DA. In contrast, methylpheni­
date, and possibly nomifensine (BRAESTRUP, 1977; BRAESTRUP and SCHEEL-KRUGER, 
1976), do not release catecholamines from tissues pretretated with reserpine. These 
data have been recently confirmed in vivo by CHIUEH and MOORE (1975 a, b) and rep­
resent the biochemical equivalent of the fact that stereotypy induced by methylpheni­
date and nomifensine, but not by d-amphetamine, is inhibited by reserpine (BRAES­
TRUP, 1977). 

II. Serotonin 

As previously indicated (see Fig. 3), d-amphetamine at high concentrations may in­
hibit 5 HT uptake (GARATTINI et aI., 1978). However, the effects on levels of 5 HT, 5-
hydroxyindoleacetic acid (5 HIAA), or on 5 HT turnover are inconsistent (for review 
see LEWANDER, 1977 a). Conversely, mazindol is a strong inhibitor of 5HT uptake in 
vitro and partially in vivo (GARATTINI et aI., 1978; SAMANIN et aI., 1977 a) but does 
not affect brain 5 HT and 5 HIAA levels (GARATTINI et aI., 1978). However, the effect 
of high doses ofmazindol on the serotonergic system probably has no significance for 
the anorectic activity (GARATTINI et aI., 1978). For nomifensine, methylphenidate, and 
amineptine, no effects have been described in relation to the serotonergic system. 

III. Acetylcholine 

d-Amphetamine has been reported to increase acetylcholine (ACh) release from the 
cortex of cats (PEPEU and BARTOLINI, 1967; BEANI et aI., 1968) and rats (HEMSWORTH 
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and NEAL, 1968a, b), probably indirectly through release of catecholamines because 
this effect is blocked by undercutting ofthe cerebral cortex (DEFFENU et at, 1970; PE­
PEU et aI., 1970), septal lesions (NISTRI et aI., 1972), or by administration of chlor­
promazine (NISTRI et at, 1972; PEPEU and BARTOLINI, 1968), haloperidol (DEFFENU et 
aI., 1970) or a-methyltyrosine (PEPEU et aI., 1970; NISTRI et aI., 1972). In the rat 
striatum, ACh is reduced by d-amphetamine at low doses (CARENZI et aI., 1975; Do­
MINO and OLDS, 1972; DOMINO and WILSON, 1972) but raised at higher doses (CONSOLO 
et aI., 1974; GLICK et aI., 1974) with a consequent decrease of ACh turnover (TRABUC­
CHI et aI., 1975). Amphetamine does not act on choline acetylase or acetylcholinester­
ase (Ho and GERSHON, 1972; MANDELL and KNAPP, 1972), but it affects the choliner­
gic system through an activation of the striatal dopaminergic-cholinergic link (CON­
SOLO etaI., 1975). In fact, the increase of striatal ACh induced by d-amphetamine is 
prevented by destruction of the presynaptic catecholaminergic terminals (CONSOLO et 
aI., 1975; LADINSKY et aI., 1975), and also by pimozide (LADINSKY et aI., 1975), a spe­
cific dopaminergic antagonist. No studies of this kind are available for methylpheni­
date and mazindol, but amineptine had no effect on striatal ACh (SAMANIN et aI., 
1977 c) and nomifensine increased striatal ACh only at high doses (GARATTINI et aI., 
1976a). 

E .. Pharmacology 
In animals and man, psychostimulants in general increase alertness and locomotor ac­
tivity, depress appetite, and at higher doses induce stereotyped behavior (for reviews 
see ANGGARo, 1977; LEWANDER, 1977a; PEREL and DAYTON, 1977; BROOKES, 1977). 
It was long believed that appetite depression (anorexia) and central stimulation were 
closely associated, until the discovery of fenfluramine, an amphetamine analog with 
anorectic but no stimulant activity (LE DOUAREC et aI., 1966; GARATTINI, 1973; 
GARATTINI et aI., 1978). Table 5 shows this difference, indicating, in addition, that 

Table 5. Pharmacologic effects of anorectic agents 

Drug 

d-Amphetamine b 

Methylphenidate 
N omifensine 
Mazindol 
Amineptine 
Fenfluramine 

Effects induced a 

Locomotor 
stimulation 

+++ 
+++ 
++ 
+++ 
+++ 

Stereotypy 

+++ 
+++ 
++ 
++ 
+ 

Anorexia 

+++ 
+ 
+ 
+++ 

+++ 

a Ratings based on prevalent responses in various species; + + +, 
intense; + +, moderate; +, poor; -, absent 

b Amphetamine analogs such as diethylpropion and phentermine 
are qualitatively similar to d-amphetamine (GARATI1NI et aI., 1978; 
SAMANIN et aI., 1979; BORSINI et aI., 1979) 
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there may be a stimulant effect without anorexia as in the case of amineptine (SA­
MANIN et aI., 1977 c). Recent findings show that even with d-amphetamine, by appro­
priate manipulation of the central monoaminergic systems, it is possible to dissociate 
the stimulant from the anorectic effect. Electrolytic lesion of the ventral noradrenergic 
bundle, but not of the locus ceruleus (QUATTRONE et aI., 1977), antagonized the 
anorectic effect of low doses of d-amphetamine (QUATTRONE et aI., 1977; AHLSKOG 
and HOEBEL, 1973), leaving intact the stimulant activity (SAMANIN et aI., 1978 a; QUAT­
TRONE et aI., 1977) and the stereotyped behavior induced by higher doses (SAMANIN 
et aI., 1978 a). In contrast, penfluridol, a long-acting specific dopaminergic antagonist 
(NOSE and TAKEMOTO, 1975), blocked locomotor stimulation and stereotyped behav­
ior without antagonizing the anorectic activity of low doses of d-amphetamine (SA­
MANIN et aI., 1978 a; QUATTRONE et aI., 1977). It was shown, in addition, that the 
anorectic effect of higher doses of d-amphetamine may have a dopaminergic compo­
nent because it was partially blocked by penfluridol (SAMANIN et aI., 1978 a; QUAT­
TRONE et aI., 1977). These findings are summarized in Table 6. 

I. Anorexia 

Much work has been put into analyzing the mechanisms involved in depression of 
food iritake. Table 7 summarizes a large amount of data on the effects of different pro­
cedures affecting central monoaminergic mechanisms on anorectic activity of amphet­
amine and mazindol (KRUK and ZARRINDAST, 1976; GARATTINI et aI., 1978; GARAT­
TINI and SAMANIN, 1976; GARATTINI et aI., 1979; BLUNDELL and LATHAM, 1978). Simi­
lar conclusions may also apply as regards the anorectic activity of d-aphetamine 
analogs such as diethylpropion (HOEKENGA et aI., 1978) and phentermine (JENDEN et 
aI., 1978; GARATTINI et aI., 1978). In summary, it appears that the anorectic effect of 
amphetamine-like drugs requires an intact catecholaminergic system. Small differ­
ences may exist between the various compounds since for d-amphetamine and mazin­
dol, NA and, to a lesser extent, DA may be involved, while for diethylpropion, DA 
apparently plays no role (GARATTINI et aI., 1978). An important anatomic site for the 
action of d-amphetamine is probably the lateral hypothalamus, as shown by several 
authors (BOOTH, 1968; LEIBOWITZ, 1970a, b; BLUNDELL and LESHEM, 1973) who indi­
cated that d-amphetamine may interact with p-adrenergic receptors (LEIBOWITZ, 
1970a, b). 

Table 7 sets out the different mechanisms of action of fenfluramine in depressing 
food intake. This drug should be considered the prototype of a new class of drugs 
which depress appetite through interaction with the serotonergic system (BLUNDELL 
and LATHAM, 1978; GARATTINI et aI., 1979; CLINESCHMIDT et aI., 1977; SAMANIN et aI., 
1978a; GARATTINI, 1979; SAMANIN et aI., 1977b). 

II. Locomotor Stimulation 

It is impossible to summarize the large literature existing in this field, since d-amphet­
amine is widely used in studying locomotor acitivity. An attempt to cover the field was 
made recently by LEWANDER (1977 a) and by MOORE (1978). A basic concept is that 
the extent of the locomotor activity induced by d-amphetamine depends on many vari-
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Table 7. Effects of procedures affecting central monoaminergic mechanisms on anorectic activity 
of amphetamine, mazindol, and fenfluramine in the rat 

Experimental Function of Anorexia induced by 
condition" 

5-HT NA DA Amphetamine Mazindol Fenflurarnine 

5-HT antagonists Db Unchanged Unchanged Reduced 
MR lesion D Unchanged Unchanged Reduced 
Pargyline + 6-0HDA D D Reduced Reduced Unchanged 
VNB lesion D Reduced Reduced Unchanged 
Striatal 6-0HDA D Unchanged Reduced Unchanged 
DA antagonists D Reduced or Reduced Unchanged 

unchanged 

" See GARATIINI and SAMANIN (1976) flir references regarding the various experimental conditions 
b D, decreased 
MR= MEDIAN RAPHE 

abIes. For instance, certain strains of mice (e.g., C3H, BalbjcJ) are insensitive to the 
effects of amphetamine (YEN and ACTON, 1973; JORI and GARATTINI, 1973; MOISSET 
and WELCH, 1973), young rats are less sensitive than adults (HEIMSTRA and McDON­
ALD, 1962; SOFIA, 1969); grouped animals are more sensitive than isolated mice (GUNN 
and GURD, 1940; CHANCE, 1946); and individual animals respond differently to d-am­
phetamine, depending on their level of spontaneous activity (ISAAC, 1971; SEEGAL and 
ISAAC, 1971), their normal behavior (SALAMA and GOLDBERG, 1969), their degree of 
starvation (CAMPBELL and FIBIGER, 1971; FIBIGER et aI., 1972; FIBIGER, 1973), and 
their thyroid function (MANTEGAZZA et aI., 1968a; McDOWELL et aI., 1967). 

Much effort has gone into investigating the mechanisms involved in the locomotor 
stimulation induced by d-amphetamine. Many of these studies utilize interactions be­
tween drugs with known effects on given chemical mediators and d-amphetamine. The 
danger of this approach is that the interacting drugs may themselves modify the avail­
ability of d-amphetamine for the brain structures where it acts (GARATTINI et aI., 
1976b). The following example stresses this point. The locomotor hyperactivity or hy­
perthermia induced by d-amphetamine is potentiated by tricyclic antidepressant 
agents (e.g., desipramine); this has been suggested as a test to distinguish this class of 
psychotropic drugs from neuroleptics (MORPURGO and THEOBALD, 1965). The hy­
pothesis to explain the interaction between desipramine and d-amphetamine was 
based on the fact that by blocking NA uptake at nerve terminals (CARLSSON et aI., 
1966; CARLSSON et aI., 1969), tricyclic antidepressant agents would increase the 
amounts of NA released by d-amphetamine at the receptor sites. This attractive hy­
pothesis is untenable, however, because tricyclic antidepressant drugs interact with d­
amphetamine by increasing the concentration of d-amphetamine in the brain (V AL­
ZELLI et aI., 1967)., They do this by blocking hydroxylation of d-amphetamine (DIN­
GELL and BASS, 1969; CONSOLO et aI., 1967) by liver microsomal enzymes, thus limiting 
the major metabolic pathway of d-amphetamine in rats. That the potentiating effect 
of desipramine is almost entirely related to inhibition of amphetamine hydroxylation 
is indirectly confirmed by the fact that in mice (DOLFINI et aI., 1969), a species in which 
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amphetamine is poorly hydroxylated, desipramine does not potentiate d-amphetami­
ne and it does not increase brain amphetamine concentrations. Furthermore, iprin­
dole, a tricyclic antidepressant drug that does not inhibit NA uptake in brain (GLUCK­
MAN and BAUM, 1969), nevertheless increases brain amphetamine concentration and 
potentiates locomotor stimulation induced by d-amphetamine (MILLER et aI., 1970). 

The bulk of available data indicates that the locomotor stimulation induced by d­
amphetamine is linked to an effect on central catecholamines. As expected, MAO in­
hibitors, by blocking the inactivation of catecholamines, tend to increase the stimulant 
effect of d-amphetamine (RECH and STOLK, 1970; SPENGLER, 1962), while a-methyl­
tyrosine, by inhibiting catecholamine synthesis, completely blocks the stimulant effect 
(Buus LASSEN, 1973; ERNST, 1969; HOLLISTER et aI., 1974; MAJ et aI., 1973; SIMON et 
aI., 1970; SULSER et aI., 1968). Reserpine, a depletor of granular stores ofmonoamines, 
does not inhibit d-amphetamine stimulation (Buus LASSEN, 1973; ERNST, 1969; COR­
RODI et aI., 1970; BANARJEE and LIN, 1973), a finding which agrees with the fact that 
d-amphetamine releases catecholamines from the nongranular pool (MOORE, 1978). 
Neuroleptic agents, blockers of postsynaptic catecholamine receptors, inhibit the 
stimulant activity of d-amphetamine (BORELLA et aI., 1969a, b; IRWIN et aI., 1958; MAJ 
et aI., 1974; ROLINSKI and SCHEEL-KRUGER, 1973). It is important to underline that 
d-amphetamine stimulation is inhibited by neuroleptics such as haloperidol (ROLINSKI 
and SCHEEL-KRUGER, 1973; TSENG and LOH, 1974), pimozide (ROLINSKI and SCHEEL­
KRUGER, 1973; MAJ et aI., 1972), and penfluridol (SAMANIN et aI., 1978a; QUATTRONE 
et aI., 1977), all of which are specific inhibitors of dopaminerigic receptors, with little 
effect on noradrenergic receptors. 

The importance of dopamine for d-amphetamine-induced locomotor stimulation 
is further supported by the fact that extensive destruction of the catecholaminergic ter­
minals by 6-hydroxydopamine reduced the effect of d-amphetamine (ERNST, 1969; FI­
BIGER, 1973; ESTLER et aI., 1970; FIBIGER et aI., 1973; CREESE and IVERSEN, 1973; 
GARATTINI et aI., 1976b) even when only dopaminergic terminals were destroyed 
(HOLLISTER et aI., 1974). Further studies support this view. For instance, injection of 
6-hydroxydopamine into the ventral portion of the midbrain selectively destroys do­
pamineric neurons and blocks the stimulant activity of d-amphetamine (CREESE and 
IVERSEN, 1975), Whereas selective destruction of the noradrenergic neurons has no 
such effect (CREESE and IVERSEN, 1975; SAMANIN et aI., 1978a; QUATTRONE et aI., 
1977). An important dopaminergic site for the locomotor stimulation induced by 
small doses of d-amphetamine is the nucleus accumbens [KELLY et aI., 1975) (for a re­
view see COOLS, 1977)]. Lesions of the n. accumbens with 6-hydroxydopamine make 
rats unresponsive to the stimulant effect of d-amphetamine although they are still sen­
sitive to its anorectic effect (KOOB et aI., 1979). 

The data collected for d-amphetamine constitute an important basis for examining 
possible differences between the stimulant activity of this drug and that of other psy­
chostimulants. For instance, reserpine is inactive on d-amphetamine stimulation but 
it markedly reduces the locomotor hyperactivity induced by methylphenidate 
(SCHEEL-KRUGER, 1971), diethylpropion (OFFERMEIER and DU PREZ, 1978), and mazin­
dol (OFFERMEIER and DU PREZ, 1978). In contrast, a-methyltyrosine, which blocks am­
phetamine, has little or no effect on the stimulation induced by methylphenidate (Do­
MINIC and MOORE, 1969; MOORE et aI., 1970), diethylpropion (OFFERMEIER and DU 
PREZ, 1978), or mazindol (OFFERMEIER and DU PREZ, 1978). 



564 S. GARATTINI and R. SAMANIN 

III. Stereotypy 

All the psycho stimulants cause stereotyped behavior at doses usually higher than 
those required to induce locomotor stimulation (see Table 5). Stereotypy comprises 
a variety of repetitive components which are not necessarily the same for the various 
psychostimulants. For instance, d-amphetamine in mice causes repetitive licking and 
rapid movements of the head and forelegs whereas the stereotypy induced by methyl­
phenidate consists almost exclusively of compulsive gnawing (PEREL and DAYTON, 
1977). Differential pharmacologic effects produced by various agents are presented in 
Table 5. Although most of the studies were made in rats, several other species respond 
to d-amphetamine with stereotyped behavior, including mice (BERGER et aI., 1973; 
SOUTHGATE et aI., 1971; Ross and RENYI, 1967; ZIEGLER et aI., 1972), guinea pigs 
(GOETZ and KLAWANS, 1974; KLAWANsetaI., 1972; SRIMAL and DHAWAN, 1970; RAN­
DRUP and SCHEEL-KRUGER, 1966), cats (COOLS and ROSSUM, 1970; COOLS, 1971; 
FUNATOGAWA, 1964), dogs (WILLNER et aI., 1970; KLINGENSTEIN et aI., 1973; WHITE 
et aI., 1961), monkeys (RANDRUP, MUNKVAD, 1967b), and man (KRAMERet aI., 1967). 
Reviews on stereotyped behavior induced by d-amphetamine (MUNKVAD et aI., 1968; 
RANDRUP and MUNKYAD, 1972; LEWANDER, 1977 a; IVERSEN, 1977) or other psycho­
stimulants (FOG, 1972; SCHEEL-KRUGER, 1972 b) have been compiled. The mechanism 
of action underlying the stereotypy induced by d-amphetamine has been worked out 
in a manner similar to that described for locomotor stimulation. Briefly, it appears 
that release of DA is responsible and, in fact, blocking DA synthesis by oc-methyl­
tyrosine abolishes d-amphetamine stereotypy (ERNST, 1967 a, b; FOG et aI., 1967; RAN­
DRUP and MUNKYAD, 1967 a). Similarly, antidopaminergic drugs selectively block ste­
reotyped behavior (SAMANIN et aI., 1978a,1979; ELLINWOOD and BALSTER, 1974; 
JANSSEN et aI., 1968; COSTAL et aI., 1972a, b,c), but oc- or p-adrenergic receptor block­
ers have no such effect (LEW ANDER, 1977 a). Selective lesions of the dopaminergic, but 
not of the noradrenergic terminals (SAMANIN et aI., 1978a, 1979), completely block 
stereotyped behavior (FOG et aI., 1970; CREESE and IVERSEN, 1973, 1975; KELLY et aI., 
1975). The lesion must, however, be made in the striatum; a dopaminergic lesion of 
the n. accumbens reduces locomotor stimulation induced by amphetamine but has no 
effect on stereotypy (KELLY et aI., 1975) or anorexia (KOOB et aI., 1979). It should be 
remembered that dopaminergic lesions of the striatum did not influence the locomo­
tor stimulant effect (KELLY et aI., 1975) or the anorexia (GARATTINI et aI., 1978) in­
duced by d-amphetamine (for comparison see Table 6). However, not all the literature 
is in agreement with these findings; for a critical appraisal of this field, the reader is 
referred to a recent review (COSTAL and NAYLOR, 1977). 

The concept of two different mechanisms also applies to stereotypy: 
I) One important for d-amphetamine which is not inhibited by reserpine 

(EVERETT et aI., 1957; FISHER and HELLER, 1967; HERMAN, 1967; PAPESCHI and RAN­
DRUP, 1973; JANSSEN et aI., 1965; LAL and SOURKES, 1972; RANDRUP and JONAS, 1967) 
but is blocked by oc-methyltyrosine (see above) and 

2) One unimportant for amphetamine and common to methylphenidate and 
nomifensine (and probably mazindol and amineptine) which is blocked by reserpine 
but not by oc-methyltyrosine (BRAESTRUP, 1977; BRAESTRUP and SCHEEL-KRUGER, 
1976). 

The class of agents described here as producing stereotypy can be distinguished 
in their mechanism of action from drugs such as apomorphine and piribedil, which 
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are supposed to induce stereotypy by direct agonistic effects on dopaminergic recep­
tors (ANDEN et aI., 1967; CORRODI et aI., 1972). 

F. Other Effects 

It is impossible to summarize all the pharmacologic effects induced by d-amphetami­
ne; an attempt has been recently made by LEWANDER (1977 a). An incomplete list of 
such effects includes: 

1) Increase of social interactions at low doses (TIKAL and BENESOVA, 1972) but dis­
ruption at high doses (TIKAL and BENESOVA, 1972), the latter effect being inhibited by 
dopaminergic antagonists such as pimozide (SCHIRRING and RANDRUP, 1971); 

2) Induction or increase of aggressive behavior in various animal species and 
under various experimental conditions (LAL et aI., 1971; VERGNES and CHAURAND, 
1972; ELLINWOOD and ESCALANTE, 1970; TEDESCHI et aI., 1969; CONSOLO et aI., 1965); 

3) An increase of sexual behavior, particularly at low doses of d-amphetamine 
(SOULAIRAC, 1963; BIGNAMI 1966), which may have a serotonergic (ELISASSON et aI., 
1972) rather than a catecholaminergic origin (MEYERSON, 1968); 

4) An increase of the response rate in a number of different conditioned avoidance 
tasks after low doses (TEITELBAUM and DERKS, 1958; SCHUSTER et aI., 1966; NIEME­
GEERS et aI., 1970) but disruption at higher doses (GUPTA and HOLLAND, 1969); and 

5) A change in positively reinforced operant behavior, depending on the baseline 
response rate, the low rates increasing and the high rates decreasing (DEWS, 1958; RAY 
and BIVENS, 1966; CAREY at aI., 1974); 

6) Enhancement of intracerebral self-stimulation both in terms of response rates 
and current threshold (OLDS, 1958; GERMAN and BOWDEN, 1974; STEIN, 1962, 1964); 

7) The onset and persistence of intravenous self-administration (PICKENS et aI., 
1972; STRETCH et aI., 1971; YOKEL and PICKENS, 1974); 

8) An increase, under given experimental conditions, of "learning and memory" 
(LIBERSON et aI., 1959; CASTELLANO, 1974; RAHMANN, 1970); 

9) Rise in body temperature, reportedly centrally related to catecholaminergic 
mechanisms (BRODIE et aI., 1969; BORBELY et aI., 1974) and peripherally connected to 
increase of oxygen consumption (yV ATERMAN, 1949; ANDRES et aI., 1967; WEIS, 1973), 
glucose metabolism (MOORE et aI., 1965; BEWSHER et aI., 1966), and mobilization of 
free fatty acids (HAlOS and GARATTINI, 1973; BIZZI et aI., 1970; GESSA et aI., 1969); 

10) An increase of blood pressure (BIZZI et aI., 1970; REINERT, 1958; DAY and 
RAND, 1962), heart rate (WEIS, 1973; HARVEY et aI., 1968; TRENDELENBURG et aI., 
1963), and peripheral resistance (HARVEY et aI., 1968; BURN and RAND, 1958), prob­
ably related to a release of catecholamines from peripheral NA neurons and from ad­
renal medulla (for review see LEWANDER, 1977 a). 

G. Tolerance 

Repeated treatments with psychostimulants result in attenuation of the pharmaco­
logic and biochemical effects present after an acute treatment. However, tolerance de­
velops to a different extent, depending on the animal species, the dose of psychostimu­
lant, the intervals between doses, and the biochemical or pharmacologic parameter 
considered (for review see KOSMAN and UNNA, 1968). 
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Table 8. Tolerance to some biochemical effects of amphetamine after repeated administrations a 

Pretreatment (mgjkg Treatment NE in brain HVAin DOPACin 
i.p. x no. of days) (mg/kg i.p.) stem striatum striatum 

(ng/g±SE) (ng/g±SE) (ng/g±SE) 

Saline Saline 460±13 245±23 544±30 
Saline d-Amphetamine (15) 265± 16 602±21 248±27 
d-Arnphetamine (5 x 2) d-Amphetamine (15) 252+ 8 561± 8 
d-Amphetamine (5 x 3) d-Amphetamine (15) 362+ 8b 493±16 b 

d-Amphetamine (5 x 4) d-Amphetamine (15) 395± 6b 300±19 b 270+ 16 
d-Amphetamine (5 x 8) d-Amphetamine (15) 401± 5b 400±17 b 

a Animals were killed 1 h after treatment 
b p<O.OI compared with rats given single dose of amphetamine 

As previously described, d-amphetamine in rats increases the level of striatal HV A 
and reduces striatal DOPAC and brainstem NA in a dose-related manner (JORI et aI., 
1978 b). Doses of d-amphetamine (5 mg/kg), which are only slightly active on these 
biochemical parameters if given for few days, make a fully active dose of d-amphet­
amine less effective, as shown in Table 8. Tolerance to the increase of striatal HV A 
and the reduction of brainstem NA develops more rapidly than to the reduction of 
DOPAC (JOR! et aI., 1978 b). Several findings rule out the possibility of this tolerance 
being related to changes in d-amphetamine kinetics and metabolism, with particular 
reference to the availability of amphetamine and its metabolites in brain structures 
(JORI et aI., 1978b; LEWANDER, 1968; KUHN and SCHANBERG, 1977; LEWANDER, 
1971 b; ELLISON et aI., 1971). In fact, while tolerance developed to the above-mention­
ed effects on catecholamines, d-amphetamine, p-hydroxyamphetamine, and p-hy­
droxynorephedrine levels in the striatum and brainstem were comparable when the 
challenge with d-amphetamine was given to control animals or to rats previously 
treated with repeated doses of d-amphetamine (JORI et aI., 1978 b). If any, the uptake 
of labeled d-amphetamine in discrete rat brain areas was greater after chronic treate­
ment than in controls (KUHN and SCHANBERG, 1977). 

Table 9 shows that tolerance develops in respect to the striatal HV A increase not 
only for d-amphetamine, but also for the I-isomer, as well as for a number of psychos­
timulant drugs including methylphentermine, mazindol, amineptine, and nomifen­
sme. 

lt is also interesting to note that cross tolerance arises between different psycho­
stimulants. Short treatment with d-amphetamine induce cross tolerance to mazindol, 
amineptine, and nomifensine, and short treatments with these three psychostimulants 
induce cross tolerance to d-amphetamine. When there is tolerance to d-amphetamine, 
striatal HVA may, however, still be increased by agents such as fenfluramine, a non­
stimulant drug inducing anorexia through a mechanism different from that of d-am­
phetamine (GARATTINI et aI., 1978; GARATTINI and SAMANIN, 1976). At present, the 
intimate mechanism of the onset of tolerance and cross tolerance is not understood. 
lt has been suggested that the hydroxylated metabolites of d-amphetamine may play 
a role in the onset of resistance by acting as false transmitters (GROPPETTI and COSTA, 
1969; BRODIE et aI., 1970). However, the fact that tolerance to d-amphetamine can be 
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Table 9. Tolerance to the increase of rat striatal HV A induced by psychostimulant agents' 

Pretreatment 
(mgjkg i.p. x 4 days) 

d-Amphetamine 
I-Amphetamine 
Mazindol 
Amineptine 

5 
5 
5 
7.5 

Methylphentermine 10 
Nomifensine 10 
d-Amphetamine 5 
d-Amphetamine 5 
d-Amphetamine 5 
d-Amphetamine 5 
d-Amphetamine 5 
d-Amphetamine 5 
pOH-Amphetamine 20 x 2 
I-Fenfluramine 5 
I-Amphetamine 5 
Mazindol 5 
Amineptine 7.5 
Nomifensine 10 

Challenge 
(mgjkg i.p.) 

d-Amphetamine 
I-Amphetamine 
Mazindol 
Amineptine 

15 
15 
15 
40 

Methylphentermine 30 
Nomifensine 20 
Fenfluramine 15 
1-F enfluramine 15 
Mazindol 15 
Amineptine 40 
N omifensine 10 
I-Amphetamine 15 
d-Amphetamine 15 
d-Amphetamine 15 
d-Amphetamine 15 
d-Amphetamine 15 
d-Amphetamine 15 
d-Amphetamine 15 

Tolerance Ref. 
(T) or cross 
tolerance 
(CT) based 
on lack of 
striatal 
HVA 
increase 

T 
T 
T 
T 
T 
T 
No effect 
No effect 
CT 
CT 
CT 
CT 
CT 
No effect 
No effect 
CT 
CT 
CT 

JORI and BERNARDI (1972) 
JORI and DOLFINI (1977) 
JORI and DOLFINI (1977) 
SAMANIN et al. (1977 c) 
JORI et al. (1978b) 
ALGERI (unpublished) 
JORI and BERNARDI (1972) 
JORI and DOLFINI (1977) 
JORI and DOLFINI (1977) 
SAMANIN et al. (1977c) 
ALGERI (unpublished) 
JORI et al. (1978b) 
JORI and BERNARDI (1972) 
JORI and DOLFINI (1977) 
JORI et al. (1978 b) 
JORI and DOLFINI (1977) 
SAMANIN et al. (1977 c) 
ALGERI (unpublished) 

a The interval between pretreatment and challenge was 24 h. There was no residual effect on 
striatal HV A at the time of challenge. The doses used for the challenge increased striatal 
HV A in naive rats 

induced by other psychostimulants with a completely different chemical structure 
makes this hypothesis unlikely at least as far as the effect on striatal HV A is concern­
ed. 

It is worth stressing again the importance of the length of treatment and the doses 
involved; high doses of d-amphetamine given for several weeks induce a pronounced 
decrease ofDA in the whole brain (GUNNE and LEWANDER, 1967; LEWANDER, 1971 c) 
and in the hippocampus, but not in the striatum (HERMAN et aI., 1971). As regards 
pharmacologic effects during repeated courses of amphetamine, rats develop toler­
ance to the hyperthermic (HARRISON et aI., 1952), anorexigenic (TORMEY and LASAG­
NA, 1960; LEW ANDER, 1977 b), and cardiovascular effects (BURN and RAND, 19 58; DAY 
and RAND, 1963), but not to locomotor stimulation (LEWANDER, 1971 d; KOSMAN and 
UNNA, 1968; MAGOUR et aI., 1974 b) or stereotyped behavior (LEWANDER, 1971 d; SE­
GAL and MANDELL, 1974). A review has been compiled (GUNNE, 1977) on the develop­
ment of tolerance in man after repeated treatment with d-amphetamine. 

There is no doubt that tolerance develops during the use of d-amphetamine as far 
as appetite depression is concerned (MODELL, 1960; WELSH, 1962; GALLAGHER and 
KNIGHT, 1958), although there are no systematic and well-controlled studies. Similar-
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ly, tolerance arises to the euphoria-like effects induced by d-amphetamine (ROSEN­
BERG et aI., 1963) and to the awakening effect (KRAMER, 1972; GUNNE, 1977). Rela­
tively little is known about tolerance to other psychostimulants. 

H. Toxicology 

d-Amphetamine is a fairly toxic compound when given parenterally, the LD50 in most 
animal species lying between 5 and 20 mg/kg (LEWANDER, 1977 a). However, it is dif­
ficult to give exact figures because many factors (e.g., diurnal rhythms, ambient tem­
perature, illumination, and strain) influence the outcome. Crowding (several animals 
per cage) is a widely studied factor; the LD 50 in isolated mice (around 110 mg/kg) may 
in fact be about 10 times that of grouped animals (14 mg/kg) (CHANCE, 1946). The 
cause of death is largely unknown; the animals die with convulsions (ALLES, 1933; 
HOHN and LASAGNA, 1960) and with elevated body temperatures (ASKEW, 1962; 
GREENBLATT and OSTERBERG, 1961). 

Several studies have investigated how the toxicity of d-amphetamine could be pre­
vented. Some of the most active antagonists in rats or mice are neuroleptics 
(phenothiazines and butyrophenones) (ASKEW, 1962; BURN and HOBBS, 1958; DAVIS, 
et aI., 1974; FROMMEL and CHMOULIOVSKY, 1964), a-adrenoreceptor blocking agents 
(phenoxybenzamine, Dibenamine, and phentolamine) ASKEW, 1962; GRADOCKI et aI., 
1966; COHEN and LAL, 1963), p-adrenoreceptor blocking agents (propranolol) (DAVIS 
et aI., 1974; MANTEGAZZA et aI., 1968b, 1970; RAEVSKII and GURA, 1970), a-methyl­
tyrosine (GOLDBERG and SALAMA, 1969; ALHAVA, 1973), and phenobarbital (FROMMEL 
and CHMOULIOVSKY, 1964). 

In man large doses of d-amphetamine, ingested accidentally or for nonmedical use, 
induce a number of symptoms which have been summarized by GUNNE (1977): 

1) Paranoid psychosis was first observed in 1938 (YOUNG and SCOVILLE, 1938); it 
was carefully described by CONNELL (1958) and subsequently reviewed by several 
authors (KALANT, 1966; BELL, 1971; GRIFFITH, 1977). "The amphetamine psychosis 
is an amorphous clinical syndrome characterized by well-systematized paranoid de­
lusions with ideas of reference, with or without altered mood, illusions, and hallu­
cinations of all senses. Usually absent are manifestations of organic delirium such as 
disorientation, memory impairment, and clouding of consciousness" (GRIFFITH, 
1977). This psychosis can be experimentally induced in either short or prolonged d­
amphetamine treatment; 

2) Stereotyped behavior as also described for animals; 
3) Choreic syndrome; 
4) Excitation syndrome, frequently accompanied by increased blood pressure, 

tachycardia, hyperthermia, pupillary dilatation, and motor unrest (KRISKO et aI., 
1969; GINSBERG et aI., 1970); 

5) Dysautonomic syndrome, characterized by cardiovascular shock with repeated 
convulsions; and 

6) Cerebrovascular accidents which may be related to the sustained high blood 
pressure (JONSSON, 1972). 

An onset of psychosis or an intensification of psychotic symptoms has been de­
scribed after small intravenous doses of methylphenidate (JANOWSKY et aI., 1973 a, b); 
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these effects can be counteracted by a cholinesterase inhibitor such as physostigmine 
(DAVIS et aI., 1972; JANOWSKI et aI., 1973a). 

The most important side-effects of psychostimulants have been described by CON­
NELL (1978). Cardiovascular effects, including development of malignant hyperten­
sion, disruption of sleep organization, and allergy have been described for d-amphet­
amine. Dryness of the mouth, constipation, and mild adrenergic effects have been re­
ported for mazindol and methylphenidate. For newer psycho stimulants, any assess­
ment of side-effects is premature. It should be recalled that the most serious aspect 
of all psycho stimulants is their abuse potential. 

A review of the interactions of stimulants with clinically relevant drugs has recent­
ly been published (ELLINWOOD et aI., 1976). 
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CHAPTER 15 

The Behavioral Pharmacology 
of Psychomotor Stimulant Drugs 

C. R. SCHUSTER 

The purpose of this chapter is to selectively review the behavioral pharmacology of 
psychomotor stimulant drugs. In this context, psychomotor stimulant drugs are de­
fined as those which produce increased spontaneous motor activity and/or the 
frequency of occurrence of learned behaviors at doses far below those producing con­
vulsions. An attempt will be made to show the generality of the behavioral effects of 
this class of compounds. Unfortunately, relatively few behavioral studies have specifi­
cally compared more than a few of the psychomotor stimulant drugs. Most studies 
have used one of the amphetamines with significantly fewer studies investigating and 
then contrasting the actions of other drugs in this class. For this reason the literature 
covered in this review will primarily be concerned with amphetamines, but where pos­
sible, comparison will be made to other psychomotor stimulant drugs. 

A. Unconditioned Behavior 

I. Effects of Psychomotor Stimulant Drugs on Motor Activity 

1. Acute Effects 

Psychomotor stimulant drugs produce a characteristic profile of action in mice and 
rats; at low doses they produce an alerting effect characterized by increased explor­
ation, locomotion, grooming, and rearing. As the dose is increased, exploration and 
forward locomotion disappear, and the animals exhibit only stereotyped head bob­
bing, gnawing, sniffing, and licking. Finally, further increases in dose produce convul­
sions, coma, and death (LEWANDER, 1977). Although the precise mechanisms under­
lying these actions may differ for various psychomotor stimulant drugs, all of them 
presumably have the common effect of increasing activity in catecholaminergic sys­
tems in the brain. Present evidence indicates that the increased locomotor activity is 
mediated by both noradrenergic and dopaminergic systems, whereas the stereotypy 
is mediated by dopaminergic systems. [For a fuller discussion of the neurochemistry 
of psychomotor stimulant drugs see LEWANDER (1977)]. 

Although studied less extensively, the general pattern of motor activity produced 
by amphetamines in mice and rats is seen in other species. Furthermore, while the 
topography of the responses exhibited varies from one species to the next, most species 
show some form of stereotypy (e.g., RANDRUP and MUNKVAD, 1967). The effects of 
psychomotor stimulant drugs in certain species, however, show some significant dif­
ferences. In the chicken, for example, amphetamines produce an unexpected spectrum 
of action composed of sleep-like behavior interrupted by eating, wing drop, postural 
changes and twittering, foot shuffle, and aggressiveness (LEWANDER, 1977). 
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Environmental factors as well influence the occurrence of certain motor responses 
induced by amphetamine administration. For example, rats do not show any rearing 
response following administration of d-amphetamine if tested on an elevated Y-maze, 
whereas this response is markedly increased in a Y-maze with walls (MUMFORD et aI., 
1979). 

Methods for studying the effects of psychomotor stimulant drugs on fine motor 
control in rats (FALK, 1969) and rhesus monkeys (JOHANSON et aI., 1979) have been 
developed. In both species animals are reinforced for holding a response lever within 
a narrow force band for a fixed period of time. Rats treated with d-amphetamine 
showed increased phasic activity (tremors) with little effect on tonic activity (FALK, 
1969). Similar results were obtained with d-methamphetamine in rhesus monkeys (Jo­
HANSON et aI., 1979). These methods are exquisitely sensitive to amphetamines and 
shoud prove valuable in the investigation of the effects of other psychomotor stimu­
lant drugs on fine motor control. 

2. Chronic Effects 

It has generally been accepted that tolerance does not develop to increases in general 
activity produced by psychomotor stimulant drugs (KOSMAN and UNNA, 1968). In a 
more recent review of this literature, however, LEWANDER (1977) cites several studies 
in which tolerance to this effect of amphetamines was found. Therefore, he concluded 
that a definite statement with regard to tolerance development to amphetamine-in­
duced increases in motor activity cannot yet be made. Since that review, no evidence 
has been provided which alters that conclusion. 

The repeated administration of amphetamines to mice and rats has also been re­
ported to produce increased sensitivity to the drug (SEGAL and MANDELL, 1974). 
Under certain circumstances part of this increased sensitivity may be attributable to 
the classical conditioning of activity to stimuli associated with the drug injection pro­
cedure (PICKENS and CROWDER, 1969; TILSON and RECH, 1973). However, increases 
in sensitivity have been reported as well under conditions where conditioning factors 
were minimized (SEGAL, 1975). This issue is complicated by the fact that increased re­
sponsiveness to amphetamines may shift the actions of the drug qualitatively. For ex­
ample, the repetitive administration of low doses of d-amphetamine gives rise to in­
creasing activity levels. Repeated administration of intermediate doses, however, re­
sults in a gradual decline in drug-induced increments in activity, suggesting tolerance 
to this action of the drug. Observation of the animals reveals, however, that this de­
crement in locomotor activity occurs because it is superseded by stereotypy, a re­
sponse usually seen only at higher doses. Thus, increased sensitivity to successive am­
phetamine injections may shift the dose-response relationships in such a way that new 
actions are revealed. [For a full discussion of this issue see SEGAL (1975).] A recent re­
port suggests a similar interaction between locomotor activity and stereotypy in rats 
treated with cocaine (BHATTACHARYYA and PRADHAN, 1979). These complications 
may be responsible for the confusion in the literature regarding the development of 
tolerance to the gross motor effects of psychomotor stimulant drugs. 
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II. Effects of Psychomotor Stimulant Drugs on Food and Water Intake 

1. Acute Effects 

589 

One of the most prominent actions of psychomotor stimulant drugs is the reduction 
in food intake in most species of animals including humans (VAN ROSSUM, 1970; LE­
WANDER, 1977). That this is a specific effect of the drug is suggested by the fact that 
the EDso of d-amphetamine for its anorexic effect is approximately one-tenth of the 
LDso (SPENGLER and WASER, 1959; ABDALLAH and WmTE, 1970; ABDALLAH, 1973). 

Amphetamines have been reported to cause a decrease in drinking in dogs (AN­
DERSSON and LARSSON, 1956) as well as rats (EpSTEIN, 1959; MAICKEL et aI., 1970; YEL­
NOSKY and LAWLOR, 1970; KNOWLER and UKENA, 1973; WAYNER et aI., 1973). 
STOLERMAN and D'MELLO (1978) have compared the hypodipsic potency of d-, i-, and 
methamphetamine as well as p-chloromethamphetamine, fenfluramine, chlorphenter­
mine, and cocaine in rats. The order of potency for these compounds based upon 
EDso values obtained with 15 and 60 min of water availability was: d-amphetamine; 
methamphetamine; CL-methamphetamine; I-amphetamine; fenfluramine; chlorop­
hentermine; and cocaine. The halogen-substituted compounds had a longer duration 
of action. In contrast, cocaine was very short acting and did not produce greater than 
a 34% decrease in drinking at any subconvulsive dose. 

2. Chronic Effects 

When given repeatedly, tolerance rapidly develops to the anorexia produced by psy­
chomotor stimulant drugs (LEWANDER, 1977). Further, cross tolerance to the anorexi­
genic effects has been demonstrated between a number of the members of this class 
including: d- and I-amphetamine and methamphetamine (TAGLIAMONTE et aI., 1969; 
KANDEL et aI., 1975), methylphenidate and d-amphetamine (PEARL and SEIDEN, 1976), 
and cocaine and d-amphetamine (WOOLVERTON et aI., 1978a). Of interest in this regard 
is that fenfluramine does not show cross tolerance to amphetamine (KANDEL et aI., 
1975). Fenfluramine is a chemical analog of amphetamine whose anorexic actions are 
presumably based on a different mechanism of action (LE DOUAREC and NEVEU, 
1970). Additionally, fenfluramine has been shown in rats to reduce the rate of eating 
but not its duration, whereas d-amphetamine has the opposite effects (COOPER and 
FRANCIS, 1979). 

With repeated administration of the amphetamines, tolerance develops to their hy­
podipsic effects as well (LAWLOR et aI., 1969; YOKEL and PICKENS, 1970). 

ID. Effects of Psychomotor Stimulant Drugs on Aggression 

1. Acute Effects 

The effects of amphetamine on the aggressive behavior of a wide variety of species 
have been investigated (e.g., chickens: DEWHURST and MARLEY, 1965; Siamese fight­
ing fish: WEISCHER, 1966; rats: TEDEscm et aI., 1969; cats: ELLINWOOD and Es­
CALANTE, 1970; mice: ROLINSKI, 1973; squirrel monkeys: HUTCmNSON et aI., 1976). 
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Further more, a variety of conditions have been used to generate aggression (e.g., 
isolation, electric shock, competition for food, morphine withdrawal). In general, 
these studies have found that amphetamines increase aggression at dose levels below 
those producing stereotypy. There is evidence, however, which suggests that we must 
interpret this generalization of increased aggression carefully. HUTcIDNsoN et al. 
(1976) reported on an evaluation of several psychomotor stimulant drugs using a 
method in which noncontingent electric shock generated both aggressive attack be­
haviors and a lever-pressing response from squirrel monkeys. When amphetamines 
were administered at low and intermediate doses, aggressive attack frequency in­
creased, as did to a lesser extent, the lever-pressing response. This suggests that at least 
some portion of the increased aggressiveness found in many experiments may repre­
sent a nonspecific increase in all ongoing behaviors. This study demonstrates the ne­
cessity of measuring other concurrent behaviors to determine whether drugs have spe­
cific actions on aggression. HUTCIDNSON et al. (1976) also reported that nicotine and 
cocaine produced greater increases in the lever-pressing response than in the aggres­
sive attack behavior, suggesting again that we cannot generalize from amphetamines 
to other psychomotor stimulant drugs. This has been supported by a recent report by 
MICZEK (1979), who compared cocaine and d-amphetamine using a new method for 
producing aggressive behavior in rats. At low and intermediate doses, d-amphetamine 
increased the aggressiveness of dominant rats. On the other hand, at higher doses of 
d-amphetamine and at all effective doses of cocaine, aggressiveness was decreased. 
These studies strongly suggest the need for cautiousness in generalizing from the ef­
fects of amphetamines on aggression to other psychomotor stimulant drugs. Clearly 
what is needed is a systematic dose-response study of a variety of psychomotor stim­
ulant drugs, using a single procedure designed to concurrently measure both aggres­
sive and nonaggressive behaviors. 

2. Chronic Effects 

Repeated administration of methamphetamine has been reported to produce ag­
gression in rats (RANDRUP and MUNKVAD, 1967) and in cats (ELLINWOOD and Es­
CALANTE, 1970). Whether there is any change in sensitivity to the drug's effect on ag­
gression with repeated administration is not known. Chronic ingestion of cocaine and 
amphetamine has been reported to produce a toxic psychosis in humans in which ag­
gressive behavior is a prominent feature (KRAMER et al., 1967; ELLINWOOD, 1971). 

B. Conditioned Behavior 
I. Effects of Psychomotor Stimulant Drugs on Schedule-Controlled Behavior 

1. Acute Effects 

Since the early work of SKINNER and HERON (1937), schedule-controlled operant be­
havior has been extensively used to generate baselines for the investigation of the ef­
fects of psychomotor stimulant drugs. It would be impossible to enumerate (let alone 
critically review) this vast literature. Fortunately, there has emerged from this research 
a unifying principle - the rate dependency principle which allows us to make certain 
general statements about the effects of psychomotor stimulant drugs on operant be-
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havior. This section will include a historical development of the rate dependency prin­
ciple, a description of critical experiments designed to determine its generality, and a 
discussion of classes of operant behavior which do not respond to psychomotor stim­
ulant drugs in a rate-dependent manner. 

DEWS (1955), in a classic study, investigated the effects of methamphetamine on 
patterns of operant key pecking behavior of pigeons maintained under different 
schedules offood reinforcement. In the study a short fixed-ratio schedule (FR 50) and 
a variable-interval 60 s schedule (VI 60 s) were used to generate high rates of key peck­
ing by the pigeon. Fixed ratios requiring 900 responses (FR 900) and a long fixed-in­
terval schedule (FI 15 min) were used to generate relatively low rates. Methamphet­
amine administration at lower doses produced increased responding during the 
schedules generating low rates and little or no effect on responding in the schedule 
components producing high rates. At higher doses of methamphetamine, key pecking 
rate was decreased under all conditions. DEWS (1958) suggested on the basis of these 
results that an important determinant of the effects of amphetamines was the control 
rate of responding. This was the first explicit recognition of what later developed into 
the rate dependency principle which states that the effects of amphetamine (and pre­
sumably other psychomotor stimulant drugs) on operant behavior are inversely re­
lated to control rates of responding prior to drug administration. 

There are a variety of ways in which the rate-dependent effects of psychomotor 
stimulant drugs can be studied. Basically, any behavioral procedure which generates 
a range of response rates under nondrug conditions can be used to determine whether 
drug effects are rate dependent. In many instances differences in response rates are 
also confounded with other differences in the procedure used to generate the range 
of control rates. For any single experiment this confounding does not allow a real test 
of the rate dependency principle. If despite this confounding, rate dependency is found 
under all conditions, the principle receives even more support, since it would appear 
that rate is the predominant variable determining the action of the drug. The evidence 
to date does not justify this blanket endorsement ofthe rate dependency principle, but 
it does indicate that rate is a very important but not exclusive determinant of the ef­
fects of psychomotor stimulant drugs. The evidence regarding rate-dependent effects 
of drugs has been critically reviewed by a number of researchers (e.g., SANGER and 
BLACKMAN, 1976; DEWS and WENGER, 1977; McKEARNEY and BARRETT, 1978). There­
fore, only representative data showing both the generality and the limitations of the 
rate dependency principle will be reviewed here. 

In many experiments using schedule-controlled performance, the baseline rates of 
responding show wide variance between subjects. RAY and BIVENS (1966) utilized this 
variance to study the rate dependency of dl-amphetamine. Rats selected for high and 
low rates ofresponding generated by a fixed ratio schedule of food reinforcement re­
spond to dl-amphetamine in a manner predicted by the rate dependency principle. 
That is, in animals with low control response rates, there was an increase in lever 
pressing frequency following drug administration, whereas in high rate responders 
there was no change or a decrease in rates of responding. At higher doses of dl-am­
phetamine the rate of responding of both groups declined; however, the low rate 
group was less sensitive to the drug. On the other hand, high and low rates of respond­
ing generated by a variable-interval schedule showed dose-response relations with dl­
amphetamine which were not supportive of the rate dependency principle. The range 
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of rates generated by the variable-interval schedule, however, was much smaller than 
that generated by the fixed-ratio schedule. As these studies indicate, the approach of 
selecting animals with different rates of responding under control conditions to study 
the rate-dependent effects of psychomotor stimulants has yielded variable results 
(SANGER and BLACKMAN, 1976). 

A second approach to determining the generality of the rate dependency principle 
has been to use different schedules. Certain schedules of reinforcement generate very 
low response rates [e.g., differential reinforcement of low rates (DRL) schedules] and 
others, very high response rates [e.g., fixed-ratio schedules]. As one would predict on 
the basis of the rate dependency principle, low rates of responding generated by DRL 
schedules are increased by psychomotor stimulant drugs using a variety of animals 
species, including humans (DEWS and MORSE, 1958; SCHUSTER and ZIMMERMAN, 1961; 
STRETCH and DALRYMPLE, 1968; WEBB and LEVINE, 1978; WOOLVERTON et aI., 1978b). 
In contrast, high rates of responding generated by fixed-ratio schedules are generally 
decreased by psychomotor stimulant drugs (McMILLAN, 1969; JOHANSON, 1978; 
WOOLVERTON et aI., 1978b). 

It is also possible to generate markedly different response rates in the same animal 
by using a multiple schedule of reinforcement. A number of investigations have used 
a multiple fixed-ratio, fixed-interval schedule of food reinforcement. The results of 
these investigations have shown that in general, low doses of psychomotor stimulant 
drugs increase the low rates of responding generated by the fixed-interval component 
while producing no effects or a decrease in the high rates of responding generated by 
the fixed-ratio schedule. This has been found in pigeons, rats, and monkeys (SMITH, 
1964; McMILLAN, 1969; GONZALEZ and GOLDBERG, 1977). 

Under most circumstances, the rate of responding generated by a schedule is cor­
related with the frequency of reinforcement. To ensure that it is rate of responding 
rather than reinforcement density that determines the effects of psychomotor stimu­
lant drugs, it is necessary to disentangle these two variables. This has been done in 
several recent experiments by employing pacing schedules in which responses separat­
ed by certain minimal intervals are intermittently reinforced (SANGER and BLACKMAN, 
1975, STITZER and McKEARNEY, 1977). By employing the same interresponse time 
requirement but varying the frequency of reinforcement, rate and reinforcement den­
sity can be independently manipulated. Using such schedules it has been demonstrat­
ed that rate of responding, not density of reinforcement, is the primary determinant 
of the actions of psychomotor stimulant drugs. 

Another method commonly used to study the rate-dependent effects of psychomo­
tor stimulant drugs is to take advantage of the different rates of responding generated 
over time by a fixed-interval schedule of reinforcement. Fixed-interval schedules of 
reinforcement characteristically produce a low rate of responding following the deliv­
ery of a reinforcer with a gradual acceleration in responding until the next reinforcer 
is delivered. By dividing the fixed-interval into time segments, it is possible to generate 
baselines covering a wide range of response rates to investigate the rate-dependent ef­
fects of drugs. Using this method it has been established that psychomotor stimulant 
drugs generally increase low rates of responding generated in the initial segment of 
the fixed interval and decrease the high rates of responding generated in the later seg­
ments (e.g., McMILLAN, 1968; HEFFNER et aI., 1974; McKEARNEY, 1974; GONZALEZ 
and GOLDBERG, 1977). 
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Most studies using fixed-interval schedules in this manner have used food as the 
reinforcer. It is also possible, however, to generate the same temporal pattern of re­
sponding by having the first response after a preset interval terminate a stimulus 
periodically paired with shocks. KELLEHER and MORSE (1964, 1968) compared the ef­
fects of d-amphetamine using multiple fixed-ratio, fixed-interval schedules in which 
the reinforcer was either food or escape from a shock-associated stimulus. The effects 
of d-amphetamine were rate dependent regardless of the nature of the reinforcer gen­
erating responding, i.e., high rates generated by the fixed-ratio schedule were unaf­
fected or decreased at doses causing an increase in responding generated by the fixed­
interval schedule. 

Under certain conditions it is possible to maintain fixed-interval responding by the 
presentation (rather than the avoidance) of electric shock. Using a fixed-interval 
schedule of shock presentation it has been demonstrated that amphetamine produces 
a rate-dependent change in responding (McKEARNEY, 1974). It would thus appear 
that rate-dependent effects of amphetamines (and possibly all other psychomotor 
stimulant drugs) are independent of the nature of the reinforcer being used to main­
tain behavior. This obviates any explanation of the effects of psychomotor stimulant 
drugs on operant behavior being mediated by the anorexigenic action of these drugs. 
There are conditions, however, in which the nature of the reinforcer has been found 
to be ofimportance. In one well-controlled study, JOHANSON (1978) demonstrated that 
behaviors maintained under fixed-ratio schedules of food reinforcement were sup­
pressed by intravenous doses of cocaine, diethylpropion, and d-amphetamine at doses 
which had minimal effects on behavior maintained by fixed-ratio shock avoidance. Of 
critical importance in this study is that the baseline control response rates generated 
by food presentation and shock avoidance were similar. The rate dependency prin­
ciple would predict that psychomotor stimulant drugs should produce comparable 
changes in response rate regardless of the reinforcer; such was not the case in this 
study. In addition, there are other circumstances in which behaviors are generated 
which do not show rate-dependent effects when psychomotor stimulant drugs are ad­
ministered (SANGER and BLACKMAN, 1976; DEWS and WENGER, 1977; McKEARNEY 
and BARRETT, 1978). These include behaviors occurring at a very low frequency, low 
rates of responding which are under strong stimulus control, and behavior suppressed 
by punishment. Such low rate behaviors are not increased by psychomotor stimulant 
drugs. Thus, certain conditions appear to generate behaviors which are not subject to 
the rate-dependent actions of psychomotor stimulant drugs. Only further research will 
delineate the range of the limiting conditions for the rate dependency principle. At 
present, however, it represents the single most unifying principle relating psychomo­
tor stimulant drugs to schedule-controlled operant behavior. Recently, DEWS and 
WENGER (1977) have extended the rate dependency analysis of the actions of psy­
chomotor stimulant drugs to behaviors other than schedule-controlled operants. 
Their analysis demonstrated that this principle has utility in the prediction of the ef­
fects of psychomotor stimulant drugs on behaviors such as general activity. More re­
search is needed to collect data on a broad range of behaviors (e.g., fighting) in a man­
ner allowing measures of behavior necessary for rate dependency analysis. 

It has been suggested that the rate dependency principle may apply to the effects 
of psychomotor stimulant drugs on human behavior (WEISS and LATIES, 1970). It is 
well established that psychomotor stimulant drugs are able to improve human perfor-
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mance which has deteriorated because of fatigue or boredom (e.g., KORNETSKY et aI., 
1959, FISCHMAN and SCHUSTER, 1980). In contrast, performance under normal con­
ditions shows little if any improvement with the administration of psychomotor stim­
ulant drugs. WEISS and LATIES (1970) argue that the differential sensitivity of be­
haviors disrupted by fatigue or boredom to psychomotor stimulant drugs is based 
upon the same mechanisms as their rate-dependent effects. In both instances be­
haviors sensitive to the rate-increasing effects of psychomotor stimulant drugs occur 
at a low rate because of inadequate reinforcement. Low rates generated in the initial 
portions of a fixed-interval schedule, for example, occur because the probability of 
reinforcement at that time in zero. Thus, responding early in the fixed interval has 
been extinguished. Similarly, when we state that a subject's performance has deterior­
ated because of boredom with a task, we also may be dealing with behavior weakened 
by extinction. This analysis would predict that performance enhancement should be 
obtainable not only by the administration of psychomotor stimulant drugs, but by in­
creasing the magnitude of reinforcement as well. Clearly, research of this type is 
needed to determine whether the deterioration in human performance generally at­
tributed to fatigue and/or boredom can best be understood as behavior that is not be­
ing maintained because of inadequate reinforcement. 

There have been several recent studies of the effects of psychomotor stimulant 
drugs on human operant behavior (GRIFFITHS et aI., 1977; STITZER et aI., 1978; FISCH­
MAN and SCHUSTER, 1980). In all these studies, response rates were increased by drug 
in some subjects but not in others. Unfortunately an analysis was not done to deter­
mine whether this variance was predictable on the basis of the rate dependency hy­
pothesis. It remains for future research to be specifically designed to determine the im­
portance of this principle to the effects of drugs on human behavior. 

2. Chronic Effects 

Sensitivity to a drug which is repeatedly administered may decrease (tolerance), in­
crease (sensitization), or remain the same, depending on both pharmacologic and be­
havioral variables. Not surprisingly, therefore, all three effects have been reported 
with the chronic administration of psychomotor stimulant drugs. The most common 
finding for schedule-controlled operant behavior, however, is for tolerance to develop 
to the actions of psychomotor stimulant drugs. It has been suggested that tolerance 
development may in part be based upon the animal's relearning under the drug con­
dition to meet the environmental requirement for reinforcement. SCHUSTER et al. 
(1966) stated that tolerance would develop to those actions of a drug which disrupted 
an animal's behavior so that reinforcement density decreased. Conversely, where rein­
forcement frequency was increased or unchanged, behavioral tolerance would not de­
velop to the drug. This suggestion was put forth on the basis of several studies of am­
phetamines using rats lever pressing for food reinforcement or to avoid electric shock. 
In their first studies (SCHUSTER and ZIMMERMAN, 1961; ZIMMERMAN and SCHUSTER, 
1962), rats were trained to lever press for food under a DRL schedule of reinforce­
ment. A low or moderate dose of dl-amphetamine increased the animal's response rate 
and decreased the frequency of reinforcement. With repeated administration of the 
drug, however, response rates were progressively less affected and reinforcement 
frequency increased. Measures of locomotor activity taken in these same rats did not 
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systematically change over the course of the repeated drug regimen. Since there was 
differential development of tolerance to one effect but not to the other, metabolic tol­
erance was ruled out. In a subsequent experiment, rats were trained under a multiple 
fixed-interval 30 sec DRL 30 sec schedule of food reinforcement (SCHUSTER et aI., 
1966). Under this schedule, increases in lever pressing response rate would decrease 
reinforcement frequency in the DRL component but not in the fixed-interval compo­
nent. When d-amphetamine was repeatedly administered, tolerance developed to the 
rate increases produced by d-amphetamine in the DRL component but not in the 
fixed-interval. Of particular interest were the results for one rat where d-amphetamine 
initially produced a large rate decrease in the fixed-interval component sufficient to 
decrease the frequency of reinforcement. In this animal, tolerance developed to the 
rate-decreasing actions of the drug in the fixed-interval component and the rate-in­
creasing actions in the DRL component. In a further experiment in this study, d-am­
phetamine was repeatedly administered to rats lever pressing to avoid electric shock. 
In these animals, d-amphetamine increased rate oflever pressing and significantly de­
creased the frequency with which they received electric shocks. No tolerance was ob­
served under these conditions to the rate increases produced by d-amphetamine. These 
studies were interpreted as supporting the hypothesis that tolerance represented an 
adaptation to the reinforcement contingencies under the drug condition. 

Another type of experiment suggesting the critical role of adaptation to the rein­
forcement contingencies is illustrated in a study by CAMPBELL and SEIDEN (1973). In 
this study, rats were trained under a DRL schedule of reinforcement, and the previous 
findings of SCHUSTER and ZIMMERMAN (1961) on tolerance development to d-amphet­
amine were replicated. In addition, however, these investigators demonstrated that 
rats given the same dose ofthe drug after the DRL session did not develop tolerance. 
Similar findings have been reported for milk consumption by rats by CARLTON and 
WOLGIN (1971) with amphetamine and by WOOLVERTON et al. (1978a) using cocaine. 
In this latter study, animals receiving cocaine after the session developed supersen­
sitivity to the drug's anorexic properties. It would thus appear that animals must be 
exposed to the reinforcement contingencies while under the influence of the drug for 
behavioral tolerance to develop. 

Not all tolerance which deVelops to the behavioral actions of amphetamines is 
based upon an adaptation to reinforcement contingencies. This is demonstrated by a 
series of studies using rhesus monkeys. In these studies, tolerance to the disrupting ef­
fects of d-methamphetamine on food-reinforced operant performance has been re­
ported to occur at dosage levels well above the acutely lethal dose (FISCHMAN and 
SCHUSTER, 1974, 1977). It seems probable that this phenomenal tolerance develop­
ment is based primarily on the irreversible depletion of brain dopamine found in these 
animals to have been produced by the repeated administration of d-methamphetami­
ne (SEIDEN et aI., 1975). That the tolerance to the behavioral disruption was not based 
upon a behavioral adaptation is demonstrated by a recent finding that monkeys not 
in contact with the reinforcement contingencies during the chronic methamphetamine 
regimen showed comparable tolerance to that of animals which were so exposed (FIN­
NEGAN, personal communication). It would thus appear that tolerance to amphetami­
nes can be based both upon behavioral and neurochemical mechanisms. Recent evi­
dence demonstrating that in rats an irreversible depletion of brain dopamine can be 
produced by d-methamphetamine and d-amphetamine, but not methylphenidate, sug-
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gests that we must be cautious in generalizing results from amphetamines to other psy­
chomotor stimulant drugs (WAGNER et al., 1980). More research is needed to deter­
mine the conditions under which behavioral variables will determine the direction of 
change in sensitivity to psychomotor stimulant drugs and how these behavioral vari­
ables interact with pharmacologic variables. 

II. Stimulus Properties of Psychomotor Stimulant Drugs 

Psychomotor stimulant drugs have been shown to serve a variety of stimulus func­
tions. In this section, we will describe and illustrate three of these: (1) as an uncondi­
tioned stimulus in a respondent conditioning paradigm; (2) as a discriminative 
stimulus for operant responding; and (3) as a reinforcing stimulus for operant behav­
ior. 

1. Psychomotor Stimulant Drugs as Unconditioned Stimuli 

As previously stated, the administration oflow to moderate doses of most psychomo­
tor stimulant drugs causes an increase in locomotor activity in rats. It has been dem­
onstrated (PICKENS and CROWDER, 1969; TILSEN and RECH, 1973) that stimuli associ­
ated with the administration of d-amphetamine can acquire this ability to increase 
locomotor activity. This has been interpreted as an instance of respondent condition­
ing in which the drug serves as the unconditioned stimulus (UCS) and the stimulus 
acquiring the ability to elicit the effects originally produced by the UCS is termed the 
conditioned stimulus (CS). 

Psychomotor stimulant drugs have as well been shown to serve as unconditioned 
stimuli in the formation in rats of conditioned taste aversions. In 1955, GARCIA and 
his colleagues reported that rats given a saccharin solution to drink and subsequently 
exposed to gamma radiation developed an aversion to saccharin (GARCIA et al., 1955). 
This report has been followed by a number of studies demonstrating that a variety 
of drugs including the amphetamines (d, I, and methyl) can produce an aversion to 
comestibles (MARTIN and ELLINWOOD, 1973; CAREY and GOODALL, 1974; GAMZU, 
1977; CAPPELL and LEBLANC, 1977). Relatively low doses ofthe amphetamine will ser­
ve this UCS function, raising the question of the action of the drug responsible for 
the "aversion." As will be discussed in a subsequent section, it is possible to demon­
strate that rats will self-administer amphetamines at the same dose levels used as the 
UCS to produce conditioned taste aversion. For many theorists who would like to be­
lieve that the hedonic value of a stimulus event is an inherent property, the finding 
that amphetamine will both be self administered (i.e., has positive properties) and ser­
ve to produce aversions (i.e., has negative properties) presents a paradox. It should 
be remembered, however, that we have already referred to experiments in which elec­
tric shocks would be administered by squirrel monkeys at intensity levels normally 
used in avoidance schedules (McKEARNEY, 1974). These data strongly suggest that 
under certain circumstances, factors other than the inherent properties of the stimulus 
event imbue it with its functional significance. (For a discussion of this issue, see 
MORSE and KELLEHER, 1977.) 

It has been suggested that the conditioned taste aversion using amphetamines as 
the UCS might be an instance of conditioned anorexia and/or adipsia (CAREY and 
GOODALL, 1974). This is certainly possible in the case of amphetamines; however, con-
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ditioned taste aversion has also been established with drugs which do not produce de­
creases in food intake (CAPPELL and LEBLANC, 1977). Further more, STOLERMAN and 
D'MELLO (1978) have established conditioned taste aversion using doses offenflura­
mine well below those necessary to produce adipsia. It is also important to note that 
it has been difficult to establish cocaine as a UCS in the conditioned taste aversion 
paradigm (CAPPELL and LEBLANC, 1978; GOUDIE et aI., 1977), despite the fact that it 
is a potent anorexigenic drug (WOOLVERTON et aI., 1978a). 

BOOTH et ai. (1977) conducted one of the few studies designed to compare the 
potencies of a range of compounds in their ability to serve as a UCS in a conditioned 
taste aversion paradigm. This study confirmed the previous work showing that at 
best, cocaine produced only moderate taste aversions. This study also demonstrated 
that (I) d- and I-amphetamine were similar in potency (in contrast CAREY and 
GOODALL [1974] found a 4 to I potency difference); (2) p-chloromethamphetamine 
was more potent than methamphetamine; and (3) the rank order of potency for am­
phetamine congeners was fenfluramine > chlorphentermine > p-hydroxyampheta­
mine. It would thus appear that with the possible exception of cocaine the ability to 
serve as a UCS in the conditioned taste aversion paradigm is a general property of 
psychomotor stimulant drugs. 

2. Psychomotor Stimulant Dmgs as Discriminative Stimuli 

Stimuli which are uniquely associated with the availability of a reinforcer are called 
discriminative stimuli when they acquire the ability to increase the frequency of the 
response reinforced in their presence. A variety of drugs have been shown to serve as 
discriminative stimuli, including many of those in the psychomotor stimulant class 
(SCHUSTER and BALSTER, 1977; LAL, 1977). In most experiments using drugs as dis­
criminative stimuli, animals are trained to make one response when given drug and 
another response when given the drug vehicle, which is generally saline. Stimulus con­
trol is considered established when the animal makes the appropriate response when 
given drug or saline. There are a variety of problems in the use of drugs as discrimi­
native stimuli, most all of which are related to the inability of the experimenter to have 
precise control over the intensity and duration of the stimulus. Nevertheless, a variety 
of psychomotor stimulant drugs have been successfully used as discriminative stimuli. 

For many years drugs have been classified, at least in part, on the basis of their 
subjective effects in humans. Until recently, it was felt that this approach was only 
possible with humans because of their unique verbal abilities. It has been suggested 
that the development of the methods for establishing drugs as discriminative stimuli 
allows us to study similar processes in animals. For example, HARRIS and BALSTER 
(1971) established a discrimination between dl-amphetamine and saline injections in 
rats. Subsequently, they determined with drugs would substitute for dl-amphetamine, 
i.e., to which drugs would the animals generalize. Generalization was obtained with 
methylphenidate, but not with atropine. Similarly, SCHECHTER and ROSECRANS (1973) 
established d-amphetamine as a discriminative stimulus and found a generalization to 
I-amphetamine, but not to nicotine, mescaline, fenfluramine, or LSD. Furthermore, 
specificity was demonstrated by the fact that animals brought under the stimulus con­
trol of sedative-hypnotic agents responded to amphetamine injections as if they were 
saline (OVERTON, 1966; OVERTON and LEBMAN, 1973). Generalization was also found 
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between d-amphetamine and cocaine (AN DO and YANAGITA, 1978). A recent review 
by SILVERMAN and Ho (1977) summarizes the generalization studies conducted with 
psychomotor stimulant drugs. Although most studies have employed one of the am­
phetamines, sufficient work has been done with other psychomotor stimulant drugs 
to warrant the conclusion that this class of drugs possesses unique stimulus properties. 

3. Psychomotor Stimulant Drugs as Reinforcing Stimuli 

Many investigators have demonstrated that behavior leading to the injection of psy­
chomotor stimulant drugs can be established and maintained (JOHANSON and BAL­
STER, 1978). Psychomotor stimulant drugs serve as reinforcers, for example, in rats 
(PICKENS, 1968), cats (BALSTER et aI., 1976), squirrel monkeys (GOLDBERG, 1973), 
rhesus monkeys (DENEAU et at, 1969; WILSON et at, 1971), baboons (GRIFFITHS et aI., 
1979), and humans (JOHANSON and UHLENHUTH, 1978). It would thus appear that this 
is a general property of all psychomotor stimulant drugs occurring in a broad variety 
of mammalian species. 

In most studies drugs have been given intravenously, usually through chronically 
implanted catheters. However, other studies have demonstrated that amphetamine 
and cocaine can serve as reinforcers by intramuscular and oral routes of administra­
tion (GOLDBERG et aI., 1976; JOHANSON and UHLENHUTH, 1978). 

The most extensive comparative studies of psychomotor stimulant drugs have 
been carried out in the rhesus monkey, using drugs delivered through chronic venous 
catheters contingent upon a lever pressing response. Using this general procedure, it 
has been established that naive rhesus monkeys can be conditioned to press a lever 
for d-, 1-, and d-methamphetamine as well as diethylpropion and cocaine (JOHANSON 
et aI., 1976). When given 23-h day access to these drugs under conditions where each 
lever press resulted in a drug injection (FR 1), rates of responding varied markedly 
from hour to hour and day to day. This variability was correlated with signs of eNS 
toxicity ending in many instances with the death of the animal. If access to psychomo­
tor stimulant drugs under a fixed-ratio schedule is limited to 3-4 h daily, intake is re­
markably stable within and between daily sessions (WILSON et at, 1971). Using this 
limited access procedure, dose-response relationships for cocaine, pipradrol, methyl­
phenidate, and phenmetrazine (WILSON et aI., 1971), d-, 1-, and d-methamphetamine 
(BALSTER and SCHUSTER, 1973), mazindol (WILSON and SCHUSTER, 1976), and diethyl­
propion (JOHANSON and SCHUSTER, 1977) have been obtained. Three general relations 
have emerged from these studies: (1) All these drugs at certain dose levels maintain 
rates of responding greater than that generated by saline injections; (2) There is an in­
verse function relating dose to response rate; and (3) The total daily dose of drug re­
ceived is relatively independent of dose per injection. This latter feature is a unique 
characteristic of drugs in the psychomotor stimulant class. 

There has been a great deal of speculation concerning the interpretation of the 
relationship between response rate and reinforcement efficacy (JOHANSON, 1975). 
Dose-response functions relating rate of responding under a fixed-ratio schedule to 
dose per injection would suggest that higher doses are less reinforcing than lower 
doses. It seems likely that this result is due to the fact that psychomotor stimulant 
drugs can not only reinforce behavior preceding their injection but can have behavior­
al effects after their injection, as well. 
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On the basis of studies ofthe effects of psychomotor stimulant drugs on behaviors 
maintained by food, water, etc., we would expect that higher doses would decrease 
response rates for any reinforcer, including the drug maintaining the response (for a 
full discussion of this issue see JOHANSON, 1975). Thus, response rate is determined by 
both a drug's reinforcing actions and rate-modifying actions. For a variety of reasons, 
investigators have been interested in obtaining less confounded measures of the rein­
forcing efficacy of psychomotor stimulant drugs. First, such procedures would allow 
the determination of the relationship between dose and reinforcement magnitude. 
Second, such procedures might also be useful for predicting the relative "abuse poten­
tial" of new agents in this class (THOMPSON and UNNA, 1977). Measures which would 
allow the ranking of psychomotor stimulant drugs according to their reinforcing ef­
ficacy might show a good correlation with their actual abuse. It this were the case, then 
such measures might be useful in predicting the relative abuse potential of new agents. 

A variety of procedures have been developed to compare the reinforcing actions 
of psychomotor stimulant drugs. These include preference procedures (IGLAUER and 
WOODS, 1974; JOHANSON and SCHUSTER, 1975), progressive ratio procedures (YANAGI­
TA, 1973; GRIFFITHS et aI., 1979), and response rate measures during extinction (BAL­
STER and SCHUSTER, 1977). In contrast to the results obtained using response rate 
under fixed-ratio schedules, a direct relationship between dose and reinforcement 
magnitude has been found using these procedures. 

Furthermore, it has been found that members of the class of psychomotor stimu­
lant drugs vary in their reinforcing efficacy. In a choice study, for example, JOHANSON 
and SCHUSTER (1977) found that cocaine was generally preferred to diethylpropion, 
regardless of the doses in the comparison. On the other hand, preference between co­
caine and methylphenidate was determined by whichever drug was available at a 
higher dose (JOHANSON and SCHUSTER, 1975). Similarly, GRIFFITHS et ai. (1979), using 
a progressive ratio procedure, have found that the highest ratios are maintained by 
cocaine with lower ratios being reached with diethylpropion and chlorphentermine, 
in that order. It would thus appear that the reinforcing efficacy of members of the psy­
chomotor stimulant drug class does vary. It remains for more drugs in this class to 
be investigated before it is possible to say that the rank ordering of drugs according 
to their reinforcing efficacy will be correlated with their actual abuse. 

Procedures allowing the unconfounded measurement of reinforcing efficacy are 
also essential for the investigation of the pharmacologic basis of drug reinforcement. 
For example, WILSON and SCHUSTER (1972, 1973) used a FR I schedule of cocaine rein­
forcement to study the effects of drugs used to modify various neurochemical systems. 
The most striking finding was that chlorpromazine and atropine were the only agents 
producing an increase in rate of cocaine self-administration. Unfortunately, it is im­
possible to determine from these data whether these drugs were modifying the reinfor­
cing actions or the direct rate-decreasing property of cocaine. 

In this section we have been dealing with the reinforcing effects of psychomotor 
stimulant drugs as an inherent property. It is possible to do this when comparing 
drugs under similar environmental conditions. It must be recognized, however, that 
the rank ordering of drugs in terms of their reinforcing efficacy will not be the same 
under all environmental circumstances. As stated previously, there is a wealth of ev­
idence demonstrating that under certain circumstances, environmental conditions 
may be the predominant determinant of a reinforcer's efficacy or even valence (MORSE 
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and KELLEHER, 1977). WISE et al. (1976) have demonstrated that at the same time 
apomorphine was serving as a positive reinforcer in rats, it was also serving as an un­
conditioned stimulus for producing aversion to a saccharin solution. Furthermore, 
many studies have used amphetamines as the UCS for the establishment of condition­
ed taste aversion at the same dose levels that other investigators have used as a rein­
forcer. A recent study by SPEALMAN (1979) has demonstrated that cocaine can serve 
as a positive reinforcer for one response in a concurrent schedule where responses on 
the second lever terminates its availability. These findings lead one to seriously 
question the importance of the inherent properties of the event as a determinant of its 
reinforcing actions. Clearly, more research is necessary to delineate the manner in 
which environmental factors interact with the pharmacologic properties of events to 
determine their reinforcing actions. 

C. General Comments 

This review has discussed only certain aspects of the immense literature on the be­
havioral actions of psychomotor stimulant drugs. Even with this brief and selective 
review it is apparent that most of our generalizations about the actions of psychomo­
tor stimulant drugs derive from experiments using amphetamines. In several areas it 
has become apparent that certain actions of amphetamine may not be shared by other 
psychomotor stimulant drugs. Clearly what is needed are parametric studies in which 
a number of psychomotor stimulant drugs are investigated using a wide variety of be­
havioral tasks. It is already apparent that this class of drugs will share a variety of be­
havioral actions. On the other hand, it is equally likely that certain psychomotor stim­
ulant drugs will have some unique properties. This research should offer behavioral 
pharmacologists an exciting challenge. 
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CHAPTER 16 

The Dependence-Producing Properties 
of Psychomotor Stimulants 

J. E. VILLARREAL and L. A. SALAZAR 

A. Introduction 

This review deals with a singular form of pathology induced by certain drugs, includ­
ing some of the group that are currently classified as psychomotor stimulants. For his­
torical reasons, this form of pathology is now generically called drug dependence, with 
subclasses defined in terms of the type of pharmacologic agent that generates or 
maintains the disorder. Other terms such as toxicomania, habituation, or addiction 
have been employed for the disease. It is possible that its name will change again in 
the future as the new, growing knowledge about its nature develops more fully. The 
main objective of this chapter is to review the disease of dependence to psychomotor 
stimulants as well as the results of experimental work aimed at understanding and 
measuring the dependence-producing properties that these drugs possess. Simulta­
neous attention to these two levels of study - analysis of dependence as a disease and 
experimental analysis of drug actions related to dependence production - has been 
deemed necessary to maintain the complete perspective that the subject requires. 

In the not too distant past many human diseases were classified as "fevers," and 
some prominent physicians regarded cardiac acceleration as a sort of pathognomonic 
indicator of the generic family of the fever diseases; high body temperature, chills, and 
other signs were also part of the picture. These remarks about an outdated concept 
for a semiologic variable (sign or symptom) thought to be primary in febrile diseases, 
are not meant to be disparaging; their purpose is to provide a perspective of analogy 
pertinent to the subject of this paper. Modern medicine, in fact, had its origins in the 
first series of systematic efforts to describe, classify, and define diseases as nosologic 
entities (see SYDENHAM 1666-1686; BOISSIER DE SAUVAGES 1762). Such empirical tax­
onomic approach had a profound value for medicine and promoted the incorporation 
of the advances in other sciences. 

The nosologic approach was also applied, especially in this century, to the class 
of diseases of drug dependence. Until recently, however, with limited knowledge and 
with clinical pictures of protean and shifting semiologic variables, quite different 
features of the behavior, psychology, etc., of human subjects suffering from drug de­
pendence, and/or features of drug action, were variously regarded as of primary or 
defining significance by different authors. 

With the opioids, prototypal drugs of dependence, it became progressively appar­
ent that chronic intoxication with these compounds produced marked pharmacologic 
changes that strongly suggested themselves as mechanisms for the continued ten­
acious consumption of these drugs. Yet, it is worthy of note that, even in the case of 
opioids, studies in human addicts carried out in the late 1920s could not determine 
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whether the disturbances after drug withdrawal were physiologic, psychological, or 
even a form of malingering (see review by SCHUSTER and VILLARREAL 1968). Never­
theless, studies on the pharmacology of opioids, both in animals and humans, pro­
duced a body of evidence which clearly indicated that pharmacologic factors were 
strong enough to account for a major part of the fully developed picture of addition. It 
should be pointed out, however, that some of the prominent features of opioid depen­
dence were well suited to study by approaches that were part, or extensions, of con­
ventional physiologic pharmacology, e.g., features such as tolerance, physiologic de­
pendence, and relief of the abstinence syndrome. Here, what is meant by conventional 
physiologic pharmacology is the linear approach in which the investigator administers 
a compound to an organism and then records the consequent changes produced. 

The issue of dependence to psychomotor stimulants acquired prominence 2-3 
decades ago, at a time when the biomedical community was without the specific con­
ceptual and methodologic tools necessary to handle it. On this issue, the approaches 
of conventional pharmacology would simply not do. The nosologic approach had a 
difficult struggle. The development of clinical nosologic concepts can be appreciated 
in an excellent review on amphetamine dependence by KALLANT (1966). At such a late 
date, this author had to go to great lengths to defend the proposition that addiction 
to amphetamine-like drugs does indeed exist. 

A statement by one of the authors quoted by KALLANT (1966) illustrates one type 
of problem raised for clinical nosology by amphetamine dependence. The quoted 
author considered that most so-called amphetamine addicts are instances of "symp­
tomatic addiction," that is, a nonspecific type of addiction where the patient uses a 
substitute when his favorite drug is not available. He says: "It appears, ... that addic­
tion or habituation to amphetamine is caused by a factor in the individual's psycho­
logic make-up which leads him to abuse the drugs rather than by any pharmacologic 
action of the drugs themselves." 

The idea that "factors in the individual's psychological make-up" cause habitu­
ation or addiction is a persistent, though now qualified, theme in the literature. It 
probably arises from an understandable, but fallacious, type of logic. In an exagger­
ated form, this type of reasoning seems to go as follows: a person who takes drugs 
does something that does not make sense; therefore, that person is mad or, at least, 
there is something wrong with his "make-up." 

A new type of pharmacologic experiment on animals quickly led to a major r:efor­
mulation of the concept of dependence, including dependence on psychomotor stimu­
lants. For the latter, this new approach provided a focus of clarity and a means to 
study their dependence-producing properties. When animals of different species are 
put under conditions that make it likely that they will accidentally operate a device 
(e.g., a lever or a button) that will activate a system that in turn will inject into their 
bloodstream a dose of an amphetamine-like drug, the behavior that at first occurred 
accidentally will be repeated again and again. The animal will self-administer large 
amounts of the drug with temporal patterns of high and low intake similar to those 
seen in human addicts to this class of drugs. Since this phenomenon occurs in all ani­
mals, of at least seven different species, the above-mentioned logic of psychological 
make-up causing amphetamine consumption does not hold. It is not sensible to infer 
that all animals are psychopathologic, if all of them, when put in the proper conditions 
for making a special kind of contact with eNS stimulants, do in fact acquire the dis-
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ease of dependence. We now know that the disease requires the availability of drugs 
with certain pharmacologic properties and that the contact of the drug with the organ­
ism must be produced by self-administration, or a very close equivalent of it. 

Important misunderstandings still persist. In the latest edition of a textbook of 
psychiatry with widespread use, we found the following statement about cocaine: 
"Taken daily in fairly large amounts it can disrupt eating and sleeping habits; ... and 
create a serious psychologic dependence." Dependence starts with the first self-admin­
istration of the drug. Dependence can be terminated, of course, but if an individual 
is taking cocaine "daily in fairly large amounts" the subject is already under some de­
gree of dependence and need not wait for it to be "created." 

As with infectious diseases, laboratory experimentation on drug dependence is re­
vealing key layers of pathogenesis that do not seem easy to dissect in clinical obser­
vation. However, we find it quite fitting that a perceptive clinician should furnish us 
with the words to state what the nodal feature of dependence appears to be. Talking 
about psychomotor stimulants, BEJEROT (1969) says: " ... the state of addiction is 
mainly a biological phenomenon ... forces of the strength of natural instincts, and of­
ten even stronger ... have been artificially induced by chemical means." Such induced 
forces are behavioral impulses for the self-administration of the drug. 

Even if the above notion is a great step forward, it is also only a point of departure. 
Strong evidence, epidemiologic, clinical, and from the experimental laboratory, indi­
cates that environmental variables playa determining role in the risk, severity, time 
course of dependence, and its reversibility. The present chapter discusses the role of 
such environmental variables not only because of their pertinence to dependence as 
a human disease but also because the dependence-producing effects of drugs can only 
exist in the context of the dynamic interaction of the behavior of organisms with the 
"anatomy and physiology" of their environments. The kind of environmental basis 
for interaction with the organism, whether man or experimental animal, will deter­
mine whether self-administration of stimulants takes on a pattern of consumption 
that leads to severe toxicity and even death. An outstanding case will be discussed later 
on where a major dependence-producing drug of widespread use is so controlled by 
environmental variables that the drug has come to be generally regarded as of low 
danger and low dependence capacity. 

The purposes of the present chapter are twofold: (1) to assemble key concepts, 
methodologies, and findings into a coherent whole, with emphasis on concepts that 
may orient and stimulate interest in the subject; and (2) to draw attention to the new 
dimensions that compulsive drug-seeking behavior presents to science. Dependence 
differs in a fundamental way from other drug-induced phenomena. The scientific 
study of dependence implies the need not only for new methodologies and forms of 
analysis, but also for new forms of thought. We have to face it as it demands to be 
faced and not try to force it improperly into more familiar but inadequate molds. 

The present task is somewhat difficult because crucial concepts emerge from and 
cut across different disciplines with very different styles of thought and different lan­
guages. Certain important concepts are not easy to convey in abstract form or in suc­
cinct statements as are conventional in physiologic pharmacology. Experience has led 
us to conclude that some of these concepts, to be effectively transmitted, have to be 
presented in a more vivid way, with examples, analogies, and selected descriptions of 
experimental procedure. 
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B. Evolution of the Concepts of Dependence 

Concepts from the experimental study of dependence have pushed some early, sim­
plified notions aside. One type of such simplified notion assigned to the character or 
personality of the addict the main role in dependence. Another notion appeared to 
explain the craving for drugs in the case of opioids: physiologic dependence as a sort 
of biologic "hunger." Physiologic dependence does not appear to playa determining 
role in the case of self-administration of psychomotor stimulants. VILLARREAL (1970) 
gives a brief account of the changing concepts: 

The stories of drug addicts, alcoholics, gamblers, and others who compulsively engage in 
behavior which predictably brings about life tragedy have always been a source of great puzzle­
ment for more fortunate mortals .... Not surprisingly, many have agreed with John Johnes, 
who, at the turn of the XVIII century concluded that the source of mischief (in opium depen­
dence) is not in the drug but in the people (the addicts). However, attempts to define the nature 
of this mischief through studies of the personality or character of drug addicts have been far 
from revealing factors which are either necessary and/or sufficient conditions for the generation 
of compulsive tendencies to self-administer certain drugs. 

Such conditions can only be identified by experiment, as with the postulates of 
Koch for infectious diseases. 

Against a background in which self-administration of drugs appeared to be unaccountable 
except by the postulation of a psychological disorder in the addict, the emergence of the concept 
of physical dependence (to opioids) had a profound (explanatory) impact. ... Physical depen­
dence was established as a strong biological need ... which could be represented as a physio­
logical hunger to a large extent responsible for the strong craving of the addict. ... However, 
it was acknowledged that factors other than physical dependence playa very important role ... 
Human addicts to opiates continued to crave for these drugs even after prolonged drug-free 
periods, when they were no longer physically dependent. Furthermore, stabilizing schedules of 
drug administration which met the physical requirements of opiate addicts did not always sat­
isfy their "emotional" needs for drug. 

The findings of laboratory studies have now made it clear that physical dependence is nei­
ther a necessary nor a sufficient condition for the initiation or the maintenance of self-admin­
istration (although opioid physical dependence can markedly enhance the strength of self-ad­
ministration behavior) . 

. .. there have been two major contributions of laboratory work to our understanding of 
human drug dependence. First, the fact that simpleminded organisms behave like man when 
they are given access to drugs of dependence indicates that compulsive self-administration is 
a relatively simple form of reflex action (operant reflex), eliminating the necessity to postulate 
needs ... peculiar to the mind of man. Second, the fact that for practical purposes all animals 
that are given the opportunity to take the major drugs of dependence will develop steady self­
administration behavior indicates that any individual differences in susceptibility that may exist 
in this regard are of secondary import when these drugs are freely available to subjects who do 
not have other strong competing behaviors. 

Describing the epidemic of intravenous amphetamine dependence that took place 
in San Francisco in the late 1960s, SMITH (1972) states that: 

Although the number (of subjects) that progress from experimental or occasional use of 
speed (amphetamine) is not known, our observations suggest that it is probably much higher 
than is the case with other substances. . .. The individual variables which antedate involvement 
in the drug scene (drug-using group or subculture) appear to be less important in determining 
the direction drug use will take than such immediate factors as prevailing community attitudes, 
peer sanctions imposed on certain kinds of social behavior, drug availability, subjective inter­
pretations of the drug experience, the quality of social interactions in the speed drug scene, and, 
finally, the structure of the illicit marketplace to which the user must relate. 
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Thus, laboratory and clinical evidence indicates that necessary and sufficient con­
ditions for the production of dependence as strong self-administration behavior lie 
with the properties of certain drugs and the immediate environmental base on which 
the organism functions. 

Decades of experimental laboratory analysis of behavior have profited from the 
use of a concept that applies with remarkable fitness to drug self-administration be­
havior. Such a concept is reinforcement of operant behavior. "The term reinforcement 
refers neither to a theory nor an explanation for behavior. It is, instead, a name for 
a particular relation between behavior and environmental events" (CATANIA 1976). 
When an item of behavior produces a stimulus and such behavior increases because 
it produces such stimuli, it is appropriate to apply the term "operant reinforcement" 
to the process. A primary reinforcer is a stimulus which, if presented closely after a 
given behavior is emitted, will increase the probability that such behavior will occur 
again. If the stimulus once more occurs after the new emission of the behavior in ques­
tion, the behavior will be further reinforced. The behavior is called operant because 
it is defined in terms of what it does to the environment (what it operates) and not 
in terms of its anatomic description; any behavior will do, as long as it operates the 
same change in the environment. 

Those drugs that when injected by laboratory devices into animals following an 
operant behavior (e.g., pressing a lever) generate further emissions ofthe operant be­
havior are, therefore, said to have primary reinforcing properties. 

In casual language and in some instances in the literature there is sometimes a mis­
use of the concept of reinforcement. For example, it is sometimes said that an event 
has been very reinforcing when what is meant is that the event has caused a subjective 
sensation of pleasantness, i.e., that the event is liked. Pleasure and reinforcement are 
not necessarily associated and it has been amply demonstrated that it can be very mis­
leading to make them synonymous. 

Very extensive laboratory research has shown that drugs that produce dependence 
in man also function as primary reinforcers of self-administration behavior in a wide 
variety of animal species (rats, cats, dogs, various primate species). Also, drugs that 
do not produce drug-seeking behavior in man - phenothiazines, tricyclic antide­
pressants - do not generate self-administration in animals, i.e., they do not function 
as primary reinforcers (WIKLER et al. 1963; YANAGITA et al. 1965; SCHUSTER and VIL­
LARREAL 1968; DENEAU et al. 1969; SCHUSTER and THOMPSON 1969; HOFFMEISTER and 
GOLDBERG 1973; WOODS and TESSEL, 1974; HOFFMEISTER and WUTTKE 1975; HOFFMEI­
STER 1975; World Health Organization 1975; DE V. COTTEN 1976; JOHANSON and 
SCHUSTER 1976; YANAGITA 1977; WOODS 1977; SPEALMAN and GOLDBERG 1978; GRIF­
FITHS et al. 1978a, b). 

These findings in animals indicate not only that the laboratory preparations that 
have produced them represent strong animal models of dependence, but also that rein­
forcement of operant behavior by the drugs that we call dependence producing occurs 
through mechanisms that have wide biologic generality and, therefore, that labora­
tory findings in such animal preparations are in principle highly extrapolative to man. 
This contribution of laboratory work is especially significant since experimentation 
in humans in the field of dependence is severely limited for ethical reasons. 

It is clear that two conditions are necessary to generate the predisposition of or­
ganisms to engage in drug-seeking behavior: the availability of drugs with operant 
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reinforcing properties, and acts of self-administration. Students of drug-taking behav­
ior, both at the clinical and experimental level, place great emphasis on environmental 
circumstances and the schedules of reinforcement in determining the pattern and se­
verity of drug-taking behavior. Very severe forms of drug dependence with psychomo­
tor stimulants have been observed in humans. The evidence available makes it clear 
that the joint presence of drugs with primary reinforcing properties and a "facilitat­
ing" schedule of reinforcement jointly constitute the necessary and sufficient con­
ditions for the development of severe cases of dependence on stimulants. 

Drug dependence is a disorder of behavior, even if one of its consequences is the 
toxic disturbance of nonbehavioral functions. The proper level of analysis for under­
standing this pathology and its possible forms of therapy is the behavioral level. Now, 
behavior is not simply the flow in time of what an organism does. The central nervous 
system is, in large part, the system of the life of relation with the environment. Many 
of the important variables in this system are, therefore, located outside, in the environ­
ment. These variables encompass the current environment and all the rules of inter­
change with outside entities and stimuli (what investigators of behavior call by the 
technical term schedules of reinforcement). Drug dependence needs to be analyzed in 
this context in order to be productively understood. 

Another quote from C. R. SMITH (1972) about the epidemic of amphetamine de­
pendence in San Francisco provides details of a schedule of reinforcement that brings 
out the susceptibility for severe forms of dependence to stimulants. 

Given the receptive attitudes toward drug experimentation which most young transients 
brought to the neighborhood with them, it was predictable that a large percentage would ex­
periment with speed (amphetamine) at one time or another ... Progression depended on several 
factors .... Fears were dissipated and the first "fix" (injection) was often administered by a 
friend. . .. Other factors which seem to facilitate progression into compulsive use include: living 
in an area which either overtly condones drug use or applies no moral sanctions on users; 
estrangement from meaningful family or social relationships .... For most individuals, the turn 
ing point comes when they totally abandon their former life styles and assume the daily routine 
of the compulsive drug user (falling into a schedule in which drug reinforcement is the major 
controlling component); developing an identity as a speed freak (addict); forming alliances, 
both social and business, with other freaks; developing a "hustle" which will support the drug 
habit; and adopting the rhetoric, values, and attitudes of the speed culture which allow one to 
justify his way of life to himself. The most important function of the speed culture is to teach 
participants the art of survival. 

The notion of schedule of reinforcement obviously has a strong bearing on the 
pathogenesis of human dependence on psychomotor stimulants. At times, such as in 
epidemics of intravenous use of stimulants, the drugs seem to generate a new social 
form of living, a new schedule of reinforcement for all concerned. The wide diversity 
of possible schedules of reinforcement under which drugs are self administered may 
account for the diversity of pictures of drug use presented by reinforcing drugs in the 
midst of societies during the course of history. There has been a major disproportion 
between massive availability of stimulants, some of which have been available for cen­
turies or millenia, and the relatively small number of cases of severe dependence on 
stimulants. It is not yet clear what exactly it is that paves the way for catastrophe. The 
risk is there, however. Investigators who have personally witnessed monkeys having 
their first experiences with cocaine self-administration and have seen how their behav­
ior is dramatically "taken over" by the drug, are appalled at the current casual atti­
tudes, reflected in portions of the medical literature, about the "safety" of cocaine. 
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There are strong reasons to assume that the current schedules of reinforcement under 
which it is possible for humans to self-administer cocaine do not easily allow the de­
leterious effects of such drug use to emerge. However, from the knowledge gained 
through laboratory investigation, it is quite legitimate to be concerned. The barriers 
to loss of control and damage probably present in certain privileged circles of cocaine 
users may easily disappear for those belonging to those circles, or such protective 
schedules may not exist for other social groups and we may again have to face epidem­
ics of damaging use as we had with the amphetamines - epidemics that occurred after 
decades of widespread availability when everybody, including experts, regarded such 
compounds as rather safe. 

In a recent book about cocaine, its author states that "observations on users and 
their own comments indicate no true craving or addiction." The content of this quote 
represents a sample of a widespread opinion about the safety of cocaine. It is at pres­
ent natural, but regrettable, that the drug itself gets the qualification of "safe" or 
"dangerous," as if the compound were the only major determinant of dependence. Al­
so, much of our current estimations of risk and dependence severity come from im­
pressions of instances of human drug use, as if dependence were only the result of the 
contact between the drug and the organism and nothing else mattered much. 

Cocaine can produce fierce forms of dependence in animals, resulting in death, 
under conditions of unlimited availability and low cost. Then, an outstanding ques­
tion is why severe forms of dependence on cocaine occur so infrequently in humans 
(at least under current social conditions). The answer can be found in the experimental 
laboratory itself, but not in the observation of the behavior of animals with access to 
self-administration; the answer lies in observation of the behavior oflaboratory inves­
tigators. Inspection of the literature on self-administration of psychomotor stimulants 
shows that a majority of research papers deal with studies where animals are only al­
lowed restricted access to the drugs. When access is unlimited, animals behave errati­
cally and die quickly. Not much research can be done and published from experiments 
of unlimited access. Laboratory investigators need their subjects alive, productive, 
and well behaved. So do sellers of cocaine to humans; sellers need users that are alive 
and productive. The behavior of the seller is reinforced by earnings he gets from the 
behavior of users. The schedule of reinforcement in human dependence involves not 
only the addict but also the seller and other human or economic interactions. From 
this, it is easy to conceive further factors that may determine the schedule of drug rein­
forcement of addicts: production costs, local and world supply, etc. Of course, neither 
the laboratory investigator nor the cocaine seller need be conscious of the deter­
minants of his behavior or explicit about it. 

There is no way to account for the facts that give the impression of the safety of 
cocaine except by factors in the marketplace. This is not an idle speculation. The case 
of cocaine is probably the best current piece of evidence that schedule factors in the 
marketplace and not the drug alone determine the pharmacologic effects observed. 
Another important point is that the pharmacologic properties of the drug in tum con­
tribute to determine the structure of the marketplace; cocaine and heroin generate two 
different types of marketplace. 

It is now possible to make contact between pharmacologic experimentation and 
notions about the dynamics of the marketplace. 
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A recent publication by ELSMORE et al. (1980) challenges the validity of another 
widespread notion about dependence. These authors, together with HURSH (1980), 
open new research pathways for the understanding and possible control of depen­
dence with incisive concepts that enrich the range of laboratory analysis of behavior 
with notions borrowed from the field of economics. We shall touch here only the no­
tion of "elasticity of demand." HURSH (1980) makes a strong case for the view that 
"reinforcers can be distinguished by their demand elasticity apart from differences in 
value." For the purposes of this paper, demand can be considered as equivalent to the 
quantity of a reinforcer that is consumed under varying circumstances. An item (or 
a reinforcer) whose demand (consumption) drops when its price increases or when re­
sources for its purchase decrease is said to be a "luxury." An item whose consumption 
resists change when its price increases or when resources decrease is said to be a "ne­
cessity." The demand for a luxury is said to be elastic whereas the demand for a ne­
cessity is said to be inelastic. Thus, in these concepts there is a means of determining 
in a quantitative fashion whether a dependence-producing drug generates a demand 
that makes it more a luxury than a necessity, or vice versa. For decades, there has been 
a solid consensus that heroin dependence constitutes a "need" for this drug. Yet, ELS­
MORE et al. (1980) have shown in heroin-dependent baboons that the demand for her­
oin is quite elastic compared with the demand for food. These authors tested the elas­
ticity of the demand for heroin by systematically reducing the "purchasing resources" 
of the animals. Throughout the day, the baboons were given choice trials with the op­
portunity to purchase either 3.0 g of food or a 0.1 mgjkg intravenous infusion of her­
oin. Choice trials were presented at intervals that varied from 2 to 12min. Therefore, 
the number of purchasing options during 24h varied from 720 to 120. The daily num­
ber of purchasing options represents the economic resources of the animals. Reduc­
tion in economic resources led to a small decrease (23%) in the demand for food (total 
amount consumed) and to a large decrease (83 %) in the demand for heroin. In anoth­
er study, ELSMORE (quoted in HURSH, 1980) increased the price of food and heroin by 
increasing the number of lever presses required for the delivery of either reinforcer. 
Again, the demand for heroin was found to be more elastic than the demand for food. 
Increasing the price from one required lever press to about 250 produced only a small 
decrease in the daily amount of food consumed and a large decrease (about 95%) in 
the number of injections of heroin taken. 

For pharmacologists with firsthand experience with opioid dependence, the above 
results about the elasticity of demand for heroin appear, at first sight, incredible. In 
fact, careful examination of the data shows that during test conditions involving high 
resources or low prices, the daily number of heroin self-injections is between 80 and 
100. When resources are reduced or prices increased, the daily number of self-injec­
tions decreases to a level of about ten. Ten daily injections of 0.1 mgjkg per injection 
of heroin correspond to daily dose levels at which physical dependence should be ex­
pected to be maintained and abstinence prevented. This consideration suggests that 
Elsmore's experiments should be extended to test whether there might be a region fur­
ther down, in terms of numbers of daily injections, where demand for heroin becomes 
inelastic. 

Fortunately, we were able to find in the literature data about heroin-reinforced be­
havior that allowed us to construct demand elasticity curves for heroin at dose levels 
and daily number of injections below those tested in Elsmore's experiments. HOFF-
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Fig.t. Curves of elasticity of demand for intravenous heroin in rhesus monkeys. Prices (lever 
presses required for each injection) were progressively increased until the monkeys no longer 
paid for the injection. The graph depicts consumption changes as a function of the price per 
milligram. Each set of points joined by a line represents behaviors maintained by a single dose 
level. The figure was constructed with data published by HOFFMEISTER (1979) 

MEISTER (1979) studied progressive-ratio performances in rhesus monkeys maintained 
by infusions of several opioids. Procedural details are different from those employed 
by Elsmore, and the two studies are not strictly comparable on a quantitative basis. 
For example, Hoffmeister's procedure only allowed for a maximum of eight daily in­
jections; furthermore, heroin was not in competition with food. Data published in tab­
ular form by HOFFMEISTER (1979) were used to construct the demand elasticity curves 
presented in Fig. 1 and 2 for heroin and pentazocine, respectively. 

The curves presented in the figures are families of individual curves, each corre­
sponding to a different unit dose per injection. "Prices" (responses required) for each 
injection were progressively increased until the animals no longer paid for them. The 
two families of curves for the two different drugs seem to constitute overall demand 
elasticity curves for each compound. As behavioral price per milligram increases, con­
sumption decreases. However, every point in the figures indicates the outcome of con­
ditions where self-administration behavior was maintained by the drug for at least 
some monkeys. Thus, at the extreme point on the right of Fig. 1, prices paid for this 
drug were computed to reach 1,600,000 responses per milligram. All the monkeys 
tested at the lowest dose per injection of heroin (0.001 mg/kg) paid prices ranging from 
100,000 to 800,000 responses per milligram. 

The demand elasticity curves for pentazocine (Fig. 2) are far to the left of those 
for heroin. The extreme point on the right represents the maximum price paid of 
32,000 responses per milligram, 50 times less than the maximum prices paid for her-
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Fig.2. Curves of elasticity of demand for intravenous pentazocine in rhesus monkeys. Prices 
(lever presses required for each injection) were progressively increased until the monkeys no 
longer paid for the injection. The graph depicts consumption changes as a function of the price 
per milligram. Each set of points joined by a line represents behaviors maintained by a single 
dose level. The figure was constructed with data published by HOFFMEISTER (1979) 

oin. All the monkeys tested at the lowest dose paid prices for pentazocine ranging 
from 2,000 to 8,000 responses per milligram of the drug, 50-80 times less than the pri­
ces paid for the lowest dose of heroin. 

A great deal more could be said about the demand elasticity curves in Figs. 1 and 2. 
However, the main purpose for including them in this paper is to demonstrate that 
quantitative determinations can be made in the laboratory of the tenacity of drug­
seeking behavior generated by dependence-producing drugs. We do not have to rely 
on visual impressions of the behavior of human or animal addicts or on verbal reports. 
Unfortunately, we could not find published data in the literature of self-administra­
tion of psychomotor stimulants that would allow us to construct wide demand elas­
ticity curves for these drugs. 

A few more points deserve attention. Behavior (self-administration or other) can 
be excessive, but as such it is not necessarily strong. We tend to regard the predispo­
sition to take drugs in dependence as very strong. The fact is that we do not really 
know much about this. Rats made obese by hypothalamic lesions overeat, but their 
overeating is very easily disrupted; such behavior is weak. With regard to drug depen­
dence, research on the issue of tenacity has obviously just begun. Excessiveness had 
not been separated from tenacity. It is now necessary to consider at least these two 
aspects of reinforcement: the generation of demand and demand elasticity. 

The curves in Figs. I and 2 for heroin and pentazocine might be misleading if elas­
ticity of demand were to be considered as a single entity. They represent demand elas­
ticities when the amount of drug is regarded as an economic good where price paid 
per unit weight has uniform significance in commerce. The figures indicate why sellers 
are a lot more interested in heroin than in pentazocine. The behavioral tenacity of be-
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havior generated by heroin or pentazocine needs to be more precisely determined in 
a new experiment. HOFFMEISTER (1979) was not attempting to determine behavioral 
demand elasticities. At the highest prices he required for drug injections, the animals 
were also under conditions where their resources may be said to have been limited. 
Time available for lever pressing was 2h and 45min (9,900s) for each injection. The 
highest price demanded was 12,800 responses per injection, This price was not paid 
by any animal for any dose of opioids. To pay that price monkeys would have to main­
tain a rate of lever-pressing of 1.29 responses per second for 2 hand 45 min for each 
injection. They would have had no time to sleep if they worked for eight injections 
in a day. 

In view of all the above, we may now propose a definition of dependence, in ob­
jective terms, that may lead to more quantitative questions about its characteristics 
and also to sharper questions about the properties of drugs. 

C. The Nature of Dependence and Pertinent Aspects of the Properties 
of Dependence-Producing Drugs 

A definition of dependence as a disease, considering its semiologic variables as suscep­
tible to objective quantitation, at least in idealized form, is likely to clarify the ex­
perimental questions that may be asked about drugs that are thought or known to be 
dependence producing. 

A wide consensus about the characteristics of dependence may perhaps be formu­
lated explicitly in the following manner. In extreme forms drug dependence consists 
of 

(1) Excessive behavior maintained and centered on drug self-administration (ex­
cessive drug-seeking and drug-consuming behavior); (2)Drug-reinforced behavior 
that is resistant, relative to other behaviors reinforced by other reinforcers necessary 
to personal and social health, to increases in price requirements or decreases in eco­
nomic or behavioral resources; (3) Drug-reinforced behavior that assumes a monop­
oly of all behavior, either because of the prepotency of the reinforcing effects of the 
drug, or its inelasticity of demand, or direct drug effects that weaken behavioral chan­
nels maintained by other reinforcers (this notion should be extended to the weakening 
of human and moral values); (4) Neurobehavioral toxicity for the individual; (5)Un­
desirable consequences for family and community. 

The above characteristics overlap somewhat, but it seems convenient to state them 
separately. Also, some terms cut across the different characteristics. For example, ex­
cessive behavior may mean behavior that occurs at high frequency, behavior that oc­
curs in a sustained manner, behavior that is inelastic, and behavior that looks exces­
sive because of its toxic or undesirable consequences. Idealized definitions serve only 
a general purpose. The intention here is to open the way for concrete quantitative as­
sessments. 

In the past, definitions of dependence have been made in terms of the type of drug 
that generates or maintains the disorder. Therefore, the question of pharmacologic spe­
cificity deserves discussion. Many kinds of behavior can be nonspecifically reinforced 
by dependence-producing drugs such as psychomotor stimulants, for example, es­
tablishing associations with members of the drug subculture. However, there is one 
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behavior that is always specifically reinforced because it is the necessary terminal 
point in the chain of events of drug reinforcement. This is the behavior of self-admin­
istration. In the case of dependence on stimulants, drug self-administration is also 
likely to be reinforced by central depressants, barbiturates, or opioids that the individ­
ual often takes to avoid or terminate the aversive effects of either excessive dosage or 
the comedown following episodes of repeated stimulant injections. After a while, a 
person addicted to central stimulants may come under the control of multiple types 
of drugs with operant reinforcing properties. Heroin addiction seems to be a common 
end result of dependence initiated by psychomotor stimulants. 

From an epidemiologic point of view, drug dependence behaves as an infectious 
disease. It requires an etiologic agent, vectors for the distribution of the agent, and 
a population in a receptive condition. Dependence can spread like infectious epidem­
ics or it can be endemic. 

Concerning the "etiologic" agents, i.e., the drugs, it should be emphasized again 
that the end result of contagion depends not only on pharmacologic characteristics 
but also on the other determining factors as well. However, sufficient knowledge has 
been acquired about the entire phenomenon of dependence to make possible the as­
sessment of pharmacologic characteristics that could predict what would happen if 
contagion occurred under different conditions of receptivity. 

First, risk may be regarded as related to high values of primary operant reinforcing 
characteristics determined in a wide variety of circumstances. Drugs with these wide 
reinforcing charact~ristics pose a generalized risk. Second, high values of primary 
reinforcing efficacy indicate that drug-seeking behavior can be rapidly induced and 
that such behavior can be excessive in frequency and in amount. Third, the tenacity 
of dependence can be assessed in appropriate tests where drug-reinforced behavior is 
made to compete with behaviors maintained by other reinforcers. Fourth, some char­
acteristics of the drug marketplace may be inferred from certain pharmacologic prop­
erties. Drugs that have steep dose-response curves or that have a narrow range of 
doses with reinforcing properties are likely to maintain a market where users cannot 
cut down or adulterate and resell a portion of their purchased doses. Drugs that in­
duce paranoid ideation may restrict the range of criminal activities aimed at obtaining 
money to purchase the drug. SMITH (1972) states: 

In the heroin community, the brunt of the hustling activities is borne by the non-using pop­
ulation. In the speed scene, most of the criminality is directed toward other members of the drug 
scene. The speed scene differs from other drug scenes in that the money needed to sustain the 
marketplace is not generated with any regularity by the individual user who is committed to 
the life style centering around speed use. Unable to generate money outside the community, the 
culture has turned on itself, creating a climate of fear, suspicion, and violence which shows litte 
sign of abating. 

D. Epidemiologic and Clinical Aspects of Dependence 
on Psychomotor Stimulants 

GRIFFITH (1977) has published an interesting and comprehensive review of human de­
pendence to psychomotor stimulants, including a detailed relation of historical de­
velopments. MASAKI (1956) and KATO (1972) discuss the Japanese experience of epi-
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demic amphetamine dependence. The proceedings of a symposium on abuse of central 
stimulants (SJOQVIST and TOTTIE, 1969) contain contributions describing medical and 
social aspects of the abuse of central stimulants in the Scandinavian peninsula. KAL­
LANT (1966, 1973) reviewed the world literature on human amphetamine addiction. 

Isolated instances of dependence on psychomotor stimulants self-administered by 
the oral route are well documented. Cases are reported that last years with consump­
tion levels that are not too high. However, most reports of dependence refer to indi­
viduals who take large doses, up to daily levels about 100 times the unit available dose, 
and who develop profound somatic behavioral and psychiatric alterations that 
require hospitalization. 

The most severe forms of psychostimulant dependence occur with intravenous 
self-administration. Vivid accounts of amphetamine intravenous dependence are giv­
en by GRIFFITH (1966), KRAMER et al. (1967), CAREY and MANDEL (1968), HAWKS et 
al. (1969), and SMITH (1972). Early intravenous use is intermittent and doses on the 
order of 20--40mg per injection may be taken once or a very few times over a day or 
two. Then the drug is taken in sprees. Weeks may intervene between the sprees. 
Gradually, the sprees become longer, the doses larger, and the intervals between 
sprees shorter. A final pattern is reached where subjects self-inject the drug many 
times a day, reaching dose levels that may be as high as 1,000mg; they remain awake 
for 3-6 days, becoming anxious, tense, tremulous, and paranoid. Spree runs are inter­
rupted by periods where self-administration is "spontaneously" interrupted and a 
complex called "crashing" occurs, where subjects fall into profound sleep. Amphet­
amine users uniformly lose weight and after the crash ravenous hunger ensues. 

A paranoid psychosis is an almost inevitable consequence of stimulant overcon­
sumption. Clearly, this effect has been observed in persons who are psychiatrically 
normal, and the available evidence overwhelmingly indicates that the psychosis is a 
drug-induced phenomenon. Termination of drug use leads to quick and complete re­
covery of the thought disorder. 

It is worthy of note that severe dependence on psychomotor stimulants appears 
unstable on the whole. Drug-taking occurs in irregular cycles. In contrast with 
opioids, complete remissions occur. 

Stimulant dependence is also unstable as a social group phenomenon. SMITH 
(1972), in discussing the San Francisco epidemic of amphetamine dependence, refers 
to three types of career patterns for amphetamine users: (l)continued marginal ad­
justment, usually terminated by arrest, hospitalization, voluntary treatment, or death; 
(2) elevation to the upper levels of the marketplace; and (3) progression to barbiturates 
or heroin. 

E. Methods for the Laboratory Study of Drug Self-Administration 

Techniques and procedures have been developed to allow experimental animals the 
self-administration of drugs by the intravenous route. Intravenous self-administration 
is the most sensitive way of assessing the dependence-producing properties of drugs. 
First, a great deal of laboratory work has shown that positive reinforcers of operant 
behavior are much more effective in generating behavior when the reinforcer makes 
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contact with the organism at the shortest time interval after the emission of the op­
erant. Second, clinical observation has produced a wide consensus that intravenous 
self-administration of dependence-producing drugs presents the highest risk of ac­
quiring dependence and causes its most tenacious forms. Third, intravenous injection 
is likely to produce the severest kinds of toxicity for the majority of drugs. Details of 
the techniques, equipment, and procedures used with different animal species can be 
found elsewhere (e.g., WEEKS, 1962; THOMPSON and SCHUSTER, 1964; STRETCH and 
GERBER, 1970; FINDLEY et aI., 1971, 1972; JONES and PRADA, 1973; BALSTER et aI., 
1976). The following is a brief summary of the general procedure. One of the major 
veins (e.g., external or internal jugulars, femorals) is surgically exposed under general 
anesthesia. A plastic catheter is fixed in place and its opposite end is passed under the 
skin to a place of exit the animal will find it difficult to reach, the middle of the back, 
for example. Usually, the animal is previously trained to carry a harness that will fur­
ther protect the catheter from being reached at its exit and provide a final point of 
attachment for a more or less flexible arm through which the catheter passes to an in­
fusion machinery located in the outside of the cage. The flexible arm is fixed to the 
cage and must be flexible enough to permit relative freedom of movement to the ex­
perimental animal, but it must be sturdy enough to withstand the stresses imposed by 
the movements of the sometimes hyperactive animal and prevent damage to the cath­
eter. The infusion system can be a peristaltic, a rotary, or a syringe pump that can de­
liver a few mililiters per minute, depending on the size of the experimental animal. The 
infusion pump is controlled by electronic programming equipment that makes possi­
ble the administration of drugs under a wide variety of rules called programs or 
schedules. 

The levels and patterns of drug intake and the amounts and patterns of the operant 
and associated behavior maintained or produced by central stimulants depend on a 
number of factors: (a) the reinforcing properties of the drug, (b) the schedule of drug 
delivery and availability, (c) the dosage per injection, (d) the half-life of the drug, and 
( e) the state variables. This last class of variables are those describing manipulations 
other than those strictly described by the schedule of drug delivery, e.g., food and wa­
ter deprivation or satiation and pharmacologic pretreatment. 

For studies of self-administration, the control equipment is set up to deliver a drug 
infusion whenever a behavioral requirement is met, e.g., pressing a lever with a given 
force. 

When drug delivery is made dependent on the animal's behavior, it can be made 
dependent on a required number of responses or on a time requirement, or on some 
combination of both. When an animal has to repeat a certain behavior a fixed or vari­
able number of times in order to produce an infusion of a drug, it is said to be in a 
ratio schedule (a number schedule). Ratio schedules can be fixed (FR), variable (VR), 
or progressive (PR). When the first response after a time interval is followed by a drug 
infusion, it is said to be in an interval schedule. Interval schedules can be fixed (FI) 
or variable (VI). 

Combinations of these elementary schedules are possible. Manipulations of 
schedules are experimental probes into different aspects of behavior and direct phar­
macologic actions. The purposes of their experimental use and the significance of re­
sults obtained will be discussed further on in appropriate sections. 
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F. Self-Administration of Psychomotor Stimulants 
by Laboratory Animals 
When one of a wide variety of central stimulants is made available to an animal from 
one of several laboratory species at a cost of one or a few responses per injection, the 
animal rapidly acquires a predisposition to respond for drug injections. The number 
of self-injected doses of the drug increases rapidly, faster than with narcotics or bar­
biturates. The species tested for self-administration of psychomotor stimulants, all 
with positive results, include rats (e.g., PICKENS and THOMPSON, 1967), rhesus mon­
keys (e.g., DENEAU et aI., 1969), baboons (e.g., GRIFFITHS et aI., 1975), cats (e.g., BAL­
STER et aI., 1976), squirrel monkeys (e.g., KELLEHER and GOLDBERG, 1977), dogs (e.g., 
JASINSKI et aI., 1978), and pig-tailed macaques (e.g., YOUNG and WOODS, 1980). 

A number of central stimulants have been tested and proven capable of starting 
and maintaining varying levels and patterns of drug-taking behavior in severallabo­
ratory species. The following is a list of compounds which are psychomotor stimulants 
or substances related to them either in chemistry or pharmacology. The list includes 
names of the compounds, a notation of whether positive or negative results were ob­
tained with regard to their positive reinforcing properties, and a reference number to 
published papers also listed further below. The list of referenced papers includes the 
range of doses tested in milligram per kilogram per injection, the species, and the 
author(s) and date of the study. 

List of Compounds 

D-Amphetamine (+) [5, 7, 9, 13, 18, 20, 
22,24,26,27,28,32,36,38,39] 

L-Amphetamine (+) [18,20,26] 
Apomorphine ( + ) [38] 
Caffeine ( + ) [7] 
DL-Cathinone ( + ) [30] 
L-Cathinone ( + ) [30, 40] 
Chlorphentermine (+) [13,14] 
Chlortermine ( +) [13] 
Cocaine (+) [1,2,3,4,7,8,11, 12, 13, 14, 

15, 16, 17, 18, 19, 20, 21, 23, 24, 25, 28, 
29,31,33,34,35,36,37,41] 

Diethylpropion (+) [13, 14,20] 

DITA (+)[9] 
DMA (-) [13] 
N-Ethylamphetamine ( +) [33, 34] 
N-Ethylamphetamine, m-fluoro ( + ) [34] 
N-Ethylamphetamine, m-bromo (+) 

[34] 

N-Ethylamphetamine, m-methyl ( + ) 
[34] 

N-Ethylamphetamine, m-iodo ( - ) [34] 
N-Ethylamphetamine, m-t-butyl (- ) 

[34] 
Fencamfamin ( +) [10] 
Fenfluramine (-) [13, 14, 33] 
Mazindol ( + ) [37] 
MK-212 ( - ) [5] 
Mescaline ( - ) [7] 
Metamphetamine (+) [2, 7,18] 
D-Metamphetamine (+) [20] 
Methylphenidate ( +) [12, 18, 19, 27, 35, 

36] 
L-Noradrenaline (+) [6] 
Norcocaine (+) [3,28] 
fJ-Phenethylamine ( +) [18] 
Phenmetrazine (+) [13, 18,27,35,36] 
Phentermine ( + ) [13] 
Pipradrol ( + ) [35, 36] 
SPA (+ )[10]. 
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List of Referenced Papers 

I. Cocaine ( + ), 0.025-0.8, rhesus monkeys, BALSTER and SCHUSTER (1973); 2. Meth­
amphetamine (+), 0.005-0.16; cocaine (+), 0.05, cats, BALSTER et al. (1976); 3. Co­
caine ( + ),0.025-0.8, rhesus monkeys, BEDFORD et al. (1978); 4. Cocaine ( + ),0.2, nor­
cocaine (+), 0.05-0.8, rhesus monkeys, BEDFORD et al. (1980); 5. MK-212[6-chloro-
2-(1-piperazinyl)-pyrazine] (-), 0.1-0.5, D-amphetamine, (+), 0.1-0.3, rats, 
CLINESCHMIDT et al. (1977); 6. L-Noradrenaline (+),0.021 [in the lateral hypothala­
mus], rats, CYTAWA et al. (1980); 7. Cocaine (+),0.25-1.0, D-amphetamine (+),0.1, 
methamphetamine (+), 0.1, caffeine (+), 1.0-5.0, mescaline (-), 1.0-10.0, rhesus 
monkeys, DENEAU et al. (1969); 8. Cocaine (+), 0.32-0.64, rats, DOUGHERTY and 
PICKENS (1973); 9. DIT A[3',4'-dichloro-2-(2-imidazolin-2-yl-thio )-, acetophenone hy­
drobromide] (+),0.01-0.1, D-amphetamine (+),0.01-0.03, rhesus monkeys, DOWNS 
and WOODS (1975); 10. Fencamfamine [2-phenyl-3-ethylaminobicyclo-(2,2,1)-hep­
tane] (+), 0.1-2.0, SPA [(L)-1-2-diphenyl-I-dimethyl-aminoethane] (+), 0.1-2.0, 
rhesus monkeys, ESTRADA et al. (1967); 11. Cocaine ( + ), 0.75-3.0, rhesus monkeys, 
GOLDBERG et al. (1976); 12. Cocaine ( + ), 0.4-1.6, methylphenidate ( + ), 0.1-0.8, ba­
boons, GRIFFITHS et al. (1975); 13. Cocaine (+), 0.4, D-amphetamine (+), 0.01-0.5, 
phenmetrazine ( + ), 0.1-2.0, phentermine ( + ), 0.1-1.0, diethy1propion ( + ), 0.1-10.0, 
chlorphentermine (+), 0.1-5.0, chlortermine (+), 0.1-5.0, fenfluramine (-), 0.02-
5.0, DMA [methylenedioxy-amphetamine] (-), 0.1-5.0, baboons, GRIFFITHS et al. 
(1976); 14. Cocaine (+),0.01-3.0, chlorphentermine (+),0.03-10.0, diethylpropion 
(+),0.1-10.0, fenfluramine (-),0.02-5.0, baboons, GRIFFITHS et al. (1978a); 15. Co­
caine (+), 0.01-4.0, baboons, GRIFFITHS et al. (1979); 16. Cocaine (+), 0.03, rhesus 
monkeys, HERLING et al. (1979); 17. Cocaine (+), 0.013-0.8, rhesus monkeys, 
IGLAUER and WOODS (1974); 18. Cocaine (+),0.15-0.6, D-amphetamine (+),0.025-
0.2, L-amphetamine (+), 0.2-0.8, methamphetamine (+), 0.03-0.12, methylpheni­
date (+), 0.05-0.4, phenmetrazine (+), 0.2-1.6, p-phenethylamine (+), 1.5-6.0, 
dogs, JASINSKI et al. (1978); 19. Cocaine (+),0.05-1.5, methylphenidate (+),0.075-
0.7, rhesus monkeys, JOHANSON and SCHUSTER (1975); 20. Cocaine (+), 0.2, D-am­
phetamine (+), 0.05, L-amphetamine (+), 0.05, D-methamphetamine (+), 0.025, 
diethylpropion (+),0.5, rhesus monkeys, JOHANSON et al. (1976a); 21. Cocaine (+ ), 
0.1-0.2, rhesus monkeys, JOHANSON et al. (1976b); 22. D-Amphetamine (+), 0.05, 
dogs, JONES and PRADA (1973); 23. Cocaine ( + ), 0.03-0.6, squirrel monkeys, KELLE­
HER and GOLDBERG (1977); 24. Cocaine (+),0.25-3.0, D-amphetamine (+),0.25-1.0, 
rats, PICKENS and THOMPSON (1967); 25. Cocaine (+), 0.25-3.0, rats, PICKENS and 
THOMPSON (1968); 26. D-Amphetamine (+),0.05-0.1, L-amphetamine (+),0.2-0.8, 
dogs, RISNER (1975); 27. D-Amphetamine (+), 0.025-0.2, phenmetrazine (+), 0.2-
1.6, methylphenidate ( + ), 0.05-0.4, dogs, RISNER and JONES (1975); 28. Cocaine ( + ), 
0.15-0.6, norcocaine (+), 0.15, D-amphetamine (+), 0.05-0.1, dogs, RISNER and 
JONES (1980); 29. Cocaine (+), SANCHEz-RAMOS and SCHUSTER (1977); 30. DL­
Cathinone [a-aminopropiophenone] ( + ), unknown doses, L-cathinone ( + ), unknown 
doses, rhesus monkeys, SCHUSTER and JOHANSON (1979); 31. Cocaine (+), 0.01-0.1, 
squirrel monkeys, SPEALMAN (1979); 32.D-Amphetamine (+),0.05-0.8, rats, TAKA­
HAsm et al. (1978); 33. Cocaine (+), 0.03, N-ethylamphetamine (+), 0.01-0.1, fen­
fluramine ( -),0.01-0.3, rhesus monkeys, TESSEL and WOODS (1975); 34. Cocaine (+), 
0.03, N-ethylamphetamine (+), 0.01-0.1, meta-fluoro N-ethylamphetamine (+), 
0.01-0.1, m-bromo N-ethylamphetamine (+),0.03-0.3, m-methyl N-ethylampheta-
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mine (+ ), 0.03-0.3, m-iodo N-ethylamphetamine ( -), 0.01-0.3, m-t-butyl N-ethy­
lamphetamine (-),0.01-0.3, rhesus monkeys, TESSEL and WOODS (1978); 3S. Cocaine 
(+ ), 0.02S-1.2, pipradrol (+),0.025-0.4, methylphenidate (+), 0.02S-O.4, phenmet­
razine (+),0.025-0.8, rhesus monkeys, WILSON et ai. (1971); 36. Cocaine (+),0.1-0.2, 
phenmetrazine (+), 0.1, methylphenidate (+), O.OS, pipradrol (+), 0.1, D-amphet­
amine (+ ),0.025, rhesus monkeys, WILSON and SCHUSTER (1972); 37. Mazindol [S-p­
chloro-phenyl-5-hydroxy-2,3-dihydro-5H-imidazo (2,I-a) isoindol] (+),0.05-0.2, co­
caine (+),0.2, rhesus monkeys, WILSON and SCHUSTER (1976); 38.D-Amphetamine 
( + ), 0.25, apomorphine ( + ), 0.5, rats, WISE et ai. (1976); 39. D-Amphetamine ( + ), 
0.25, rats, WISE et ai. (1977); 40. L-Cathinone (+),0.06-0.25, rhesus monkeys, YANA­
GITA (1979); 41. Cocaine (+),0.01-1.0, rhesus macaques (M. mulatta) and pig-tailed 
macaques (M. nemestrina), YOUNG and WOODS (1980). 

I. Self-Administration Under Unlimited Drug Access 

Two main types of experiment of drug self-administration with psychomotor stimu­
lants have been employed. In one the drug is made continuously available, 24h a day, 
at low cost, and in the absence of other strong behaviors that may compete with self­
administration. The purpose of this type of experiment is to allow the emergence of 
the overall picture of self-administration and its possible accompanying behavioral 
and somatic toxicities under conditions of minimal restriction; risk and maximum se­
verity of consequences are thus amply facilitated. In the second main type of experi­
ment, the drug is made available either during sessions of limited length, and/or with 
schedule manipulations, with the purpose of seeking answers to more specific be­
havioral or pharmacologic questions. 

Under continuous drug availability at low cost, animals self-administer stimulants 
at high rates, easily reaching 1,000 injections per day when the unit dose per injection 
is not high. However, the pattern of intake over successive days is very irregular, with 
peaks and valleys of high and low rates of self-administration of disorderly duration 
(e.g., ESTRADA et aI., 1967; PICKENS and THOMPSON, 1967, 1968; DENEAU et aI., 1969; 
BALSTER et aI., 1976; JOHANSON et aI., 1976a; JASINSKI et aI., 1978). 

Most of the reports coincide in that animals engage in sprees of rapid intake for 
a few days during which the animal does not eat and does not sleep, and severe toxic 
effects develop. Usually, after these episodes offrantic activity and very high rates of 
drug intake, the animal spontaneously ceases self-injecting and overeats and over­
sleeps. After 1 or a few days, the animal starts another spree of high drug intake. Mon­
keys usually die after a short exposure to this schedule of drug availability (DENEAU 
et aI., 1969; JOHANSON et aI., 1976a). Lower mortalities seem to occur in other animal 
species. However, studies of this kind in other species are fewer. Despite wide varia­
tions in the daily and even in the hourly rate of drug intake, within the effective range 
of doses an inverse relationship has been observed between the maximum number of 
self-administrations per day and the unit dose per injection (ESTRADA et aI., 1967). 

The following is the description given by DENEAU et aI., (1969) of the toxic effects 
seen in the rhesus monkey self-administering cocaine under continu.ous availability: 

During self-administration of cocaine the monkeys became apprehensive and restless, 
showed almost constant choreiform movements, stereotypy, dysmetria, tremors, mydriasis, pi­
lo-erection and gross ataxia during the first several days. As the dosage increased in daily 
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amount and duration, signs of somatic and psychotoxicity increased. The monkeys showed an 
extremely rapid loss of muscle mass and grand mal convulsions became frequent. Behavior con­
sistent with visual hallucinations (staring and grasping at the wall) and tactile hallucinations 
(continued scratching and biting of the skin of the extremities, to the point of producing exten­
sive wounds and even amputation of the digits) was consistently observed. The monkeys also 
appeared to become unaware of their surroundings in that they ignored raisins and candy which 
were proffered by the experimenters. These manifestations of toxicity were rapidly reversible 
when cocaine administration was discontinued. 

The same authors state that with D-amphetamine and methamphetamine the pic­
ture of the toxic syndrome was similar except that it was slightly less severe. 

The effects of unlimited access to cocaine, D- and L-amphetamine, D-methamphet­
amine, and diethylpropion were studied comparatively in rhesus monkeys by JOHAN­
SON et al. (1976a). Doses tested per injection were in the upper middle range ofrein­
forcing effectiveness. The monkeys took from 400 to 1,200 injections per day at the 
peak rates observed in the irregular cycles of self-administration. The monkeys on co­
caine died within 5 days. With amphetamine and methamphetamine, the animals also 
died but survived a little longer than with cocaine. Severe overall toxicity also occurred 
with diethylpropion, but three offive animals on this drug survived for the 30 days that 
the experiment lasted. 

II. Self-Administration Under Restricted Drug Access 

Since unlimited access to stimulants leads to irregular behavior, severe toxicity, and 
early death, studies with limited availability were initiated with the objective of achiev­
ing longer lives for the animals and behavioral performances better suited to ex­
perimental analysis. When access to stimulants is restricted to daily sessions of a few 
hours' duration, even if the costs per injection are low and there are no competing be­
haviors, behavioral and organic toxicity is reduced and several orderly relationships 
appear (ESTRADAet aI., 1967; PICKENS and THOMPSON, 1967, 1968; WILSON et aI., 1971; 
RISNER, 1975; RISNER and JONES, 1975, 1980; DOUGHERTY and PICKENS, 1976) 
(1) Drug intake per session becomes very stable from day to day; (2) For all stimulants 
studied, there is a threshold unit dose per injection that generally gives the highest 
number of self-administrations per session; (3) Beyond the threshold dose, frequencies 
of self-administration decrease as the unit dose per injection increases; (4)As a con­
sequence of this inverse relationship between unit dose and frequency of infusions, 
total drug intake per session varies little over a wide range of unit doses. 

The factors responsible for the contrast between the irregular patterns of drug in­
take observed under unlimited access to stimulants and the regularity obtained with 
limited access have not been formally identified. However, the excessive neurobe­
havioral toxicity produced by sustained high drug concentrations during several days 
of spree use is likely to playa role in the irregularity of intake. Possible contributing 
factors may include total disorganization of sleep and other biologic rhythms. What­
ever the mechanisms, there seems to be a disruption of processes related to reinforce­
ment and/or inhibition of behavior by aversive consequences. It is attractive to think 
of the extended drug-free periods imposed by restricted access as necessary for the 
consolidation of behavioral controls. Nevertheless, this idea must be tested against the 
notion that high concentrations of stimulants directly disrupt such controls. 
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Another point that deserves attention is that with restricted access to stimulants 
there is no long-term tendency to increase the dose consumed per session. High doses 
are taken from the start. This fact raises questions about the meaning of tolerance in 
human addicts, when tolerance is considered in the sense of a progressive increase in 
dose self administered. 

A good review of the finer features of self-administration behavior under limited 
availability and low costs was made by DOUGHERTY and PICKENS (1976) with regard 
to intravenous cocaine self-injection by rats. The principal findings they review are: 
(1) There is an initial burst of shortly spaced self-injections at the start of each session; 
(2)After the initial burst, the animals develop a very regular spacing of drug injec­
tions; (3) After the initial burst, a slight (7% per hour) positive trend in the mean in­
terinjection interval is observed along the session, across the effective dose range; 
(4) The regular spacing of drug injections does not appear in the first contact of the 
animal with the drug, but it is developed within the first several days of exposure to 
sessions of limited drug access, indicating the necessity of time for the acquisition of 
controls; (5) Short-term oscillations in interinjection interval length occur along the 
session around the mean interval; (6) The mean interinjection interval is directly and 
linearly related to unit dose, not to its logarithm; (7) Enzymatic induction with phe­
nobarbital (40 mg/kg per day) reduced the mean interinjection interval; (8) Enzy­
matic inhibition with SKF 525A (5, 20, 20, and 40mg/kg) produced a dose-related 
increase in the mean interinjection interval; (9) Cocaine injected via a chronically im­
planted catheter, while a rat is responding for food, makes the animal stop responding 
totally for dose-related periods. The size of these pauses in food-maintained 
responding is similar to that seen between injections of self-administered cocaine when 
a rat is responding for that drug. 

DOUGHERTY and PICKENS (1976) also review the pharmacokinetics of cocaine and 
suggest that in the self-administration of this drug under restricted access, the intensity 
of effect may be close to 100% and that the regularity of intervals between injections 
may be due to the regular decline in intensity of effect because of drug disposition. 
For example, the decline of effect to a particular level may be a stimulus condition 
for the initiation of a new self-administration response. Likewise, the increase in the 
intensity of some effect to a certain level may be a discriminating stimulus for the cess­
ation of responding. 

Pharmacokinetic dynamics are likely to be involved in the determination of the 
regularities of self-administration under limited access. However, the question re­
mains as to how the dynamics of blood and tissue levels of a drug or its metabolites 
could determine behavior. 

Three general possible explanations have been or could be offered for the regular­
ity in frequency of self-administration with any given unit dose as well as for the rela­
tively small variation in total session intake over a broad range of unit doses: (1)that 
progressively higher drug doses exert progressively longer direct disruptive effects on 
behavior that correspond to the intervals between responses of self-administration; 
(2) that at high blood levels, there occur aversive effects that counterbalance the pro­
cess of reinforcement and, thus, lead to a suppression of self-administration until 
enough of the drug has been metabolized or excreted; (3) that there may be some regu­
latory mechanism that tends to maintain a sort of "optimum" blood or tissue level 
of the drug. 
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This last mechanism is most unlikely, but it deserves discussion. Properly formu­
lated, the mechanism of feedback regulation, to be different from the first two men­
tioned, must be formulated as a mechanism with a regulatory "set point." The initial 
rapid responding at the start of the self-administration session could appear as behav­
ior leading to an optimum level. Once that level is reached, a quite regular and dose­
related spacing appears. Within this relatively stable phase, the observed short-term 
oscillations could be interpreted as the amount of deviation from the optimum drug 
level that is permitted before the feedback systems sends a "correction" signal offeed­
back control. However, the existence of a set-point mechanism for the self-administra­
tion of stimulants, similar to that participating in processes such as body temperature 
regulation, must be regarded as highly unlikely. Therefore, the weight of evidence for 
its existence should be proportionate to the a priori degree of its improbability. The 
attainment of an "equilibrium" dose level, as well as oscillations around that level, oc­
curs in systems without regulatory set-points. Further, if there were any regulation, 
the set-point would seem far off any reasonably expected level; in spite of the appear­
ance of regulation, the total drug intake per session is very high. More importantly, 
there is a great deal of evidence indicating that direct actions of stimulants, and other 
self-administered drugs, suppress behavior at high doses for a length of time propor­
tional to their presence in the body (see review by KELLEHER, 1976). PICKENS and 
THOMPSON (1967, 1968) have shown that cocaine, injected by the experimenter into 
animals whose lever-pressing behavior is maintained by food, produces dose-depen­
dent pauses which are almost identical in duration to the intervals found between self­
injections of the drug. 

There is experimental and clinical evidence for the presence of aversive properties 
in psychomotor stimulants, especially at high doses. Therefore, it would seem that the 
apparent regulation observed in sessions of restricted access to psychomotor stimu­
lants merely represents equilibrium points reached between the opposing tendencies 
of the process of reinforcement, the direct suppressant drug effects, and the punishing 
effects of aversive drug properties. 

G. Chains of Behavior Maintained by Psychomotor Stimulants 

Since one of the aims of laboratory research on drug self-administration is to inves­
tigate the quantitative characteristics of drugs as reinforcers, "an important perspec­
tive can be gained by considering behavior that is engendered and maintained by drug 
injections in the context of what is known about behavior maintained by other events" 
(KELLEHER, 1976). 

The proceedings of a symposium on the control of drug-taking behavior by 
schedules of reinforcement (DE V. COTTEN, 1976) give a comprehensive review of 
research work where the reinforcing effects of drugs are compared with those of other 
reinforcers under schedules of reinforcement that have been in widespread use for the 
experimental analysis of behavior. The reader interested in the behavioral characteris­
tics and mechanisms of drug dependence is referred to the papers presented in that 
symposium. There is ample evidence that psychomotor stimulants maintain orderly 
chains of behavior with performances that match quantitatively and qualitatively the 
performances maintained by food or other well-known reinforcing stimuli. 
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Because drug dependence is not just self-administration behavior, but all of the be­
havior that is engendered by the reinforcing effects of drugs, the laboratory study of 
the chains of behavior that lead to drug injection is of special interest and offers great 
promise for an understanding of the whole phenomenon of dependence. One type of 
schedule that generates long chains of behavior, second-order schedules, will be dis­
cussed here. Later sections will examine how schedules of reinforcement can be uti­
lized to assess in a quantitative fashion the reinforcing potencies and efficacies of psy­
chomotor stimulants as well as the strength of the drug-seeking behavior that these 
drugs produce. 

Second-order schedules (KELLEHER, 1966) take advantage of a process by which 
a primary or unconditioned reinforcer confers reinforcing properties to previously 
neutral stimuli. In the laboratory such neutral stimuli can be colored lights, sounds, 
or poker chips; in real life, one may think of pieces of paper called money, or others. 

A second-order schedule of drug reinforcement can be arranged in the following 
manner. Initially, the reinforcing drug is given in the presence of some salient neutral 
stimulus such as a light. This paired presentation of the primary reinforcer with the 
neutral stimulus is made to follow the emission of the response to be reinforced. After 
a number of pairings of the two stimuli, the schedule is changed in such a way that 
some responses produce as their only consequence the light previously associated with 
the administration of the reinforcing drug. After a sequence, at first short, of respon­
ses producing only the light, this is presented together with an injection of the reinfor­
cing drug. By gradually lengthening the sequence of responses reinforced by the sec­
ondary reinforcer (the light), very large amounts of behavior can be generated and 
maintained by a few injections of the reinforcing drug. In its final form, a performance 
under a second-order schedule is usually formed by sequences of responses reinforced 
by the secondary reinforcer; then a succession of these sequences is in turn reinforced 
by the primary reinforcer. GOLDBERG (1973), GOLDBERG et al. (1976, KELLEHER and 
GOLDBERG (1977), and SANCHEz-RAMOS and SCHUSTER (1977) have published on the 
characteristics of behavior generated by second-order schedules, with psychomotor 
stimulants as primary reinforcers. 

Besides their contribution to understanding behavior in drug dependence, second­
order schedules have practical applications. One such application permits the study 
of drug-seeking behavior with intramuscular instead of intravenous injections of psy­
chomotor stimulants (GOLDBERG, 1973, GOLDBERG et aI., 1976). Intramuscular injec­
tions eliminate the technical necessities associated with long-term intravenous cath­
eters and the problems of infectious disease these preparations carry. 

H. Quantitative Assessment of Reinforcing Properties 

Different experimental paradigms have been employed and adapted to assess the mag­
nitude of the reinforcing properties of drugs. Some of these deal with important as­
pects of self-administration behavior but are not directly aimed at estimating the rein­
forcing actions of drugs. An example of the latter is the determination of frequencies 
of drug injections, given at low cost, that are maintained by different dose levels per 
injection. Other experimental paradigms deal with aspects of behavior more precisely 
related to the operational definition of reinforcement and reinforcer. As stated previ-
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ously, reinforcement of operant behavior consists primarily in the increase in the 
probability of its occurrence (rate and amount) by a consequent stimulus. There are 
two general types of these paradigms that have been most widely used in the study 
of self-administration of psychomotor stimulants. One is the measurement of prefer­
ence by the experimental subject for one of two simultaneously available stimuli. Pref­
erence of one stimulus over another indicates that the behavior maintained by the for­
mer stimulus is preportent over the behavior maintained by the latter. Another para­
digm consists in the systematic determination ofthe maximum behavioral output that 
is consistently sustained by a drug (progressive ratio schedules). Both general methods 
comprise a diversity of procedural alternatives. 

JASINSKI et ai. (1978), RISNER (1975), and RISNER and JONES (1975, 1980) using 
dogs as experimental subjects have made bioassays of the self-administration of 
a number of central stimulants. The variable they use is the number of self-injections 
that the animal takes during 4-h sessions on an FR-l schedule (under an FR-l, one 
response produces one self-injection). The bioassay is based on dose-response curves 
of frequencies of self-injection. These bioassays compare the relative potencies of 
drugs that maintain equivalent levels of self-administration behavior. However, these 
investigations, as well as a number of other studies (e.g., DOUGHERTY ~d PICKENS, 
1976; ESTRADA et aI., 1967; JOHANSON and SCHUSTER, 1975; PICKENS and THOMPSON, 
1967, 1968; WILSON et aI., 1971), have shown that with psychomotor stimulants, for 
a broad range of doses, the frequency of injections decreases as the dose per injection 
increases (the interval between injections grows in proportion to the dose injected). 
In the previous section, evidence was presented that intervals between self-injections, 
under low-cost schedules of restricted access, are more a reflection of drug duration 
and of other drug actions than of reinforcing properties. In fact, when the experimen­
tal preparation is focused primarily on reinforcing properties, it has been shown that 
within a broad range of doses, reinforcing efficacy of psychomotor stimulants in­
creases with increments in dosage (see below). The bioassay of self-administration of 
psychomotor stimulants that measures frequency of injections at different dose levels 
and that determines equivalent levels of self-injection behavior provides useful phar­
macologic information. Yet, as with other dose-response curves for drugs that simul­
taneously exert actions that tend to move the biologic system in opposite directions, 
the dose-response curves of self-administration in terms of frequency of injections are 
the end result of the mixture of reinforcing properties with other behavioral actions 
of the drugs. 

In order to dissect experimentally the reinforcing actions proper of psychomotor 
stimulants, the choice and the progressive ratio procedures have been used with suc­
cess. A brief description of these and a discussion of the information thus far obtained 
follow. 

I. Evaluation of Preference 
In this field there are two general instances in which preference procedures can be ap­
plied: one, to ascertain whether a drug is a positive reinforcer; another, to assess the 
relative potency of two or more known reinforcers. In either case, a set of options is 
presented to the experimental subject. In the first case, the options must be, on one 
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hand, a solution of the test drug, or, on the other hand, just the inert drug vehicle. 
In the second case, the options can be solutions with different concentrations (differ­
ent doses) of the same drug, or solutions of equal or different concentrations of dif­
ferent drugs. In the ftrst case, if the animal chooses the drug over the vehicle option, 
the drug can be regarded as a positive reinforcer under the test conditions. 

Drug choice behavior can be assessed by means of two types of general pro­
cedures: One type consists of discrete trials in which the options are presented at the 
beginning of the trial in order to let the animal choose, and once the choice is made, 
the other alternatives are no longer available until the next trial (e.g., FINDLEY et aI., 
1972; JOHANSON and SCHUSTER, 1975). The second type of procedure arranges for the 
continuous and simultaneous availability of the alternatives. One particular case of 
this kind of procedures is that of concurrent schedules (e.g., IGLAUER and WOODS, 
1974). 

FINDLEY et al., (1972) gave the ftrst detailed description of a choice procedure em­
ploying intravenous self-administration of psychoactive drugs (secobarbital and 
chlordiazepoxide). 

The following methodologic points have been included in drug choice tests with 
psychomotor stimulants: (1) The experimental subjects must make enough contacts 
with each of the options so that they get to "know" them well. (2) Some external 
stimulus must be paired with each of the alternatives being presented in a trial; this 
allows the animal to choose the alternatives by its associated external stimulus and 
it also permits one to test whether the preference is based on the pharmacologic prop­
erties of the alternatives, or if it is based on the external stimuli (this test is made by 
reversing the stimuli associated with each of the alternatives after a clear and stable 
preference is developed for the first association). (3) The choice must be permitted 
enough times to establish a clear, consistent preference. (4) Choice trials must not be 
closely spaced in time to avoid the interaction of some of the pharmacologic effects 
ofthe drugs with all the subject's behavior, i.e., there must be time-outs after drug in­
jections. 

JOHANSON and SCHUSTER (1975) first compared the psychomotor stimulants co­
caine and methylphenidate in choice tests. Each session began with two "sampling" 
periods during which the experimental subject was faced five times with each of two 
options at the start of the session. After that, the choice trials were started, each fol­
lowed by a time-out of 15 min. At the start of each trial the exteroceptive stimuli as­
sociated with each of the options were presented. The first response on one of the two 
levers served as a choice response; four more responses on the same lever produced 
the chosen option. They found that no preference was shown for either cocaine or 
methylphenidate when these drugs were given in equal doses. When different doses 
were presented, the higher was always preferred, for both drugs. These authors also 
found that during the sampling periods, when the options were presented separately 
without time-outs between injections, the rate of self-injection was inversely related 
to the dose of the drug in tum. For all doses, the frequency of self-injections was al­
ways two to three times higher for cocaine than for methylphenidate. The higher rate 
of cocaine self-injections during the sampling periods of the sessions was regarded as 
the consequence of the shorter disruption of self-administration behavior produced 
by this drug because of its shorter half-life. Thus, cocaine and methylphenidate were 
preferred about equally, and higher doses of either drug were preferred to low doses. 
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This indicates that the reinforcing actions of these two drugs are about equal in this 
test, and that higher doses are more reinforcing than the lower ones. This conclusion 
would not have been borne out if rates of self-injection (during the sampling periods) 
had been taken as measures of reinforcing action; such rates are lower for the higher 
doses of either drug and higher for cocaine than for methylphenidate at all doses 
tested. 

In another study of drug choices, JOHANSON and SCHUSTER (1976) found that 
diethylpropion is about one-tenth as potent as cocaine and is generally less efficacious 
in terms of drug preference. 

The fact that high doses of cocaine are more reinforcing than lower ones was docu­
mented in a different procedure designed to evaluate preferences through a concurrent 
schedule (IGLAUER and WOODS, 1974; IGLAUER et aI., 1976). In concurrent schedules, 
the two optional reinforcements are simultaneously and continuously available, but 
to reach either option the experimental subject must perform a task. In this particular 
case, the task was lever-pressing on a variable interval schedule of cocaine reinforce­
ment on two levers, each associated with injections of different doses of drug. Time­
outs followed each injection. Higher rates oflever pressing were obtained on the lever 
option associated with higher doses of drug. 

J. Progressive Ratios: Evaluation of the Maximum Behavioral Output 
Sustained by Self-Administration 

Another experimental procedure conceptually related to the operational definition of 
reinforcement is one in which the amount of behavior (lever presses) required from 
the experimental animal, for a given amount of a reinforcer, is systematically in­
creased until the animal no longer pays the behavioral price of the increased require­
ment. Since some behavior continues to be emitted, practical decisions about failure 
of completion of the requirement need a criterion cutoff point, for example, failure 
to complete at least two ratios within a period of 24 h. The response requirement at 
which the reinforcer no longer maintains behavior above the cutoff point is called the 
"breaking point." 

A number of studies have shown that progressive ratio tests provide a measure 
that is sensitive to changes in the amount as well as in the quality of the reinforcer 
(e.g., HODOS, 1961; HODOS and KALMAN, 1963; KEESEY and GOLDSTEIN, 1968; Y ANA­
GITA, 1973; GRIFFITHS et al., 1975, 1978, 1979; BEDFORD et aI., 1978; HOFFMEISTER, 
1979). 

The particular form in which the procedure is arranged can vary depending on the 
kind of reinforcer to be tested. For example, with small amounts of food or with elec­
tric brain stimulation, successive ratios can follow one after another without serious 
disturbance because of stimulus aftereffects. However, with reinforcers such as psy­
chomotor stimulants, their disruptive effects must be allowed to dissipate before pre­
senting the animal with the opportunity to respond for one more reinforcer. Thus, 
each ratio must be presented as a single trial separated from the others by time-out 
periods. Another important feature that can be varied in the progressive ratio pro­
cedures is the rule for the numeric progression of the ratios. Some authors have used 
increments of equal size while others have used increments of varying sizes. 
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The following is a summary of the main general steps of the progressive ratio pro­
cedures used to assess the reinforcing efficacy of drugs administered intravenously: 

(1) Establishment of the behavior of self-administration with a drug such as co­
caine until a stable performance is reached at a relatively low fixed ratio; (2) Substi­
tution of the standard dose of the reference drug for the dose of the drug to be tested 
and progressive increase of the ratio until reaching the breaking point according to 
the chosen criterion; (3) Return to the dose and drug of reference to reassess the base­
line performance; (4) Repetition of steps 4 and 5 for each dose and drug tested; 
(5) Sometimes performance under saline baseline periods is also obtained. 

YANAGITA (1973 and GRIFFITHS et aI. (1975, 1978a, 1979) have studied a number 
of psychomotor stimulants on progressive ratio tests. Maximum prices paid for a 
single dose of cocaine have reached 6000-6400 responses. 

The function relating the drug dose to the breaking points, for various psychomo­
tor stimulants, has an ascending limb in the lower dose range. The ascending limb 
leads to a more or less extended plateau in some intermediate range, and afterward, 
a descending limb starts. Cocaine has maintained the highest ratios among the psy­
chomotor stimulants tested. The rank ordering of different psychomotor stimulants 
according to their dose-response curves on progressive ratios put diethylpropion, 
methylphenidate, and chlorphentermine as drugs with less potency and less efficacy 
as reinforcers than cocaine. 

Compared with the opioids (HOFFMEISTER, 1979), the psychomotor stimulants 
maintain high behavioral prices only over a narrow dose range. 

Early on we proposed that drug dependence is characterized by excessive drug­
seeking and drug-consuming behavior. Progressive ratio tests yield information about 
the maximal behavioral output that can be commanded by a given dose of a drug. 
Therefore, results in this test appear to give a measure of how much behavior could 
be generated by a reinforcing drug under conditions where there is no competition 
with behaviors reinforced by other reinforcers. 

Previous considerations about the elasticity of demand generated by a reinforcer 
suggested that this aspect of the strength of behavior is a very important semiologic 
variable to characterize dependence. Results obtained in progressive ratio tests may 
be used to estimate the elasticity of demand generated by a drug, but the design of 
the procedure must be different. The elasticity of demand of a reinforcer cannot a 
priori be considered as a single unmovable function. It is sure to vary depending on 
the nature of other reinforcers that may compete with drug self-administration. 

In real life, it is very important to know how drug reinforcement and elasticity of 
drug demand interact in competition with other reinforcers. Information on this point 
might enrich even more the great insight that has been gained about what is possibly 
the best understood disorder of human behavior. 
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brain metabolism 

dementia 535 
chemical structure 446, 546 
cytoplasmatic concentration 548 
deamination, oxidative, liver microsomes 

550 
dependence 

drug availability 610 
individual variables, human 610 

desipramine, interaction 562 
distribution in man 
dose-response relationship 588 
DRL schedule behavior 594 
EEG, cortical power spectra, cats 465 
environmental, influence 588 
food reinforcement 

fixed behavior 593 
fixed interval schedule 692 

d-form, pharmacological activity 546 
I-isomer, pharmacological activity 546 
liver metabolism 548 
locomotor activity 

adult rats 562 
C3h-strain, mice 562 
desipramine effect 562 
grouped animals 562 
isolated animals 562 
older animals 466 
stereotypy 588 
young rats 562 

locomotor stimulation 
dopamine 563 
nucleus accumbens 563 

MAO inhibition 563 
metabolic pathway (Fig. 2) 549 
metabolism 

species dependent 550 
subject dependent 550 

IX-methyltyrosine 563 
neurochemical transmission, monoamine 

linked 545 
neuroleptic interaction 563 
operant behavior 

high rate, lever pressing 591 
low rate, lever pressing 591 

paranoia 547 
selfadministration 547 

plasma, protein binding in man 547 
rate of responding 591, 593 
reinforcement 

administration, dose related 598 
rate of responses 592 



Subject Index 

responding rate related to individual 
sensitivity 591 

response rate, starvation degree 
dependent 562 

responsiveness 588 
self-injection, sensitivity to drug 619 
structure-effect relationship 546 
synaptosomal concentration 548 
timidity, self-injection induced 619 
tolerance 588, 594 
urine excretion 

half-life 547 
kinetics 547 
metabolic rate 547 

water intake 
effect in dogs 589 

d-Amphetamine 
acetylcholinesterase 559 
ACh level 

rat striatum 559 
ACh release 

cat cortex 558 
rat cortex 558 

ACh turnover 
lateral hypothalamus 560 
rat striatum 559 

aggression 565 
dominant rats 590 

anorectic activity 
cross tolerance 589 

antagonists rats 568 
aversion to comestibles 596 
avoidance behavior 565 
behavior 

operant, positively reinforced 565 
stereotyped, animals 568 
stereotyped, man 564 
stereotyped, mechanism of action 564 

blood pressure 565 
body temperature 565 
cerebrovascular accidents 568 
choline acetylase 559 
cholinergic system 559 
cocaine, generalization 598 
cross tolerance 

amineptine 566 
intimate mechanism 566 
mazindol 566 
nomifensine 566 

DA level 
hippocampus 567 
striatum 567 
whole brain 567 

DA release 
nialamide pretreated animals 558 
reserpine pretreated animals 558 
untreated animals 558 

DA uptake 552 
dopamine depletion, brain 595 
dysautonomic syndrome 568 
eating duration 589 
excitation syndrome 568 
fenfluramine, generalization 597 
food intake 589 
glucose metabolism 565 
heart rate 565 
5-HT turnover 558 
5-HT uptake 552, 558 
HVA 

level, rat striatum 566 
tolerance, striatum 567 

hypodipsic action 589 
learning and memory 565 
LSD, generalization 597 
mescaline, generalization 597 
monoamine uptake, inhibition 553 
NA uptake 552 
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neurotransmitter interaction, brain 552 
nicotine, generalization 597 
noradrenergic action 553 
oxygen consumption 565 
plasma half-life (t1/2) 

carnivors 547 
herbivors 547 

psychosis, paranoid 568 
relationship, dose response to 589 
self-administration 

toxic syndrome in monkeys 623 
self-administration i.v. 

onset 565 
persistence 565 

social interactions 565 
taste aversion paradigm 597 
tolerance 

appetetive depression in man 567 
behavioral disruption, monkeys 595 
development, DRL trained rats 594 
DRL behavior 594 
euphoria 567 
mechanism of development 595 
mechanism of onset 566 

toxicity 
rats 568 
unlimited access, mortality, monkeys 

624 
uptake 

rat brain 566 
rat brain, labelled substance 566 

vascular resistance 565 
V-maze behavior 588 

dl-Amphetamine 
atropine, generalization 597 
discrimination properties 597 
methylphenidate, generalization 597 
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I-Amphetamine 
anorectic effect 

cross tolerance 589 
aversion to comestibles 596 
HVA 

striatal level in rats 567 
taste aversion paradigm 597 

AMP = adenosine-5'-monophosphate 166 
Amylobarbitone 

plate crossing behavior 78 
Androgens 

life span effect in rats 464 
Angiotensin 535 

CBP effect in dementia 535 
intracarotid injection 535 

Anorexia 
central mechanism 

amphetamine 562 
fenfluramine 562 

cross tolerance 589 
monoaminergic mechanism 

amphetamine 560 
fenfluramine 560 
mazindol 560 

Anticholinesterases 64 
Anticoagulants 515 

thrombosis, prevention 515 
Anticonvulsant activity 395 
Antidepressants 

autonomic sedatives 321 
drug seeking behavior 611 
reinforcing properties 611 
self-administration 611 

Antiemetic effect 266 
Antinociceptive effect 267 
Antipyretic effect 56, 266 
Anxiety 

behavioral pharmacology in animals 289 
biochemical mechanisms 293 
clinical pharmacolaogy in normal subjects 

288 
minor tranquilizers 395 
nonbarbiturates 359 
objective symptoms 321 
psychomotor functions 288 
specificity in normal humans 291 
specificity in patients 291 
subjective symptoms 321 
taming action, specificity 290 
therapeutic effect 

cognitive processes 293 
perceptual processes 293 

Anxiolytics 293, 395 
dependence producing effects 395 

AOAA(=aminoacetic acid) 104, 149 
cGMP mouse medial forebrain 173 
GABAergic indirect effects 303 

GABAergic inhibition 104 
5-HTP accumulation 149 
)I-motoneuron, effect 104 

Apomorphine 

Subject Index 

aversion to saccharin-solution 600 
reinforcing properties 600 

Apovincaminic acid 414 
Arousal 

behavioral signs in monkeys 
vincamine 445 

reaction in neocortex 123 
response 274 
system 273 

Arrhythmias 24, 25 
chemically induced in animals 24,25 

Arteries 
metabolic regulation of different vascular 

beds 494 
neural regulation of different vascular 

beds 494 
Arteriosclerosis 

vasodilatory responsiveness 494 
Arvine 

blood, hemorheologic properties 515 
AS 2 321,416 
ASA(=acetylsalicylic acid) 512 

antiaggregatory properties 512 
cyclooxygenase 512 
mode of action 512 
platelet aggregation 512 
stroke, prophylactic effect 513 
thrombus formation 512 
TIA effects in patients 513 

Atarax ( = hydroxizine) 
antihistaminic properties 5 
sedative effect 5 

Ativan = lorazepam 8 
ATP 

CBP 535 
CMR-oxygen 535 
turnover in rat brain 449 

Atropine 
cocaine, self-administration 599 

Augmenting response 120 
Avermectin Bla (= macrocyclic lactone 

disaccharide) 194 
Avoidance behavior, active 481 

Barbital 
antianxiety effect 4 
teratogenic activity 

mice 379 
rabbits 379 
rats 379 

withdrawal symptoms in animals 398 
Barbiturates 5 

alcohol potentiation 378 



Subject Index 

antianxiety effect 3 
blood level, lethal, humans 377 
eNS depression 376 
cortical power spectra 465 
cross tolerance 397 
dependence 

cross physical, in man 398 
in animals 376 
psychological, in man 402 

presynaptic inhibition 154 
sedative hypnotics 321 
withdrawal syndrome in rats 268 

Behavior 
aggressive 

animals 395 
attack 590 
blowing provoked in cats 84 
drug induced in rats 88 
farm animals 84 
fighting fish 85 
invertebrates 85 
zoo animals 84 

conditioned, animals 395 
conflict, animals 395 
operant 628 
operant 

definition 611 
punishment, suppressed 593 
self-administration 616 
sleep-like, in cats 275 
social, monkeys 84 
stereotyped 560 

Behavioral failure 
psycho geriatric symptom 463 

Behavioral pharmacology 285--290 
anxiolytic effects 285 

increase in responding rate 289 
selectivity of anxiolytic action 289 
taming action 290 

Behavioral toxicity 
clinical signs 366 
definition 365 

Benactycine 
anticholinergic effect in human 5 
chemical structure 5 

Bencyclane 
cerebral blood flow 423, 536 
metabolic effect, brain 423 
spasmolytic effect 423 
tranquilizing effect 423 

Benzodiazepines 3-409 
acetylcholine interactions 306, 307 

acetylcholine receptors 307 
adrenaline potentiation (seminal vesicles) 

39 
adrenocortical steroids 47 

corticosteroid interaction 47 

adrenolytic properties 37 
afterdischarge EEG 121 
allergy 370 
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y-aminobutyric acid dependent effects on 
urinary bladder 39 

antagonists 195 
antiaggressive effects 82-88 

aggressiveness of dominant animals in 
groups 86 

brain stimulation-induced 87 
drug-induced 88 
foot shock-induced fighting 86 
isolation-induced aggression 85 
mode of action 88 
spontaneous aggression 83 

anticonvulsant activity 50-68 
aldehyde metabolite accumulation 50 
chronic models of epilepsy 68 
electroconvulsive shock effects 66 
epilepsy-models, acute 57 
sensory epilepsy effects 68 
spiking activity, cortical freezing 68 

antiemetic effects 55 
antiinflammation effects 53 
antinociceptive effects 51, 53 

analgesics interaction 51, 53 
antiinflammatory drugs interaction 53 
dependence of effect on model 48 
emotional component of pain 

experience 51 
naloxone interference 51 
opioids, endogenous, release 51 

arrhythmia 24-27 
arrhythmia, electrical stimulation induced 

25,27 
arrhythmia, pharmacologically induced 

25 
betahistine 504 
betazol 35 
bicuculline 39, 60, 114 
binding sites containing cells 182 
body temperature 56 
carbohydrate cell metabolism 48 

brain glucose, intracellular 48 
cardiac output 19 
cardiovascular actions, brain stimulation 

27 
cardiovascular actions, hypertensive 

patients 19 
cardiovascular actions, peripheral nerve 

stimulation 28 
cardiovascular actions, stress 28 
cardiovascular interactions, 

neurotransmitters 29 
catecholamine interactions 307 

catecholamine level 308 
catecholamine turnover 307 
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Benzodiazepines 
centrally depressant agents, interaction 

89-93 
anticholinesterases 91 
antimuscarinic agents 92 
enkephalines 93 
ethanol 90 
general anesthetics 89 
muscimol 91 
neuroleptics 90 
opiate antagonists 91 
scopolamine 91 

centrally stimulant agents, interaction 
91-93 
anticholinesterases 91 
bemegride 93 
caffeine 00 
dopamin like compounds 93 
monoaminoxidase inhibitors 93 
nicotine 92 
physostigmine 92 
thymoleptics 93 

choloretic effects 36 
chronotropic response, vagal stimulation 

28 
convulsant 65 
cyclic nucleotide interaction 171, 172 

cyclic 3',5'-adenosine monophosphate 
171, 172 

depressor response, brain stimulation 27 
dopamine receptors ~08 
dorsal column nuclei, site of action 106 
dorsal root, ganglionic effects 98 

y-aminobutyric acid interference 99 
dorsal root reflexes 104 

hyperpolarizing 104 
positive 104 

drug interactions 367, 368 
ethanol 367 
phenytoin 368 

electroencephalographic effects 114, 119 
arousal reaction 52 
augmenting response 120 
caudate spindles 121 
evoked potentials 107 
hippocampal theta-rhythm 119 
ponto-geniculo-occipital waves, EEG 

121 
rapid eye movement sleep 119 
recruiting, cortical 120 

electrolytes, plasma levels 45 
endogenous ligands for benzodiazepine 

receptors 189 
exocrine effects 39 
exploratory behavior 78, 79 

two compartment situation 114 
Y-maze behavior 115 

Subject Index 

food and fluid intake 53-55 
appetite effects 55 

GABAergic synaptic transmission 199 
gallamine interaction 43 
ganglionic effects, autonomous 96 

y-aminobutyric acid interactions 96 
bicuculline interactions 96 
excitatory postsynaptic potentials 96 
inhibitory postsynaptic potentials 96 
pricrotoxin interaction 96 

gastric secretion, human 35 
growth hormone interactions 46 

inhibition of drug induced increases 46 
head turning, electrically induced 82 
head turning, muscimol induced 82 
heart effects 38 
hemodynamic changes 27 

behaviorally evoked 27 
isolated guinea-pig ileum 37 
left ventricular enddiastolic pressure 19 
localization in the cell 183 
metabolic cell effects 48-50 

carbohydrate metabolism 48 
energy rich phosphate metabolism 49 
glucose transport 48 
lipid metabolism 49 
protein synthesis 50 

metabolism 321-324 
biotransformation pathways 322 
pharmacokinetic profiles 324 
single dose pharmacokinetics 324 

motor activity, induced 76 
motor activity, spontaneous 76 
motor activity, stimulants interference 80, 

81 
amphetamine 80 
bemegride 81 
caffeine 81 
cocaine 80 

motor depressants interaction 81, 82 
IX-methyltyrosine treatment 82 
reserpine treatment 82 

muscle tone and coordination 72 
myocardial oxygen consumption 19 
neuromuscular junction 43 
neuronal activity, multiple-units 128-132 

brain stem 132 
cerebellum 130 
cerebral cortex 131 
diencephalic structures 132 
limbic system 128 

neuronal activity of invertebrates 97-99 
interpretation in terms of therapeutic 

activity 98, 99 
iontophoresis of acetylcholine to nerve 

cells 98 
voltage clamp 98 



Subject Index 

neurotransmitter effects 134-168 
acetylcholine 134 
adrenaline 145 
y-aminobutyric acid 154 
dopamine 137 
enkepha1ine 167 
glutamine 152 
glycine 153 
histamine 152 
5-hydroxytryptamine 145 
noradrenaline 141 
pheny1ethy1amine 145 
prostaglandins 168 
purine nucleotides 166 

pancreatic effects 36 
peripheral nervous effects 94, 95 

sympathetic discharge, centrally 
evoked 95 

sympathetic discharge, peripherally 
evoked 95 

peripheral vascular resistance 19 
pharmacokinetics 321 

distribution 330 
drug interactions 342 
elimination 330, 333, 341 

physical dependence 398 
relative potency of dependence liability 

399 
pituitary gonadal axis 45 
pituitary hormone 46 

growth hormone interactions 46 
prolactin interactions 46 

plasticity of benzodiazepine receptors 187 
portal vein effects in vitro 39 
pressor responses to brain stimulation 27 
pressor responses to peripheral nerve 

stimulation 28 
receptor 293--305 

y-aminobutyric acid turnover 304 
y-aminobutyric acid uptake 304 
binding characteristics 293 
brain specifity 296 
cGMP 305 
distribution 296 
endogenous ligands 301 
nature 178 

receptor types 309 
autogenetics 184 
glycine receptors 309 
interactions: benzodiazepines and y-

amino butyric acid 302 
modulatory effects in vitro 300 
neuronal localization 298 
ontogenesis 296 
phosphodiesterase 309 
phylogenetics 296 

receptor modification in vitro 299 
specificity 297 
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receptors versus binding sites 174-177 
affinity 174 
characteristics 174 
distribution 177 
irreversible ligands 176 
solubilization of receptor binding 177 
specificity 176 

Renshaw cells 105 
orthodromic stimuli effects 105 

respiratory effects 30 
salivation, eNS-stimulation evoked 38 
salivation, prostaglandin F 2a-induced 38 
schistosomicidal effects 41 
self-administration 400 

average daily drug intake, monkeys 400 
side effects 359-367 

depression 366 
disinhibiting actions 365 
human studies 362 
neurologic reactions 367 
overdose 364 

sleep 124-127 
cats 124 
monkeys 126 
ponto-geniculo-occipital waves 127 
rabbits 125 
rats 126 

smooth muscle effects 39 
sodium channels in heart muscle 25 
sodium current, cutaneous 45 
spinal cord, actions, supraspinal mediated 

100, 110--112 
brain stem 111 
cerebral cortex 112 
hypothalamus 110 
lateral vestibular nucleus 111 
limbic structures 109 
reticular formation 111 

spinal cord, direct effects 101, 103, 104 
y-aminobutyric acid mediated effects 

103, 104 
mode of action on supraspinal reflex 

centers 100 
monosynaptic reflexes in decerebrated 

cats 100 
polysynaptic reflexes in decerebrated 

cats 100 
presynaptic inhibition 103 
presynaptic inhibition increase 104 
substantia nigra 111 
thalamus 110 
visual system 112 

stroke volume 19 
sympathicolytic properties 37 
teratogenicity 373 
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Benzodiazepines 
thyroid hormone interactions 46 
tolerance 396 

behavioral 396 
functional 396 
metabolic 396 

toxicology 359-364 
human studies 362 
overdose 364 

tremor, oxytremorine induced 38 
tubocurarine potentiation 43 
uterus effects in situ 39 
uterus effects in vitro 39 
uterus tonus, human material 49 

1,5-Benzodiazepines 
evaluation, clinical 10 

Benzodiazepinone 
antianxiety effect 6 
chemical structure 6 

Betahistine 
basilar flow, dog 504 
blood flow 

cochlear, dogs 504 
regional cerebral, patients 504 

chemical structure 423 
receptor, vascular HI 423, 504 

Bicuculline 
affinity, ligand 192 
depolarization effect 96 
GABA mimetic agents 192 
purkinje cell 131 
transmission block effect 96 

3H-Bicuculline 305 
Blood 

plasma viscosity 500 
RBC deformation 500 
rheologic properties in cerebrovascular 

disease 500 
viscosity of RBC aggregates 500 

Blood circulation time 509 
Blood flow 

cerebral 
age 493 
ageing 442 
dementia 441 
disturbance in humans 422 
impairment in animals 442 
inverted steal phenomenon 506 

Blood glucose level 48 
Blood pressure 

acetylcholine response in dogs 265 
adrenaline response in dogs 265 
arterial 

in cats 264 
in dogs 264 
in rabbits 264 

Subject Index 

in spontaneous hypertensive rats 
offspring 20 

in Wystar-Kyoto rats 21 
brain area stimulation effects 37 
renal hypertensive rats 23 
SHR rats 23 

Blood vessels 
atherosclerotic plaques and 

microcirculation 500 
constriction and microcirculation 500 
dilation and microcirculation 500 
interaction and cerebrovascular disorders 

499 
Blood viscosity 509 
Blood-brain barrier 510 
Body temperature 56 
Bradycardia 28 
Brain metabolism 

dementia 535 
gerontology 435 
psychotropic drugs 435 
stress impairment 461 

Brain vessel 533 
arteriosclerosis, relevance for dementia 

533 
thrombosis, relevance for dementia 533 

Brain/blood glucose ratio in rats 48 
Breaking point definition 630 
Bromazepam 83 
Bronchospasm experimentally induced 

in animals 33 
in cats 33 
in dogs 33 

Buphenine 
cerebral arteriosclerosis in humans 419 
stroke effect in humans 419 

Butabarbital 
antianxiety effect 3 
chemical structure 3 

BZ 23-467 410 

Caffeine 93 
Calcium 

antagonism 497 
channels 497 
entry, inhibitor 497 
vascular smooth muscle activation 495 

Camazepam, chemical structure 9 
cAMP (= cyclic adenosine monophosphate) 

496 
adenosine release affected 171 
basal level 

in guinea pig cerebrum 171 
in mouse cerebral cortex 171 

level 
cerebellar, in mice 171 
in cerebellum 171 
in mouse cerebral cortex 171 



Subject Index 

Cardiac output 
benzodiazepines 19,22, 23, 27, 44 
beta-adrenergic stimulation 495 

CBF = cerebral blood flow 
Central nervous system (CNS) 

adaption, homeostatic 461 
definition 461 
in elderly patients 461 

Centrophenoxine 
blood flow, cerebral 

grey matter 537 
multi-infarct dementia 536 
white matter 537 

CMR-glucose in multi-infarct dementia 
536 

CMR-oxygen 537 
performance, age-related, in mice 468 

Cerebral blood flow 
in elderly persons 493 
in young persons 493 

Cerebral circulation 
hydergine effect 501 
vincamine effect 444 
xanthine effect 506 

Cerebral infarction 
platelet aggregate 499 

Cerebral insufficiency 
betahistine 424 
meclofenoxate 417 
piracetam 485 
pirebedil 416 
suloctidil 420 
xanthinol 422 

Cerebral metabolism 
dementia 533 
hexobendine 537 
papaverine 505 
xanthinol-nicotinate 506 

Cerebral transition time 503 
Cerebrovascular effects 

aminophylline 506 
ethylxanthines 506 
naphtidrophuryl 503 
nicardipine 509 
nimodipine 509 
papaverine 505 
suloctidil 510 
theophylline 506 
vincamine 502 

cGMP (=cyclic guanosine monophosphate) 
content in deep cerebral nuclei 173 
increase in mouse medial forebrain 173 
level in cerebellum 305 

Chain schedule 615 
definition 615 

Chlorazepate 
activity, leeches 99 

agitation, leeches 99 
blood pressure, rabbits 23 
urinary output, rats 44 

Chlordiazepoxide 
(see also Librium) 49-51 
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aberration, chromosomal, in humans 374 
absorption in man 334 
abuse by man 401 
ACh content, guinea pig cerebral cortex 

135 
ACh hyperpolarization, Cl- dependent 98 
ACh level 

endogenous, rat brain 307 
intracerebral stimulation rat brain 135 

ACh receptor, muscarinic 307 
ACh turnover 

mouse hippocampus 136 
mouse midbrain 136 
mouse striatum 136 

addiction, monkeys 362 
adenine nucleotides 

total (AMP, ADP, ATP), rats 49 
adrenaline 

lipomobilisation in rats 49 
afterdischarge 

amplitude in immobilized cats 121 
hippocampal, in cats 121 
threshold, amygdala cats 122 
threshold in immobilized cats 121 

aggression 
antifighting effect, mice 85 
brain lesion induced, rats 87 
brain stimulation induced, cats 87 
L-Dopa induced, mice 88 
foot shock induced, mice 86 
grouped male mice 86 
hypothalamic evoked, rats 87 
intraspecies, rats 85 
isolation induced, mice 85 
spontaneous, monkeys 85 
spontaneous, rats 84 

agranulocytosis 371 
alanine level rats 48 
alpha-oxyglutarate level rats 48 
analgesia 

morphine interaction rats 52 
anesthesia 

effect, mice 90 
effect, rats 90 

angiotensin II effect 168 
anticholinesterase effect 91 
anticoagulants, interference 370 
anticonvulsant effect, animals 395 
anticonvulsant effect, man· 395 
antidromic spikes 

R15 cells 98 
R2 cells 98 
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Chlordiazepoxide 
antipentetrazole activity, rats 59 
antipyretic effect, guinea pigs 56 
aortic lipolysis, rabbits 50 
arrhythmias 

acetylcholine induced, dogs 24 
lidocaine induced, dogs 24 
limbic stimulation evoked 27 

atherosclerosis 50 
ATP/ADP ratio, rats 49 
barbiturate sleeping time, rats 369 
barbiturate withdrawal syndrome, rats 65 
behavior, aggressive 

drug induced, rats 88 
male fighting fishs 85 
punishment 152 
zoo animals 84 

behavioral toxicity 366 
bicuculline, synaptic inhibition 155 
3H-bicuculline binding site 305 
bile flow, rats 36 
blood depressor response, 

medullary evoked 27 
blood glucose level 

anxious patients 48 
rats 48 

blood pressure 
brain stimulation changes 37 
ganglion stimulation 38 

body temperature 
guinea pigs 56 
mice 56 
rats 56 

bradycardia 19, 28, 38 
brain/blood glucose ratio, rats 48 
bronchospasm 33 
BSP excretion, rats 36 
Calcium 

Ca2+ influx, intracellular 48 
content, synaptic vesicle, rats 45 
membrane transport 42 
synaptosomal ghost, rats 45 

cAMP 
adenosine release 171 
basal level in cerebral cortex 171 
inhibition, rat brain 171 

cardiac output, dogs 22 
carotid occlusion, pressor response 28 
carrageenin test 53 
catecholamine turnover, stress evoked, 

brain 308 
caudate nucleus 

spindles, rabbits 115 
waves, rabbits 115 

cGMP level, cerebellum 305 
cholinesterase activity, rat red cell l35 
chronotropic effect 25 

Subject Index 

CNS excitation, incidence, human 366 
contraction, frog rectus 42 
convulsions 

cocaine induced, rats 62 
DHMP induced, mice 65 
Jacksonian type, rabbits 64 
morphine induced, rabbits 64 
nicotine induced, rabbits 64 

coronary blood flow 22 
cortical activity, EEG 

recruiting response 120 
spindle-like, monkeys 116 

cortical neuronal activity, rabbits l30 
cough, peripherally evoked, cats 30 
DA level, brain l38 
3H-DA level 

rat cerebellum l38 
rat striatum l38 

DA turnover 
rat limbic forebrain l37 
rat neostriatum l37 

Deiter's nucleus, activity 156 
dependence 

physical, human 362 
physical, monkeys 362 
physical, rats 361 

DNA synthesis, E. coli 50 
DOPAC level, brain 308 
dopamine turnover, striatum 307 
DOPA/DA ratio, rats 140 
EEG 

convulsant effect, pentetrazo1e 69 
cortical arousal, stimulus threshold 118 
during sleep in rabbits 115 
frequency, spontaneous 114 
hippocampal, freely moving rats 120 
power, cat caudate nucleus 116 
power, curarized cat cortex 116 
power, curarized cat hippocampus 116 
spindles in rabbit neocortex 115 
spontaneous, red nucleus 117 
subcortical structures 115 
theta-rhythm, hippocampal 120 
theta-rhythm, hippocampal, septal 

driving 144 
theta-rhythm during REM-sleep 119 
waves, neocortex 114, 115 

electroretinogram 
beta waves 112 
sleep, interaction with ethanol 90 

elimination time in man 333 
emesis, apomorphine in dogs 56 
eosinopenia 

ACTH induced, rabbits 47 
cortisone induced, rabbits 47 
shock induced, rabbits 47 



Subject Index 

epilepsy, chronic local, monkeys 69 
evoked potentials 

amplitude, cat hippocampus 109 
amygdala 109 
amygdalohippocampal 109 
central gray matter III 
cortex, contralateral, sensory motor 

112 
hippocampus III 
medial thalamic III 
midbrain reticular formation III 
posterior hypothalamic III 
red nucleus III 
reticular formation III 
septohippocampal, cats 110 
substantia nigra III 
transcallosal, cats 112 

excitation 
neuronal, aspartate induced l32 
neuronal, glutamate induced l32 
synchronous, granula cells 110 

food intake 
chicks 53 
nondeprived pigeons 53 
rats 53 
starved rats 53 
with amphetamine, rats 54 
with anorexigenic drugs, dogs 54 
with fenfluramine, rats 54 

free ammonia level in rats 48 
fructose-6-phosphate level in rats 48 
fumarate level in rats 48 
GABA 

depressant effect, rat medulla neuron 
162 

level in rats 48 
sensorimotor cortex neuron 163 
sensorimotor cortex neuron, inhibition 

303 
uptake, cat cerebellar slices 304 
uptake, rat cerebellar slices 304 
uptake, rat cerebral cortex 304 
catabolizing enzymes 304 

GABA induced 
hyperpolarization, frog spinal cord 163 
mimetic action, direct 105 
neuronal depolarization 96 
neuronal hyperpolarization 105 
reduced cell activity, guinea pigs 131 

3H-GABA uptake, rat cerebral cortex 158 
gastric secretion, histamine induced 35 
glucose level, intracellular, rat brain 309 
glucose transport, rats 48 
glutamine level, rats 48 
14C-glycine release, spinal cord 153 
14C-glycine uptake 153 
glycolytic flux, rats 48 

granulocytopenia 371 
head turning rats 82 
heart rate, perfused frog heart 26 
5-HIAA 
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hypothalamic level, MAO interference 
149 

mouse brain 148 
rat cerebral cortex 147 
rat hypothalamus 147 
rat midbrain 147 
rat pons medulla 147 
rat striatum 147 
rat whole brain 147 

3H-5-HIAA formation, mice 149 
hippocampal arousal, threshold 118 
hippocampus 

spindles, rabbits 115 
waves 114, 115 

histamine level 152 
histidine decarboxylase 152 
hole board method 78 
hot plate test, mice 51 
5-HT content 

in rabbit isolated blood platelet 146 
3H-5-HT formation 

from 3H-tryptophan 306 
mice 149 

HVA level 
brain 308 
rat whole brain l39 

hyperactivity, muscimol induced, rats 91 
hyperlipidemia, rats 50 
hyperthermia, cats 56 
hypotension 19 
K + influx, intracellular, rats 48 
leukopenia, humans 371 
lipoproteinlipase activity 50 
locomotion 

amphetamine evoked, mice 80 
caffeine induced, rats 81 
cocaine evoked, mice 80 
jiggle cages, rats 77 
morphine induced, mice 81 
muscimol induced, mice 81 
reserpine induced, mice 81 

malate level, rats 48 
mass potentials, p-fiber response 94 
medial thalamus, rabbits 115 
meprobamate metabolism, rats 369 
metabolic pathway 342 
midbrain multi-unit activity, rats 129 
milk preference, rats 55 
monosynaptic reflexes 

decerebrate cats 100 
motility, intestinal, brain stimulated 37 
muscle relaxation, animals 395 
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Chlordiazepoxide 
myocardial contractile force 

effect in animals 19, 22 
myometrium tone in human strips 39 
3H-NA, rat brain 143 
NA, vasoconstrictor effect 168 
NA content 

rabbit brain 141 
rat brain 141 
rat cerebellar cortex 142 
rat cerebral cortex 142 
rat hypocampus 142 
rat hypothalamus 142 
rat lower brain stem 142 

3H-NA fraction, synaptosomal, rat brain 
141 

3H-NA half-life, rat brain stem 143 
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myocardial O2 consumption, human 19 
myoclonic jerks, y-hydroxybutyrate 

induced in animals 65 
3H-NA rat brain areas 143 
3H-NA uptake, intracerebroventricular, 

rats 141 
neuromuscular junction 

gallamine, frog 43 
rabbits 43 

neuronal activity 
cortical, rabbits 130 
hippocampal, spontaneous, cats 129 
hippocampus, rats 129 
y-motoneuronal, dynamic 102 
y-motoneuronal, static 102 
nucleus vestibularis 133 
pentetrazole induced 133 
photically elicited, retina 134 
rat substantia nigra 140 
rat ventral tegmental cells 140 
rat zona compacta 140 
renal sympathetic nerve, cats 95 
reticular, rat midbrain neuron 129 
spinal cord 104 
spontaneous, AOAA pretreated rats 

152 
spontaneous, cat purkinje cell 130 
spontaneous, cortical 166 
spontaneous, curarized cats 94 
spontaneous, nigral cell 157 
spontaneous, rats 133 

noradrenaline content 
after shock, rat diencephalon 142 
electroshock induced, rat brain 141 
hypothalamus 142 
mouse whole brain 142 
rat cerebellar cortex 142 
rat cerebral cortex 142 
rat cortex 307 
rat hippocampus 142 
rat hypothalamus 142 
rat lower brain stem 142 
rat pons medulla 142 
vasoconstrictor effect 168 

noradrenaline turnover 
mice 142 
rats 142 

NREM sleep 124 
cats 125 
mechanism, cats 125 
rhesus monkeys 126 

ovaries, weight 45 
PaC02, dogs 30 
pain threshold 51, 52, 168 
palmar skin conductivity in mice 39 
Pa02 

dogs 30 
patients 32 

PGO waves 
NREM sleep, cats 127 
REM sleep, cats 127 
reserpine induced, cats 127 
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pharmacokinetic parameters 325 
pharmacokinetics, different ages 344 
phenobarbital sleeping time, rats 369 
3H-phenylethylamine, biosynthesis 145 
phosphodiesterase inhibition 309 
phosphorylation, oxidative, rat brain 49 
plasma clearance and age in man (Fig. 25) 

346 
plasma corticisteroids, stressed rats 47 
plasma flow, effective, in rabbits 44 
plasma level, human 334 
plate crossing test, mice 78 
polysynaptic reflex, decerebrate cats 100 
postsynaptic inhibition, spinal cord 103 
posttetanic potentiation by EPSPs 96 
potential inhibition 

EPSPs evoked 96 
GABA induced 133 
IPSPs evoked 96 

pressor response 
carotid occlusion 28 
hypothalamic, rats 27 
medullary evoked 27 
mesencephalic 27 
sciatic nerve stimulation 28 

presynaptic inhibition 
motoneurons in cats 154 
spinal cord 103 

prolactine 
level, basal, in anxious patients 47 
release, haloperidol induced, rats 46 

prostaglandin 168 
protein binding, uremic patients 351 
purkinje cell, cerebellar 155 
rage reaction, unrestrained cats 123 
receptor 

affinity, mammalian brain 297 
affinity, reptile brain 297 
affinity and daily application 187 
concentration, amphibian brain 297 
concentration, bird brain 297 
dopamine effect 308 
number, prolonged application in rats 

298 
number and daily application 187 

releasing effect, endogenous opioids 51 
REM sleep 124, 125 
Renshaw cell effect 105 
respiratory depression 31 
respiratory minute volume 

cats 31 
patients 32 

respiratory pH, dogs 40 
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Diazepam 
respiratory rate 

cats 30 
dogs 30 

righting reflex, mice 367 
rigidity 

etanitazone induced, rats 75 
intracollicular section induced, rats 75 

IX-rigidity 
antianemic method induced, cats 76 
cerebellum ablatio produced 100 

y-rigidity, decerebration induced in cats 
75 

salivation, pilocarpine induced, mice 38 
seizures 

ACh induced, cats 64 
amygdaloid kindled, rats 69 
auditory stimuli induced, mice 68 
bemegride induced, cats 62 
bemegride induced, rats 62 
epileptic, monkeys 69 
epileptiform, cats 69 
flurothyl induced, mice 65 
hyperbaric oxygen/helium induced, 

rats 65 
kindling, dogs 70 
MES induced, rats 66 
3-MPA induced, animals 61 
penicillin induced, rabbits 63 
pentetrazole induced, duration 135 
pentetrazole induced, inhibition 186 
pentetrazole induced, mice 58 
picrotoxin induced 168 
tetanus toxin induced, mice 66 
tetracaine induced, cats 62 

seminal vesicle weight 45 
serotonin 

head twitches, mice 150 
level, brain 306 
uptake, blood platelets 306 
uptake, brain tissue 306 

serum cholesterol, rabbits 50 
serum electrolyte level 45 
serum growth hormone 

apomorphine response 46 
L-Dopa response 46 
in patients 46 
in volunteers 46 

serum phosphatide, rabbits 50 
sleep 

induction in man 90 
sleep-wakefulness cycle 124 
sleeping time, halothane in mice 89 

somatovisceral reflex 95 
sound loss effect, rats 21 
spiking activity, gallamine immobilized 

cats 68 

Subject Index 

tachycardia 
methylatropine induced, dogs 22 
stimulation induced, cats 26 

tail-flick test 
in mice 52 
in rats 52 

tidal volume 
cats 31 
patients 32 

tolerance 
acute, cats 361 
human 14 

toxicity 
acute, animals 16 
acute, maximal, rats 14 
acute, mice 17, 18 
acute, minimal, rats 14 
acute, rats 15, 16 

tryptophan 
concentration, rat brain 149 
free level plasma 306 
mouse brain 150 
mouse plasma 150 

3H-tryptophan binding, rat serum 
albumin 150 

I-tryptophan uptake, rat brain 150 
tubocurarine effect, frog sciatic nerve 43 
tunnel board behavior, mice 78 
twitch 41 

response 41 
sciatic nerve-gastrocnemius 41 
soman-induced 41 
stimulation evoked, human 39 
tension in spastic patients 40 

"two compartment box", exploratory 
behavior, pigs 79 

urinary excretion 
dehydrated rats 44 
profile of metabolites (Fig. 19) 343 
rats 44 

vas deferens, isometric contraction 39 
vascular reactivity, rats 29 
vascular resistance 

coronary, dogs 21 
coronary, in open chest dogs 21 
peripheral, dogs 21 

vasoconstrictor response, rat lung 28 
vasopressine effect 168 
ventilatory response in patients 33 
ventral root potential 104 
ventral root reflex 

monosynaptic 104 
polysynaptic 104 
presynaptic action 103 

ventral root volleys 105 
vocalisation threshold, mice 51 
warfarin metabolism 369 
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water consumption, rats 55 
water intake 

deprived rats 54 
horses 54 
mice 55 
rats 53, 55 

withdrawal reaction, human 363 
withdrawal signs, human 397 
Y-box test, exploratory behavior, rats 79 

Diethylpropion 
food reinforced behavior, FR 593 
locomotor hyperactivity, reserpine effect 

563 
mortality of rhesus monkeys with 

unlimited access 624 
relative reinforcing properties 630, 631 

Different reinforcement of low rate (DRL) 
592 

D IF = diazepam binding inhibitor factor 191 
Dihydro-IX-ergocryptine 

chemical structure 445 
Dihydro-fJ-ergocryptine 

chemical structure 445 
Dihydro-fJ-ergosine 410 
Dihydroergocernine 

chemical structure 445 
Dihydroergocristine 

chemical structure 445 
Dihydroergopeptines 

chemical structure 410 
Dihydroergotamine, binding site 

calf brain 411 
rat brain 411 

Dihydroergotoxine 409 
CBF 535 
CMR-02 535 

Dihydroergotoxine 
pessimal rhythm in rats 484 

2,4-Dimethyl-5-hydroxy-methylpyrimidine 
65 

Diphenylhydantoin 
barbiturate withdrawal syndrome, rats 65 
5-HIAAs level, animal brain 148 
seizures 

DHMP induced in mice 65 
imipramine induced in rats 65 

Dipyridamol 
ASA-combination 514 
cerbrovascular effects 514 
cerebral ischemic disease 514 
prostaglandine 12 (PgI2) 

adenosine uptake 514 
antiaggregatory effect 514 
phosphodiesterase 514 
platelet survival time 514 

thromboxane A2 (TXA2) formation 514 
Discriminative properties, definition 597 

Disease, cerebrovascular, chronic 509 
DMAE (=dimethylaminoethanol) 464 
Domar = pinazepam 9 
DOPA 139, 140, 143,417,443 

chemical structure 416 
decarboxylase 442 
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DOPAC ( = 3,4-dihydroxyphenylactic acid) 
139, 308, 558 

Dopamine 495 
receptor 446,447 
turnover, rat brain 307 

3H-Dopamine 308 
DOPA/DA ratio, brain 140 
dp/dtmax 3, 19, 21, 22 
DQ 27-422 

EEG cortical power spectrum, animals 
409 

sleep-wakefulness cycle, animals 410 
Droperidol 303, 624 
Drug dependence 

drug-seeking behavior 631 
drug-taking behavior 631 
identification 610 
predisposition 616 
susceptibility, individual differences 610 
therapy, possible forms 612 
toxic disturbance 612 
see also 

addiction 607 
habitution 607 
toxicomania 607 

Drug discrimination, definition 402 
Drug seeking behavior 611, 612, 616, 618 

L-Eburnamomine 
CMR02 502 

ECS = electrocumulative shock 
EEG 

activity, photocally induced in fowls 70 
activity, spindle-like, fJ-range 114 
activity in rat neocortex 115 
alteration, psychogeriatric symptoms 463 
arousal reaction threshold in neocortex 

118, 119, 274 
arousal response to auditory stimuli 119 
arousal reticular formation threshold 118 
brain-ageing, deviation 465 
changes, y-hydroxybutyrate induced 64 
convulsant effect, pentetrazole 69 
cortical power spectrum in animals 409 
density, spectral, cats 116 
drug induced changes, benzodiazepines 

114 
during sleep in rabbits 115 
patients with general brain syndrome 511 
pattern in rabbit cerebral anterior lobe 

117 
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EEG 
power in cat caudate nucleus 116 
power in cat hippocampus 116 
spontaneous, in rabbit red nucleus 117 
thalamic, cats 274, 275 
theta-band, spectral density, cats 116 
theta-rhythm during REM sleep 119 

EEG-NREM 
see also Slow sleep 
see also Spindle sleep 

EEG-REM 
see also Rapid eye movement sleep 

Elasticity of demand 614, 616 
definition 614 

Electroshock test, mice 268 
EMD 21 '657, nootropic effects, rats 421 
Emesis, apomorphine induced, dogs 56 
Ergolines 

biogenic amines, brain 413 
chemical structure 412 
stereochemistry 411 

Ergopeptines 413 
Ergot alkaloids 

biological activity 409 
gerontopsychopharmacological agents 

409 
ERG=electroretinogram 112 
Erimin = nimetazepam 9 
Estazolam 

blood pressure 23 
bronchospasm in cats 33 
carrageenin inflamed mouse tail 52 
chemical structure 9 
cortical arousal 118 
EEG, hippocampal theta-rhythm, 

threshold 120 
electrolyte excretion in rats 44 
heart rate in rabbits 23 
motility, gastrointestinal 37 
NREM sleep, rats 126 
pain threshold 51 
pressor response 

carotid occlusion 28 
hypothalamic stimulation 27 
mesencephalic stimulation 27 
sciatic nerve stimulation 28 

REM sleep 126 
respiratory system, dogs 32 
theta-rythm during REM-sleep 119 
urinary output, rats 44 
uterus spasm 39 
writhing test, mice 51 

Ethosuximide 48 
barbiturate withdrawal syndrome, rats 

65 
brain/blood glucose ratio, rats 48 

Subject Index 

EEG, y-hydroxybutyrate induced 
patterns 64 

myoclonic jerks, y-hydroxybutyrate 
induced, animals 65 

Ethyl-apovincaminate 
CMR02 502 

Etiracetam 
ECS induced amnesia 481 
pessimal rhythm in rats 484 

Eurodin = estazolam 9 
Evoked potentials 

benzodiazepines 109-112 
meprobamate 273 

Fenfluramine 
anorectic activity 562 

eating rate 589 
mechanism of action 589 
monaminergic mechanism 560 

cross tolerance to amphetamine 589 
food intake 560 
potency, hypodipsic, rats 589 
serotonin system, interaction 562 
taste aversion paradigm 597 

Fenoxedil 
chemical structure 418 
vasodilation, cerebral, humans 418 

Fibrinolytic drugs, bleeding risk 115 
Fibrinolytics 515 
Fipexide 

chemical structure 418 
psychostimulant effect, humans 418, 435 

Fix=i.v. injection in terminology of addicts 
612 

FI = Fixed interval schedule 628 
Fludiazepam 

afterdischarge, cat amygdala 122 
cat central gray matter 109 
EEG 

hippocampal arousal, threshold 119 
limbic system, cats 109 
theta-rhythm, hippocampal, threshold 

120 
14C-HIAA effiux, rat brain 148 
14C_HT effiux, rat brain 148 
PGO waves 

NREM sleep, cats 127 
REM sleep, cats 127 

serotonin uptake, brain tissue 306 
Flunarizine 

CBF, cats 509 
chemical structure 415 
clinical trials 416 
mechanism of action, animals 396 
oxygen tension, cerebrocortical, cats 509 
pC02 , cerebrocortical 509 
RBC deformability, patients 416, 509 
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Flunitrazepam 
affinity, melanin containing cells 178 
afterdischarge 000 
aggression, spontaneous monkeys 83 
cGMP level in cerebellum 305 
chemical structure 10 
Cl- excretion, episiotomized dogs 44 
convulsions, cocaine induced, rats 62 
DOPAC level, brain 308 
drug induced, rats 88 
EEG 

cortical spindles in monkeys 116 
density, spectral, cats 116 
theta-rhythm during REM-sleep 119 

induction, thalamic, cats 121 
3H -Flunitrazepam 

binding, brain cell membrane 174 
binding sites 

"reeler" mutant mice 183 
"stragger mice" cerebellum 182 
"weaver" mutant mice 183 

CNS 
number of binding sites, rats 177 
receptor localization, human 177 
receptor localization, mice 177 
receptor localization, rats 177 

dissociation rate 180 
GABA depletion in patients, putamen 183 
metabolism 

rat brain 185 
rat brain, after combustion 186 
rat brain, cerebrocortical 186 
rat brain, hippocampal 186 
rat brain, total 185 

receptor binding 
affinity 294 
affinity, rat brain 301 
affinity and halides 301 
Huntington's chorea patients brain 183 
rat brain homogenates 174 
rat striatum, kainic acid 183, 187 
L-tryptophan, inhibitor potency 191 

DL-m-Fluorotyrosine 65 
Flurazepam 

abuse by man 401 
ACh, cortex 136 
ACh hyperpolarization 98 
ACh level 

endogenous, rat brain 307 
rat brain stem 136 
rat cerebral cortex 136 
rat striatum 136 

adenosine uptake, rat cerebral cortex 166 
aggression 

grouped male mice 86 
spontaneous, monkeys 83 

agitation in leeches 99 
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anticoagulants interference, humans 370 
antidromic spike 

Rl5 cells 98 
R2 cells 98 

anxiolytic effect, human 7 
blood pressure 

cats 23 
dogs 22 
rabbits 23 

carrageenin test, animals 53 
chemical structure 8 
conduction velocity, R2 cell axon 98 
current 

Rl5 cells 99 
R2 cells 99 

depolarization 
ganglionic 96 
lobster muscle fibre 42 

dorsal root potential 
frog spinal cord 155 

DR-DRPs 104 
EEG 

augmenting response 120 
cortical arousal 118 
during sleep in rabbits 115 
hippocampal arousal, threshold 119 
theta-rhythm during REM-sleep 119 

electrolyte excretion, rats 44 
emesis, apomorphine induced in dogs 56 
EPSP R15 cells 98 
food intake, rats 53 
frequency, vaginal estrus 46 
GABA 

concentration response, frog spinal 
cord 163 

depolarization 96 
depolarization, lobster muscle 162 
depolarization, Na + dependent 98 
depolarization, primary afferents 105, 

163 
depressant effect, rat medulla neuron 

162 
hyperpolarization 105 
iontophoresis 154 
iontophoresis, rats 133 
picrotoxin effect 195 
response, depression 163 
response, lobster muscle 42 
uptake, cerebellar slices 304 

3H-GABA release, K + stimulated 158 
glutamate depolarization, frog spinal cord 

152 
glutamate response, depression 163 
heart rate, dogs 22 
3H-5-HIAA formation mouse 

telencephalon 149 
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Flurazepam 
hole board method, mice 78 
hot plate test, mice 51 
3H-5-HT formation, mouse 

telencephalon 149 
3H-5-HT formation from 3H-tryptophan, 

mice 306 
3H-5-HT release, K + induced in rat 146 
hyperthermia, cats 56 
inosine transmitter like actions 190 
jaundice, humans 373 
locomotor activity, jiggle cages, rats 77 
membrane potential, marine snails 97 
mode of action in cortical neuron 131 
motility, gastrointestinal, dogs 36 
muscimol depolarizating effect 155 
neuronal activity 

acetylcholine induced, rats 132 
cortical, in rabbits 130 
glutamate induced, rats 132 
ongoing in cortex 131 
rat cerebral cortex 166 
rat purkinje cell and bicuculline 130 
rat purkinje cell and picrotoxin 130 
spontaneous, raphe neuron 151 
spontaneous, rat medulla 161 
spontaneous, rats 133 

pain threshold, inflamed rat paw 52 
papillary muscle 25 
polysynaptic reflex, decerebrate cats 100 
pressor response 

carotid occlusion 28 
hypothalamic stimulation, rats 27 

pressure, biliar, rats 36 
prolactine level, human 46 
respiratory system, dogs 32 
response 

excitatory, to inosine 167 
inhibitory, to inosine 167 

serotonin, twitches in mice 150 
serum growth hormone, volunteers 46 
teratogenicity, cats 374 
tolerance, human 14 
urinary output, rats 44 
waking time, squirrel monkeys 126 
water intake, rats 52 
withdrawal signs, human 397 
writhing test, mice 51 

Food intake 53, 54, 267, 560, 562 
amphetamine, rats 54 
anorexogenic drugs, dogs 
humans 589 
psychomotor stimulants 589 
serotonin system, interaction 562 

Food reinforcement 593 
FR-I = Fixed ratio 1 schedule 628 
Freak = addict in terminology of addicts 612 

Subject Index 

GABA (= gamma-amino butyric acid) 154 
agonists, central effects 196 
agonists, effect on in vitro binding 3H_ 

diazepam 299 
antagonists, benzodiazepines 155, 164 
binding, competing with gabamodulin 

170 
binding, endogenous, inhibitor 

hypothesis 165 
binding, specifity, benzodiazepines 166 
catabolizing enzymes 304 
chloride channel effect 309 
eNS 

content, forebrain 159 
depletion, patients, affinity of putamen 

183 
number of binding sites, rats 177 

depolarization, lobster mucle 162 
depolarization, rat spinal ganglion cell 

162 
discharge, rat purkinje cell 131 
GABA-modulin effect 301 
granule cells effectiveness 195 
head turning, striatum stimulation evoked 

in rats 82, 163 
level, endogenous, cat spinal cord 304 
level, endogenous, mouse cerebral cortex 

304 
level, endogenous, rat caudate 304 
level, endogenous, rat cingulate cortex 

304 
level, endogenous, rat pyriform cortex 

304 
level, mouse forebrain 304 
level, rat brain 159 
level, rat substantia nigra 304 
pharmacological interactions 

barbiturates 303 
meprobamate 303 
phenytoin 303 

receptor 
3H-GABA affinity, rat brain 301 
brain, regional distribution 301 
naloxone blocking activity 61 

release, rat brain synaptosomes 304 
seizures 

bicuculline induced, mode of action 60 
muscimol 192 

sensorimotor cortex neuron 163 
spontaneous firing rate in rat cell 163 
transaminase in mouse brain homogenate 

160 
turnover, benzodiazepines 304 

globus pallidus 160 
mouse cerebral cortex 160 
mouse corpus striatum 160 
nucleus caudatus 160 
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uptake in cat cerebellar slices 304 
uptake in cerebral cortex 304 
uptake in rat brain synaptosomes 304 
uptake in rat cerebellar slices 304 
urinary level, healthy volunteers 160 
urinary level, patients 160 

GABA-modulin (=protein, 15,000 daltons) 
GABA effect on 301 
location in cerebellar Golgi cells 194 
receptor properties 30 I 
release, Golgi cells 195 

GABAergic effects 
basket cell, firing rate 155 
input, dopaminergic cells 308 
input, dopaminergic neuron 157 
input, locus ceruleus cell 157 
interneuron excitation 158 
neuron, site of action 158 
synapses 

binding affinity sites 199 
limbic structures 114, 170 
neocortex 114, 170 

transaminase, inhibition 105 
transmission, synaptic, mode of action 

benzodiazepines 154 
14C-GABA release, K + induced 158 
3H-GABA 

binding, Na + independent 165 
membrane affinity 166 
mouse brain synaptosomes 161 

depolarization, primary afferents 105, 
163 

ganglionic depolarization 96 
ganglionic hyperpolarization 105 
neuronal activity, purkinje cell l31 
overflow, rat brain cortex 158 
release, response to high K + 158 
uptake 

rat cerebral cortex homogenates 158 
rat cerebral cortex slices 158 

GABA mediated cGMP decrease 165 
GABA mimetic actions 105 

bicuculline 192 
GAS, hormone secretion 466 
GA = growth hormone 
Gerontopsychiatry 409, 417, 462 
Gerontopsychopharmacological agents 

409--422, 436--439, 444--446 
ageing 438 

endogenous causes 439 
exogenous causes 438 

chemistry 409 
dihydroergopeptines 409 
ergo lines 411 
phenoxyacetic acid derivatives 417 
phenylethanol-amine derivatives 419 
piperazine derivates 415 

vincamine alkaloids 413 
viatmin B6 derivates 420 
xanthine derivates 422 

co-dergocrine mesylate 445, 446 
behavior 448 
metabolic effects 446 
synaptic transmission 447 

main groups 436 
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organic brain syndrome, treatment 438 
piracetam 448, 449 

behavioral effects 449 
metabolic effects 449 
neurophysiologic effects 448 

vincamine 444 
Gerontopsychopharmacology 441,442 

animal models 441 
acute brain failure 441 
impairment of synaptic transmission 

442 
Gerontopsychopharmacology, behavioral 

461--479 
motto 461 
progeria models 471 
studies in old animals 464--468 

active avoidance 468 
appetitive maze learning 468 
conditioned avoidance response 468 
EEG 464 
evoked potentials 464 
learning and memory 467 
life-span studies 464 
passive avoidance 467 
reactivity to stress 466 
short-term memory 468 
thermic decompensation 467 

studies in young adults 472--479 
amnesic procedures 479 
brain ischemia 473 
deficient animals 473 
hypoxia 474 
memory-related psychophysiological 

models 483 
sociosensory deprivation 477 
standard young adults 478 

Gerontopsychopharmacotherapy 493--497, 
512~515 

cerebrovascular agents 493 
blood, vessel wall interactions 497 
receptor agonists 495 
receptor antagonists 495 
steal - effect 494 
vasoactive drugs, mechanisms of action 

495 
vasodilators versus vasoactive drugs 494 

cerebrovascular effects, direct 505~ 515 
bencyc1ane 507 
cinnarizine 508 
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Gerontopsychopharmacotherapy 
cerebrovascular 

cyclandelate 505 
flunarizine 509 
methylaxanthines 506 
nicardipine 509 
nimodipine 509 
papaverine 505 
smooth muscle effects, direct 495 
suloctidil 510 
xanthinol-nicotinate 507 

cerebrovascular effects, transmitter 
mediated 501-504 
betahistine 504 
codergocrine mesylate 501 
isoxuprine 504 
naphtidrophuryl 503 
nicergoline 502 
tinophedrine 504 
vincamine 502 

defibrinating agents 515 
fibrinolytics 515 
platelet aggregation, inhibitors 512-514 

acetyl salycilic acid 512 
dipyridamole 513 
sulfinpyrazone 513 

thromboxane antagonists 514 
thromboxane synthesis inhibitors 514 

Glucose 
cerebral metabolic rate, dementia 533 
concentration, mouse brain 503 
consumption, cerebral 511 
level, intracellular, rat brain 48, 309 
metabolism changes, importance for 

dementia 533 
transport in rats 48 
uptake, cerebral, in dementia 48,511,533 

14C-Glutamate activity 159 
Glutathione 413 
Glycerol, muscle relaxation 286 
14C-Glycine release 153 
14C-Glycine uptake, spinal cord 153 
Growth hormone 414 

H 1 = vascular histamine receptor 
Habituation see Drug dependence 
Ha1cion = triazolam 
Half-life 

human, age dependent 
amobarbital 345 
benzodiazepines 324, 325 
chlordiazepoxide 346 
lorazepam 345 
nordiazepam 333, 345 
oxazepam 340 
phenobarbital 345 
temazepam 341 

human, liver dysfunction 
amobarbital 348 
meprobamate 348 
pentobarbital 348 
phenobarbital . 348 

human, renal malfunction 
lorazepam 340, 349 
oxazepam 349 

human plasma 
chlordiazepoxide 348 
diazepam 333, 344, 348 
meprobamate 352 
nomifensine 551 

lorazepam glucuronide 340 
mazindo1 551 
stimulus, central 620 

Haloperidol 

Subject Index 

ACh release, d-amphetamine induced, 
cortex 559 

amphetamine interaction 563 
cGMP, mouse medial forebrain 173 
dopaminergic receptor binding 563 

3H-Ha1operidol, specific binding, brain 
membranes 137 

Hemostasis, mechanism, basic 498 
Heroin 614 

assessment of elasticity of demand 614 
Heroin 

demand, daily dose of injection 614 
dependence 614 
dependence in combination with 

psychomotor stimulants 618 
elasticity of demand, monkeys 614, 615 
pharmacological properties and market 

place 613 
price, response cost 615 
self-injection, baboons 614 

Hexobarbital 466 
lethal dose, human 15 

Hexobendine 
blood pressure, systemic 511 
cardial O2 consumption 511 
CBF 537 

carotid occlusion, cats 511 
cerebrovascular disease, patients 511 

cerebral metabolism 537 
cerebral oxygen consumption 511 
coronary blood flow 511 
glucose consumption 511 
glucose uptake 511 
lactate consumption 511 
substrate uptake 

brain 511 
heart 511 

5-HIAA (= 5-hydroxyacetic acid) 275 
brain level 152, 306 
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content 
rat brain 147 
rat brainstem 276 
rat cerebral cortex 147 
rat hypothalamus 147 
rat midbrain 147 
rat pons medulla 147 
rat striatum 147 

5-HT, main metabolite 147 
probenecid interactions, brain 147 
turnover, measurement 147 
urinary excretion, rats 276 

14C_HIAA effiux in rat brain 150 
14C_5_HIAA level, brain 306 
3H-5-HIAA formation, mouse 

telencephalon 149 
Hippocampal arousal, threshold 118 
Histamine 

CBF 535 
CMR-02 535 
neurotransmitter, cerebral 495 

HL = luteinizing hormone 
HSCL anxiety score 287 
5-HT 

behavioral disinhibition 152 
guinea pig brain 146 
head twitches, mice 150 
5-HIAA 147 

aggressive rats 149 
normal rats 149 

level, mazindol interaction, brain 558 
main metabolite, 5-HIAA 147 
mouse brain 146 
rabbit isolated blood platelets 146 
rabbit platelets 276 
rat brain 146 
rat cerebral cortex 149 
turnover, amphetamine interaction 558 
uptake 558 
see Serotonin 

14C_5_HT concentration 
in rat brain 148 

14C_HT effiux in rat brain 148 
14C_5_HT uptake 

human isolated platelet 145 
intracisternal 145 

3H-5-HT formation, mouse telencephalon 
149 

3H-5-HT formation 
from 3H-tryptophan, mice 306 

3H-5-HT release 
K + induced in rat amygdala 146 
K + induced in rat hippocampus 146 

3H-5-HT uptake 
synaptosomal, mouse brain 145 
synaptosomal, rat brain 145 
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5-HTP 
accumulation 149 
behavioral response, mice 150 

HV A ( = homovanillic acid) 276, 566, 567 
content, rat brain 276 

Hydergine 
active avoidance, old rats 472 
alpha-adrenoceptor 446 
alpha-blocker, properties 501 
behavior, cognitive 448 
brain actions 447 
cAMP production, cat cortex 447 
cardiovascular system 46 
CBF 

cats 501 
human 501 
peripheral vascular effects 501 

cerebrovascular effects in animals 50 I 
cerebrovascular resistance 

animals 501 
humans 501 
hypocapnic dogs 501 

circulatory time, patients brain 501 
clozapine, neurochemical effects 447 
CMR02 501 
CNS 446 
cognitive effects 448 
cognitive functions, rhesus monkeys 468 
cognitive symptoms, senile patients 46 
connectivity, interhemispheric 464 
cortical microflow, cats 47 
dihydroergotoxine mesylate, active 

principle 
dopamine receptors 443, 446, 447 
EEG 

power, cats 501 
power, hypotension induced, cats 447 

effects in chronic alcohol damage, animals 
441 

haloperidol, neurochemical effect 447 
heart rate 501 
hypoglycemic effect 501 
hypoglycemic effect, adrenaline 

interaction 501 
inotropic effect 501 
intestinal motility, adrenaline induced 501 
metabolic capacity, brain 442 
metabolic effect, human brain 501 
metabolism 

in vitro brain cell 447 
patients brain cell 448 

morphine, neurochemical effect 447 
motor functions 448 
neurotransmission 447 
neurotransmitter, brain 502 
nootropic effects 464 
PGO waves, cats 448 
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Hydergine 
phosphodiesterase activity, brain 501 
p02 distribution, cat cortical tissue 447 
senile patients, emotional situation 446 
serotonin 

receptors 446 
receptors, postsynaptic 447 

serotonin effect at central synaptic 
receptor 443 

uterus 446 
vasoactivity 501 
vessel, musculotropic effect 501 
vigilance stabilization 465 

Hydroxizine hydrochloride 
chemical structure 5 

p-H ydroxyamphetamine 
acetylcholine precursor 443 
brain distribution 548 
chemical structure 418 
neurotransmission 435 
pessimal rhythm, rats 484 
rat brainstem 548 
rat striatum 548 
taste aversion paradigm 597 

Hydroxybutyrate 64 
p-Hydroxynorephedrine 548-550 

concentration 
brain stem 550 
striatum 548 

Hyperlipidemia, rats 50 
Hyperthermia, cats 56 
Hypoxia, cerebral 481, 495 

Ifenoprodil 
cerebral insufficiency, human 419, 420 
chemical structure 419 

Imidazole 
thromboxane A2 inhibition 500 
thromboxane B2 with seizure 500 
thromboxane synthetase inhibition 514 

Imipramine, vigilance stabilization 465 
Inosine, seizures, pentetrazole 190 
Instenon 

CBF 511 
in patients with vascular lesions 511 

EEG 
patients with general brain syndrome 

511 
tolerance, volunteers 511 

Interhemispheric transfer 485 
Iprindole, locomotor activity, amphetamine 

induced 563 
Irazepine, sedation prolongation in mice 176 
Isoxsuprine 

arterial vessels 504 
beta-adrenomimetic properties 504 
blood pressure 504 

cerebral vessels, cats 504 
chemical structure 419 
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EEG, cerebrovascular patients 504 
heart contractility 504 
heart rate 504. 
mental performance, humans 419 
performance, geriatric patients 504 

Ketazolam, ACh level in rat brain 136 

Lergotrile, age-depending enzyme changes, 
rats 443 

Levanxol = temazepam 8 
Lexotanol = bromazepam 9 
Librium see Chlordiazepoxide 6 
Lisuride 

chemical structure 412 
EEG 412 

Local anesthetics 62 
Locomotion 

amphetamine, mice 80, 270 
bemegride, mice 81 
caffeine, rats 81 
cocaine, mice 80 
grouped animals 562 
isolated animals 562 
jiggle cages, rats 77 
methylphenidate, mice 80 
morphine, mice 81 
muscimol, mice 81 
older animals 466 
psychomotor stimulants 559, 587, 596 
reserpine, mice 81 
trihexyphenidyl, mice 81 
young rats 562 

Lorazepam (=ativan) 361 
absorption, human 334 
ACh level, endogenous, rat brain 307 
anxiolytic effect, human 7 
arrhythmias, aconitine induced, dogs 24 
binding site 187 
blood pressure 

dogs 22 
human 18 

chemical structure 8 
clearance values 

liver dysfunction 348 
distribution-volume 340 
EEG, theta-rhythm during REM-sleep 

119 
elimination, human 333 
evoked potentials, preoptic area 109 
half-life 340 

dependence 345 
glucoronide 340 
uremic patients 349 
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head turning, electrical induced, rats 82 
heart rate, dogs 22 
hyperlipidemia, rats 50 
milk preference 55 
multi-unit activity, rat midbrain 129 
myocardial contractile force, dogs 22 
NREM sleep 124 
palmar skin conductivity, mice 39 
PGO waves, reserpine, cats 127 
pharmacokinetics 325 
plasma concentration 339 
reactions, adverse, humans 367 
receptors, prolonged application, rats 299 
respiratory pattern, patients 32 
seizures, pentetrazole induced 58 
serum cholesterol, rabbits 50 
serum phosphatide, rabbits 50 
tail-flick test, rats 52 
teratogenicity, rodents 374 
ventilatory response, patients 33 
water intake 

mice 55 
rats 55 

withdrawal signs, man 397 
Y -maze test, exploratory behavior, rats 79 

LSD = lysergic acid diethylamide 
d-LSD binding, stereospecific, brain 

membrane 145 
3H-LSD, serotonin receptor 306 
LSD-25 411 
L TH = luteotropic hormone 
Luxury 

definition 614 
elasticity 614 

Madar = desmethyldiazepam 9 
Maximal electroshock = MES 
Mazindol 

anorectic activity, monaminergic 
mechanism 560 

central mechanisms (Table 7) 562 
chemical structure 546 
half-life 551 
5-HIAA level, brain 558 
5-HT level, brain 558 
locomotor hyperactivity, reserpine effect 

563 
noradrenergic system, effect in rat brain 

553 
Mebutamate 

blood pressure 
acetylcholine response, dogs 265 
adrenaline response, dogs 265 
dogs 265 
patients 265 
rabbits 265 

763 

cardiac output, dogs 265 
coronary vascular resistance, dogs 265 
depressor response, vagally evoked 265 
EEG, dogs 265 
peripheral vascular resistance, dogs 265 

Meclofenoxate 
cerebrovascular insufficiency, humans 

417 
chemical structure 417 
CNS stimulation, humans 417 
pessimal rhythm in rats 484 

Medazepam 
aberration, chromosomal, human 374 
ACh hyperpolarization, Cl- dependent 

98 
aggression, isolation induced, mice 85 
antidromic spike 

Rl5 cells 98 
R2 cells 98 

blood pressure 
cats 23 
rabbits 23 

bronchospasm, cats 33 
cAMP, phosphodiesterase activity, rat 

brain 172 
carrageenin test, animals 53 
chemical structure 8 
cholinesterase activity, rat red cell 135 
cough, ammonia insufflation evoked in 

cats 33 
EEG 

pattern, rabbit cerebellar anterior lobe 
117 

power, cat caudate nucleus 116 
power, cat cortex 116 
power, curarized cat hippocampus 116 
spontaneous, raabbit red nucleus 117 

evoked potentials, amygdalohippocampal 
109 

exploratory activity, mice 78 
gastric secretion, histamine induced 35 
gastrointestinal motility, dogs 36 
hole board method, mice 78 
hot plate test, mice 51 
5-HT, head twitches, mice 150 
milk preference 55 
monosynaptic reflex, decerebrate cats 100 
NREM sleep 124 
pain threshold, noninflamed rat paw 52 
polysynaptic reflex, decerebrate cats 100 
pressor response 

carotid occlusion 28 
hypothalamic stimulation, rats 27 

reinforcing effect, rats 300 
REM sleep 124 
respiratory system, dogs 32 
salivation, pilocarpine induced, mice 38 
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Medazepam 
stimulation threshold 

medial thalamus 110 
septum 110 

tail-flick test, mice 52 
Medazolam 

cardiac output, human 19 
peripheral vascular resistance, human 19 
stroke volume, human 19 
writhing test mice 51 

MED = Minimal effective dose 
Memory failure 463 
Mental alterations 

Alzheimer type 438 
organic brain syndrome 437 

Mental capabilities, elderly patients 461 
Mental fatigability, psychogeriatric target 

symptom 463 
Mephenesin 

anticonvulsant effect, human 4 
chemical structure 4, 263 
effectiveness by oral medication 286 
interneurone blocking agent 286 
muscle relaxing effect, human 4 
sedative 286 
tranquilizer 286 

Meprobamate 
abuse signs, human 402 
ACh, contraction in guinea pig ileum 266 
ADP content, rat brain 276 
afterdischarge, threshold, limbic system 

274 
aggression 

behavioral activity 285 
DL-DOPA induced in mice 271 
foot shock induced in mice 270 
monkeys 270 
stimulation, gibbon brain 271 

anticonvulsant properties, human 268 
antiemetic effect, dogs 266 
antinociceptive effect, guinea pigs 267 
antipyretic effect 

guinea pigs 264 
rabbits 266 

ATP content, rat brain 276 
ATP/ADP ratio, rats 49 
BaCl2 contraction, guinea pig ileum 266 
barbiturate 

effect, cat spinal cord 273 
synergism, mice 270 
withdrawal syndrome, rats 268 

behavior, sleep-like, cats 275 
benzodiazepine receptor 

binding 193 
replacement 359 

blood level 352 

blood pressure 
cats 264 
dogs 264 
rabbits 264 

body temperature 
mice 266 
rabbits 266 
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cAMP content, rat brain 276 
cerebral cortex 275 
chemical structure 4, 263 
climbing impulse, mice 269 
CNS, distribution 351 
convulsions, pentetrazole induced, mice 

268 
crossed extensor reflex, cats 271 
DA turnover, rat striatum 276 
dependence 

cross physical, man 398 
cross physical, with barbiturates 397 
physical, human 397 

dorsal root potentials, cats 273 
dorsal root reflexes, cats 273 
EEG 

acoustic stimuli in rabbits 274 
arousal threshold, cat cortex 274 
auditory stimuli response 273 
cortical power spectra, cats 466 
neocortical, cats 274 
synchronisation, amygdala 274 
synchronisation, basal ganglia 274 
synchronisation, hypothalamus 274 
synchronisation, monkey amygdala 

275 
synchronisation, monkey caudate 

nucleus 275 
synchronisation, thalamus 274 
thalamic, cats 275 
thalamic, immobilized cats 274 

effectiveness, oral 286 
electroshock test, mice 268 
energy metabolism, brain 276 
ethanol effect, mice 270 
evoked potentials 

amygdalocampal 273 
cortical, nearby surface 273 

evoked response 
click 273 
hypertensive, pentetrazole 265 

extensor reflex, ipsilateral, decerebrate 
cats 272 

flexor reflex, cat hind limb 269 
polysynaptic, cats 271 

flexor reflex, contralateral, decerebrate 
cats 272 

food consumption 
starved mice 267 
starved rats 267 
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food intake, starved mice 267 
GABA-like effect 303 
GABAergic mechanism 276 
half-life 

human 352 
patients with liver disease 348 

heart rate, dogs 264 
hexobarbitone synergism, mice 270 
5-HIAA, content, rat brainstem 276 
5-HIAA, urinary excretion, rats 276 
hippocampus 275 
hissing response, hypothalamic evoked in 

cats 271 
horizontal grid test, mice 269 
5-HT content, rabbit blood platelets 276 
5-HT contraction, guinea pig ileum 266 
HVA content 

monkey thalamus 275 
rat brain 276 

hyperirritability, septal rats 271 
inflammation, drug induced, rat stomach 

266 
interneurons 272 
irritability, intraventricular evoked, cats 

271 
jiggle cage, motility, rats 77 
knee jerk 

bulbar evoked, cats 272 
reticular stimulation evoked, cats 272 

lethal dose, human 15 
limbic structures 274 
locomotor activity 268-270 
melanophore pigment, frog skin 268 
metabolism, chronic administration, 

human 352 
midbrain 275 
minor tranquilizer 395 
monosynaptic reflexes 

intact cats 272 
spinal cats 272 

muricide behavior of killer rats 270 
muscle relaxation, central 263 
NA turnover, rat cerebral cortex 276 
y-neuron activity, decerebrate cats 272 
neuronal activity 

cat spinal cord 271 
reticular rat midbrain neuron 129 

nicotine, contraction, guinea pig ileum 
266 

noradrenaline turnover 308 
ovulatory action, rats 267 
palmar skin conductance, mice 266 
patellar reflex, cats 269 
pharmacokinetics 352 
plasma corticosteroids, stress induced, 

rats 267 
plasma protein affinity 353 

plate crossing test, mice 78 
pressor response 

hypothalamic stimulation 264 
midbrain stimulation 265 

REM-sleep 275 
PGO waves 275 

respiratory amplitude 
cats 265 
rabbits 265 

respiratory rate 
cats 265 
rabbits 265 

restlessness 285 
righting reflex 

benzimidazole evoked, mice 269 
methenesin evoked, mice 269 
phenobarbitone evoked, mice 269 

seizures 
electroshock induced, mice 268 
maximal audiogenic, mice 268 

site of action 274 
social dominant test, monkeys 270 
solubility in water (pKa) 351 
strychnine evoked, mice 268 
tolerance 

functional 396 
metabolic 396 
metabolic, mechanism of 396 

toxic plasma levels 353 
toxicity, acute 263 
toxicology, clinical 353 
tranquilization 4, 263 
twitch response 

frog sartorius muscle 267 
frog skeletal muscle 267 

ulcers 
electric shock evoked, rats 265 
histamine evoked, guinea pigs 265 

urinary excretion, profile 352 
withdrawal symptoms 397 

MES = Maximal electro shock 
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Methaminodiazepoxide = chlordiazepoxide 
6 

Methamphetamine 
aggression, rats 590 
anorectic effect 589 
N-dealkylation, liver 550 
psychosis, toxic in human 590 
self-administration, monkeys 623 

CI-Methamphetamine 
hypodipsic potency, rats 589 

d-Methamphetamine 
access to drug, rhesus monkeys 624 
dopamine depletion, rat brain 595 

I-Methamphetamine 
hypodipsic potency, rats 589 

p-Cl-Methamphetamine 
taste aversion 597 
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Methaqualone 
GABA antagonist 303 

3-Methyl-clonazepam 
schistosomicidal effect 42 

7-Methyl-inosine 
seizures, pentetrazole induced 190 

Methylimidazole 
thromboxane synthetase inhibition 514 

I-Methylisoguanosine 190 
Methyloxazepam 171 
N-Methyloxazepam 

aggression, isolation induced, mice 85 
Methylphenidate 

anorectic effect 589 
chemical structure 446, 546 
choice selfadministration, monkeys 629, 

631 
compulsive gnawing, mice 564 
DA release, reserpine pretreated animals 

558 
DOP AC level, rat brain 558 
dopamine level, rat brain 595 
dopaminergic system 554 
locomotor hyperactivity, reserpine effect 

563 
metabolism 

dogs 551 
human 551 
rodents 551 

plasma half-life 
dogs 551 
rats 551 

reinforcing properties 630 
threo isomer, activity 546 

Methylphentermine 
HV A, striatal, tolerance induced in rats 

567 
Methylprylone 

blood glucose level, rats 48 
brain glucose level, rats 48 

IX-Methyltyrosine 
ACh release, d-amphetamine induced in 

cortex 559 
Methylxanthine 

cAMP 506 
cerebrovascular activity 505 

Methysergide 
chemical structure 412 
EEG 412 
PGO waves, reserpine induced 412 

Microcirculation 500 
atherosclerotic plaques 500 
red blood cell changes 500 
vasodilation 500 

Midazolam 
blood pressure, dogs 22 
cardiac output, dogs 23 
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coronary blood flow, dogs 23 
depolarization, ganglionic, cats 96, 161 
dp/dtmax left ventricular, dogs 23 
gastric secretion, histamine induced 35 
gastrointestinal motility, dogs 36 
interneuron, spontaneous activity 105 
Renshaw cell excitation 105 
salivation, pilocarpine induced, mice 38 
stroke volume, dogs 23 
vascular resistance, dogs 

Miltown = meprobamat 
MMPI = Minnesota Multiphasic Personality 

Inventory 
Modazepam 

sleep-wakefulness cycle 127 
sleeping time, halothane interaction, mice 

89 
Mogadon = nitrazepam 10 
Monosynaptic reflexes 100, 271 

mode of action, benzodiazepines 101 
MOPEG = 3-methoxy-4-hydroxyphenylet­

hylglycol 
MOPEG level, rat brain 143 
MOPEG-S04 = 3-methoxy-4-hydroxy-phe­

nylglycol sulfate 
major noradrenaline metabolite, brain 

308 
Morphine 

blood glucose level, rats 48 
brain/blood glucose ratio, rats 48 
sensitivity of older animals 466 

Motility, gastrointestinal, dogs 36, 37 
Muscimol 

GABA-like effects 192 
3H-Muscimol 161 
3H-Muscimol, affinity to benzodiazepoxide 

binding site 305 
Muscle relaxation 196, 263, 286, 367, 395 

smooth muscle 497 
Myanesin 286 

see Mephenesin 
Myelastan = tetrazepam 9 
Myocardial contractile force 

benzodiazepines 19-22 
lorazepam, dogs 22 

Myocardial O2 consumption 
benzodiazepines 19, 21 
hexobendine 511 

Myometrium, benzodiazepines 39 

NA = noradrenaline 
14C_NA uptake, adrenal medulla 141 
3H-NA 

half-life, rat brain stem 143 
level 

rat brain area 143 
rat cerebellum 143 
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rat cerebral cortex 143 
rat thalamus-midbrain 143 

synaptosomal fraction, rat brain 141 
uptake 

intracerebroventricular, rats 141 
rat hypothalamus synaptosomes 141 

Nafronyl, chemical structure 423 
Nalorphine 91 
Naloxone 51, 54, 61 
Naloxone 

benzodiazepine interactions 51, 91 
GABA receptor blocking activity 61 

Naphtidrofuryl{=nafronyl) 423,424 
brain enzyme activity, mouse 503 
brain glucose concentration, mouse 503 
brain lactate concentration, mouse 503 
45Ca uptake, aortic membrane fraction 

503 
CBF 536 
cerebral arteriosclerosis, human 424 
cerebral metabolic stimulants, human 

423,424 
cerebral transition time, patients 503 
cerebrovascular activity 503 
spasmolytic efficacy 503 
vasodilating efficacy 503 

NEF A = non-esterified fatty acids 
Neurotransmission 

changes with ageing 442 
co-dergocrine 435, 447 
piracetam 449 
piribedin 435 
psychotropic drugs 435 

Ni 2+ binding, benzodiazepines 181 
Nicardipine 

cAMP phosphodiesterase, effect 509 
CBF 

cardiovascular, patients 510 
cat basilar artery 510 
cerebral vascular bed, dogs 509 
coronary vascular bed, dogs 509 
effect on dog femoral vessels 509 

vasoactivity 509 
Nicotine 590 
Nicotinic acid 

brain metabolism 536 
CBF 536 

Nicotinyl alcohol 
antilipidemic effect 511 
CBF 

dogs 512 
patients 422 

chemical structure 421 
vasodilation 511 

Nigercoline 
alpha-adrenolytic potency 411, 502 
brain, metabolic capacity 442 

brain glucose uptake, dog 502 
CBF 502 

regional, TIA patients 502 
cerebrovascular patients 411 
chemical structure 412 
CMR02 

cognitive function, geriatric patients 
502 

situ isolated dog brain 502 
vertebral vascular bed, dogs 502 

peripheral vasodilation, patients 411 
Nimetazepam 
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afterdischarge, cat amygdala 122 
aggressive behavior, blowing provoked, 

cats 84 
chemical structure 9 
EEG 120 

theta-rhythm, cats 120 
5-HT, head twitches in mice 150 

Nimodipine 
basilar artery spasms, serotonin induced 

509 
blood-brain barrier, effects after break 

down 501 
brain ischemia, patients 510 
cAMP phophodiesterase 509 
CBF 
cerebrovascular bed, dogs 509 
coronary vascular bed, dogs 509 
femoral vessels, dogs 509 
vasospasmolysis, Ca2+ induced, aortic 

strips 509 
Nitrazepam (=mogadon) 

abuse, human 401 
ACh level, rat brain 307 
afterdischarge 

cat amygdala 122 
cortical, cats 121 
hippocampal, cats 122 

aggression 
brain lesion induced, rats 87 
brain stimulation induced, cats 87 
foot shock induced, mice 86 
grouped male mice 86 
isolation induced, mice 85 
monkeys 83 

agranulocytosis, human 371 
anticoagulants, interference, humans 370 
antipentetrazole activity, rats 60 
behavior, aggressive, blowing provoked, 

cats 84 
behavior, sleep-like, rabbits 125 
benzodiazepine receptor, interaction 176 
blood pressure 

dogs 22 
hypothalamus stimulation, cats 37 

bradycardia, vagally evoked, dogs 28 
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Nitrazepam 
carrageenin test, animals 53 
catecholamine turnover, brain 308 
chemical structure 10 
cholinesterase activity, rat red blood cell 

135 
CI- excretion, episiotomized dogs 44 
contraction, nictitating membrane, cats 

95 
convulsions, soman induced, monkeys 64 
DA level, rats 138 
DA turnover, rat striatum 307 
discharge, neuronal hippocampal, visual 

induced 128 
EEG 

activity, neocortex of sleeping rats 115 
awake, rabbits 125 
cortical arousal 118 
cortical spindles, monkeys 116 
density, spectral, cats 116 
during sleep in rabbits 115 
frequency, mouse vaginal estrus 46 
NREM, rats 126 
NREM awake, rabbits 125 
REM, rabbits 125 
REM, rats 126 
REM rebound, rhesus monkeys 127 
spontaneous, rabbit red nucleus 117 
theta-rhythm, hippocampal 120 
theta-rhythm during REM-sleep 119 

evoked potentials 
amygdala 110 
centrum medianum thalami 110 
click, reticular formation III 
cortex, contralateral sensory motor 112 
hippocampus 110 
midbrain reticular formation 110 
response threshold, lateral 

hypothalamus 110 
ventroanterior thalamic nucleus 110 

food intake, rats 53 
GABA induced depolarization 96 
gastric ulcer, stress induced, mice 35 
half-life 

antipyrine, human plasma 370 
phenylbutazone, human plasma 370 

5-HIAA hypothalamus 149 
hole board method, mice 78 
hot plate test, mice 53 
5-HT head twitches, mice 150 
5-HT turnover, rats 149 
hyperactivity, muscimol induced 91 
K + excretion, episiotomized dogs 44 
milk preference, rats 55 
motility, intestinal, brain stimulation 37 
)I-motoneuron, decerebrate cats 101 
NA level, mouse brain 142 
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NA turnover, rat cortex 307 
3H-NA, rat brain areas 143 
Na + excretion, episiotomized dogs 44 
neuronal activity 

excitatory episodes, cervical sympathetic 
nerve 95 

synchronous, granula cells 110 
pain threshold 51, 452 

carrageenin, inflamed mouse tail 52 
PGO waves, reserpine induced, cats 127 
phenobarbital, sleeping time, rats 369 
plasma corticosteroids, stressed rats 47 
polysynaptic reflex, decerebrate cats 100 
pressor response 

hypothalamic stimulation, rats 27 
mesencephalic stimulation evoked 27 

respiratory system, dogs 32 
restlessness during sleep, rats 126 
(X-rigidity, antianemic method induced, 

cats 76 
)I-rigidity, precollicular, decerebration 

induced 100 
seizures 

auditory stimuli induced, mice 68 
3-MPA induced, animals 61 
pentetrazole induced, mice 58 

selfadministration 40 1 
intragastric 401 
intravenous 401 

serotonin level, endogenous, brain 306 
sleeping time, halothane interaction, mice 

89 
teratogenicity, rodents 374 
thrombocytopenia, human 372 
tolerance, clinical, human 14 
water intake, rats 53 
water intake 

deprived rats 54 
mice 55 
rats 55 

withdrawal signs, human 397 
Y-maze behavior, rats 79 

Nobrium=medazepan 8 
Nomifensine 559 

absorption 
oral administration, monkeys 551 
oral administration, rats 551 

ACh level, rat striatum 559 
chemical structure 546 
DA release in reserpine pretreated 

animals 558 
half-life 

human 551 
monkeys 551 

HV A striatum, tolerant rats 567 
metabolism, human 551 
noradrenergic system, rat brain 553 
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Nomifensive 559 
Non REM sleep = NREM 
Nootropic drugs 

adenylate kinase, brain 463 
affinity to brain cortex 463 
affinity to hippocampus 463 
amnesia, hypoxia induced 481 
behavior 463 
blood brain barrier 463 
cerebral resistance 463 
CNS functions 463 
definition 463 
energetic potential, brain 463 
interhemispheric functional connectivity 

animals 465 
man 465 

learning, limbic system effects 463 
proline, cortical release 463 
selectivity, telencephalic 463 
transfer of information 463 

Noradrenaline 
brain metabolism in dementia 535 
calcium release 495 
CBF 495 

dementia with i.a. administration 535 
CNS effects 

benzodiazepines 143, 144 
level 

benzodiazepines 141, 142 
rabbit brain 141 
rat brain 141, 142 

release 
benzodiazepines 141 
rat brain 141 

turnover 
barbiturates 143 
benzodiazepines 143 
meprobamate 276 

uptake 
barbiturates 141 
benzodiazepines 141 
psycho stimulants 553 
rat brain 552 

vascular tone 495 
Nordiazepam 

blood level curve (Fig. 3) 327 
half-life 

age dependence, human 345 
human, volunteers 333 

protein binding, uremic patients 351 
NREM = slow sleep 
NREM = spindle sleep 
NREM sleep, benzodiazepines 124-126 
NSAIA (= nonsteroidal antiinflammatory 

agents) 513 
antiinflammatory activity 513 
platelet aggregation, collagen induced 513 

Nylidrine 
chemical structure 419 
vasodilatory activity, human 420 

Octatropine 37 
Opioids 

dependence 607 
selfadministration 617 

Oxazepam 
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ACh hyperpolarization, Cl- dependent 
98 

ACh level, endogenous, rat brain 307 
aggression 

brain stimulation induced, cats 87 
L-Dopa induced, mice 88 
foot shock induced, mice 86 
grouped male mice 86 
isolation induced, mice 85 

antianxiety effects 
animals 6 
human 7 

antipentetrazole activity, rats 60 
behavioral toxicity 366 
blood pressure 

cats 23 
dogs 22,24 

bronchospasm, cats 33 
cAMP 

guinea pig cerebral cortex 171 
phosphodiesterase activity, rat brain 

172 
chemical structure 7 
clearance changes in liver disease 348 
convulsions 

Jacksonian type, rabbits 64 
mice 58 
morphine induced, rabbits 64 
nicotine induced, rabbits 64 

EEG 
arousal, reticular formation 118 
NREM sleep 124 
REM sleep 124 
spontaneous, rabbit red nucleus 117 

elimination time, human 333 
evoked potential, visual, retina 112 
exploratory activity, mice 78 
frequency, mouse vaginal estrus 45 
GABA turnover 

corpus striatum 160 
mouse cerebellum 160 
mouse cerebral cortex 160 
mouse hippocampus 160 

gastric secretion, pentagastrin evoked, 
human 35 

half-life 340 
antipyrine, beagles 369 
uremic patients 349 
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Oxazepam 
heart rate 22, 24 
5-HIAA content 

rat cerebral cortex 147 
rat hypothalamus 147 
rat midbrain 147 
rat pons medulla 147 
rat striatum 147 

5-HIAA, hypothalamus 149 
hole board method, mice 78 
5-HT content, rat brain 146 
leukopenia, penicillin interaction, patient 

371 
locomotion 

amphetamine evoked, mice 80 
caffeine induced, rats 81 

membrane potential, skin 45 
milk preference, rats 55 
NA metabolism (labelled) 143 
neuronal activity 

R15 cells 98 
R2 cells 98 

pharmacokinetis 325 
plasma clearance, uremic patients 350 
plasma concentration 340 
plasma level, normal subjects 350 
side effects, human 367 
tail-flick test 

mice 52 
rats 52 

teratogenicity, rodents 374 
tolerance, rats 361 
tryptophan 

content in rat brain synaptosomes 150 
free level in plasma 306 

3H-tryptophan binding, serum albumin, 
rats 150 

withdrawal signs in humans 397 
V-maze behavior, rats 79 

Oxazolam (=serax) 361 
behavior, monkeys 84 
chemical structure 8 
dependence, physical, monkeys 362 
properties, pharmacological 10 
receptor, affinity in vitro 298 

Oxyfedrine 
chemical structure 419 
spasmolytic activity, humans 420 

P S 1 (= protein band, molecular weight 
51,000) 179 

Pain threshold estimation 
active avoidance, rats 469, 470 
benzodiazepines 51, 52 
Ugo Basile's analgesimeter tested, rats 

468 

Papaverine 
CBF 

human 505 
i.v. administration 535 
ischemic areas 505 

Subject Index 

nonischemic cat hemisphere 505 
normal perfused areas, patients 505 
patients 505 
rabbits 505 
regional, vasospastic patients 505 

chemical structure 414 
CMR oxygen, i.v. administration 535 
metabolism, cerebral, patients 505 
phosphodiesterase inhibitory activity 505 
spasmolytic effects 505 
vascular musculotropic effect 505 
vasospasmolysis 415 

Parazepam 
aggression, grouped male mice 86 
anxiolytic effect, human 7 
hole board method, mice 78 
liver metabolism 328 
locomotor activity, morphine induced, 

rats 81 
plasma curve after oral application 328 
seizures, auditory stimuli induced, mice 68 
water intake 

mice 55 
rats 55 

PDE = phosphodiesterase 496 
Pemoline 

pessimal rhythm in rats 484 
psychostimulant effect in humans 435 

Penfluridol 
anorectic activity, amphetamine induced 

560 
locomotor stimulation 560 
receptor binding, dopaminergic 563 
stereotyped, effects 560 
stimulation, amphetamine induced 563 

Penicillin 63 
Pentacozine, elasticity of demand, monkeys 

615 
Pentagastrin 35 
Pentetrazole, cortical response 113 
Pentobarbital, half-life, patients with liver 

disease 348 
Pentoxyfylline 

CBF 422 
chemical structure 422 
metabolism, rat brain 422 
ophtalmologic effects, patients 506 
otologic effects, patients 506 
peripheral vasodilatation, rats 422 

PGE1, platelet aggregation, ADP induced 
514 

PGF 2« (prostaglandin F 2«) 39 
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PGO (= ponto-geniculo-occipital) waves 
120,410 
benzodiazepines 127 
metysergide 112 
reserpine induction 410 

Phenmetrazine 598 
Phenobarbital 

ACh level 
mouse diencephalon 135 
mouse hemispheres 135 
mouse whole brain 135 

agranulocytosis, human 379 
antianxiety effect, human 3 
anticonvulsant properties, humans 375 
anticonvulsant properties 

DHMP induced in mice 65 
imipramine induced in rats 65 
kainic acid induced in rabbits 64 

blood glucose level, rats 48 
brain glucose level, rats 48 
cGMP, mouse medial forebrain 173 
chemical structure 3 
EEG, y-hydroxybutyrate induced in 

animals 64 
enzyme induction humans 378 
GABA turnover, brain 160 
half life 

age dependent, human 345 
patients with liver disease 348 

lethal dose, human 15 
megaloblastic anemia, humans 379 
muscular strength, rat forelimb 73 
NA uptake, rat cerebral cortex 141 
overdoses, safety problem, animals 363 
prothrombin time, humans 378 
reinforcement properties 400 
seizures 

kindling, in dogs 70 
,19-THC effect 90 

teratogenic activity 
mice 379 
rabbits 379 
rats 379 

Phenothiazines 
drug seeking behavior, human 611 
reinforcing properties, animals 611 

Phenoxybenzamine 
brain metabolism 535 

Phentolamine 
brain metabolism 535 
temperature self-regulation in older 

animals 467 
temperature self-regulation in young 

animals 467 
3H-Phenylethylamine, biosynthesis 145 
Phenytoin, GABA-like effect 303 

Physical dependence 397 
definition 397 

Physostigmine 
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cognitive functions, rhesus monkeys 468 
reversal of human overdosage, site of 

action 365 
Pial vessels, vasodilation, cholinergic tone 

495 
Piazepam, heart rate, dogs 24 
Picrotoxin 60 

depolarization effect 96 
GABA, presynaptic nerve ending 96 
neuronal activities, rat purkinje cell 131 
presynaptic nerve ending, benzodiazepine 

interaction 96 
Pimozide, specific dopaminergic receptor 

binding 563 
Pinazepam 

blood pressure, rabbits 23 
board test, rat equilibrium 74 
carrageenin test, animals 53 
chemical structure 9 
electrical stimulation, mouse tail 51 
hole board method, mice 78 
locomotor activity, mice 76 
pressor response, carotid occlusion 28 
receptor, affinity in vitro 298 
respiratory system, dogs 32 

Pipradol 
chemical structure 546 
I-isomer, stimulant activity 546 

Piracetam 
amnestic trauma, animals 449 
ATP, liver mitochondria 449 
ATP turnover, rat brain 449 
8-AZA effect on memory, man 483 
brain hypoxia, functional impairment 

442 
callosal writing-in efficacy, rats 484 
CBF 537 
chemical structure 423 
CMR-glucose 537 

dementia patients 538 
CMR-oxygen 537 

dementia patients 538 
CNS 

cognitive functions, rhesus monkeys 
468 

cycloheximide effect on memory, man 
483 

selective action, integrative functions 
448 

ECS induced amnesia 481 
prevention 480 

effect on lysosomal enzymes 449 
EPs, transcallosal, cats 484 
hippocampal, retrieval recovery 482 
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Piracetam 
interhemispheric transfer, rats 485 
intracerebral transfer of informations 449 
learning of normal rats 449 
memory, protein synthesis inhibition, 

man 483 
memory, verbal, human 484 
metabolic studies, animals 423 
neurotransmission, rabbit brain 449 
nootropic action 48 
passive avoidance, old rats 468 
pessimal rhythm in rats 484 
streptomycin effect on memory, man 483 
threshold, active avoidance, old rats 472 
vigilance stabilization 465 

Piribedil 
cerebral insufficiency, human 416 
derivatives, properties 417 
dopamine agonist properties 416,443 
neurotransmission, humans 435 
Parkinson disease, humans 416 
platelets as constituent of plaques 500 
vasodilating properties, animals 416 

Plasma half-life 
aminaptine 552 
d-amphetamine 547 
methylphenidate 551 

Plasmin, fibrinolytic enzyme 515 
Platelets 

adenosine uptake 514 
aggregation 

ADP induced 514 
ASA 512 
collagen induced 513 
dipyridamol 513 
spontaneous, patient 506 
sulfinpyrazone 513 
suloctidil 510 
xanthinol-nicotinate 506 

phosphodiesterase 514 
retention, glass 510 
survival, dipyridamol 514 

Polysynaptic reflexes, benzodiazepines 100, 
101 

Postsynaptic inhibition, benzodiazepines 
133 

Prazepam (=verstran) 361 
aggression, foot shock induced in mice 86 
chemical structure 8 
choice schedule of drug reinforcement 629 
lever pressing, dose related 630 
metabolic pathway, benzodiazepines 337 

conjugation 342 
demethylation 342 
hydroxylation 342 
main metabolites 337 

Pressor response 
carotid occlusion 

benzodiazepines 28 
hypothalamus stimulation 

benzodiazepines 27,28 
mesencephalon stimulation 

benzodiazepines 27 
sciatic nerve stimulation 

benzodiazepines 28 
Presynaptic inhibition 

barbiturates 154 
benzodiazepines 104 

Subject Index 

Price for drug reinforcement 614 
heroin 614 
pentazocine 614 

Primary reinforcer 611 
defmition 611 

Primidon 
barbiturate withdrawal syndrome, rats 

65 
Progeria models 472 
Prolactin 46 
Proline, nootropic drugs 463 
Propanediols 

sedative hypnotics 321 
structure-activity correlation 354 
tranquilizer, human 4 

Prostacyclin ( = PGIz) 
antiaggregatoryeffect 514 
metabolism 499 
synthetase inhibition 499 
thromboxane A z 499 
thrombus formation, intravasal 499 

Prostaglandines 
prostaglandin Gz 99 
prostaglandin Hz 99 

Proteins, memory forming, brain 483 
Proxazole 

CBF 536 
chemical structure 423 

Psychic dependence 6, 7, 397, 610 
definition 397, 610 

Psychogeriatrics 443 
Psychological dependence 607, 610 

definition 610 
Psychomotor stimulants 587. 590 

abuse potential 569 
behavioral pharmacology 587 

aggression 589 
food and water intake 589 
motor activity 587 

DA interactions 553, 556 
dependence 587,607,618 

clinical aspects 589 
epidemiologic aspects 589 
routes of administration 589 

discriminative stimuli 597 



Subject Index 

food intake 589 
hyperkinesis, children 545 
locomotor activity 569, 587 
mechanism of action 558 
narcolepsy, effect in children 545 
noradrenergic system interactions 554 
obesity, effect in children 545 
operant behavior 593, 626 
profile of action 587 
reinforcing properties 598, 599, 629, 

631 
schedule-controlled behavior 590 
selfadministration 591, 592 

experiments, contingency of chain 
schedules 590 

experiments, methodology 590, 591 
with limited access to drug, list of 

substances 592 
with unlimited access to drug 591 

stimulus properties 59Cr-598 
drugs as discriminative stimuli 597 
drugs as reinforcing stimuli 598 
drugs as unconditioned stimuli 596 
human 620 

stereotyped behavior 559 
tolerance 589 
toxicity 

neurobehavioral 624 
somatical 623 

treatment of fatique 594 
Psychotropic drugs 

gerontopsychotherapeutic effects 435 
kinetics in the elderly 435 
metabolisms in the elderly 435 
precautions in therapy of the elderly 

435 
Pyrazapon 

heart rate, dogs 24 
milk preference, rats 55 
renal hypertensive rats 23 
urinary output, rats 44 

Pyrithioxin = pyritinol 421 
Pyritin 

active avoidance, old rats 472 
Pyritinol 

brain metabolism, human 537 
CBF 

animals 420 
patients 420, 537 

chemical structure 421 
CMR-oxygen 537 
connectivity, interhemispheric 464 
glucose metabolism, senile dementia 420 
metabolism, rats 421 
pessimal rhythm in rats 484 
vigilance stabilization 465 
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Rapid eye movement sleep see also REM 
Rauwolfia alkaloids 

CBF 535 
CMR-oxygen 535 

RBC = red blood cells 
Receptor binding, benzodiazepines 

301 
Recruiting response 120 
Reinforcement 607--:-615 

definition 399,610 
quantitative assessment of reinforcing 

properties 614, 615 
preference techniques 615 
progressive ratio 614 

Reinforcing properties 
amphetamine 598 
apomorphine 600 
benzodiazepines 399--401 
chlorphentermine 631 
cocaine 598 
cocaine in humans 613 
diethylpropion 631 
methylphenidate 631 
phenobarbital 400 
predictive value for nonmedical use 

599 
psychomotor stimulants 598 
psychostimulants 626 
subjective effect of the drug 402 

REM = rapid eye movement sleep 
REM sleep 

benzodiazepines 124 
insomnic rats 126 
monkeys, meprobamate 275 
PGO waves 276 
rabbits 125 

Reserpine 
blood glycose level, rats 48 
brain/blood glucose ratio, rats 48 
cGMP, mouse medial forebrain 173 

Response cost 615 
Response rate, operant behavior 599 
Restlessness 

benzodiazepines 285 
meprobamate 285 

Rigidity, skeletal muscle 
benzodiazepines 395 

Ripazepam, chemical structure 410 
Ritalinic acid, metabolite of 

methylphenidate 551 
RNA 

functional efficacy, age-dependent in 
human brain 483 

memory substrate, brain 483 
RO 15-1,788 

activity 
anticonflict 196 
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RO 15-1,788 
activity 

anticonvulsant 196 
in rat raphe nuclei cell 196 

barbiturates, central effect 196 
cGMP, cerebellar 196 
clinical effects 196 
dopamine turnover 196 
GABA 

agonists, central effect 196 
transaminase inhibition 196 

locomotor activity 196 
meprobamate, central effect 196 
muscle relaxing effect 196 
pharmacological effects 196 
spinal cord, presynaptic 196 
toxicity 196 

Schedules of reinforcement 607-609 
definition 609 

Secobarbital, abstinence symptoms, humans 
376 

Sedatives hypnotics 
barbiturates 286 
physical dependence, pharmacological 

action 398 
Seizures, ACh induced, cats 64 
Self-administration 400,607-615 

definition 610 
price for reinforcement 614, 615 

heroin 614 
pentazocine 615 

Senile dementia 
dopa decarboxylase activity 

neostriatum 443 
paleostriatum 443 
substantia nigra 443 

dopaminergic functions, impairment 443 
microinfarction 473 
serotoninergic functions, impairment 443 
transmitter metabolism alteration, brain 

443 
Sepazon = cloxazolam 9 
Serax = oxazepam 7 
Serenal = oxazepam 8 
Serotonin 

cerebral blood flow 495 
cerebral parenchyma 495 
CMR-oxygen 535 
level, endogenous, brain 

benzodiazepines 306 
postsynaptic, effects hydergine 447 
turnover, benzodiazepines 306 
uptake 

blood platelets, benzodiazepines 306 
brain tissue, benzodiazepines 306, 307 

Serum cholesterol in rabbits 
benzodiazepines 50 

Side effects, definition 360 
Sleep 

disturbance, elderly patients 
suloctidil 511 

insomnic patients 
benzodiazepines 128 

Sleep alterations 

Subject Index 

psychogeriatric symptoms 463 
Slow sleep = non REM sleep 
Slow sleep = spindle sleep 
Soma = carisoprodol 
Spindle sleep = non REM sleep 
Spindle sleep = slow sleep 
"Steal phenomen", definition 505 
Stereotyped behavior 

IX-adrenergic receptor blocker 564 
p-adrenergic receptor blocker 564 
antidopaminergic drugs 564 
dopaminergic terminal lesions 564 

Stevens-Johnson syndrome, human 379 
Hi-Stimulation 

cardiac effects 495 
vascular effects 495 

Streptokinase 
fibrinolytic enzyme, clinical use 515 

Stress 
ageing 466 

arterial hypertension 466 
arthritis 466 
cardiac failure 466 
homeostatic capacities 466 
thermoregulation 466 

general adaptation syndrome 466 
Stroke 550 
3H -Strychnine 

binding 
liposolubility dependent 154 
rat spinal cord 154 

evoked potentials 
amygdalohippocampal 109 

HV A level, brain 139, 308 
K + excretion, episiotomized dogs 44 
LSD induced insomnia, cats 125 
Na + excretion, episiotomized dogs 44 
NREM sleep 125, 126 
prolactine release, rats 46 
REM sleep 126 
respiratory pattern, patients 32 
seizures 

3-MPA induced, animals 61 
pentetrazole induced 186 

sleeping time, halothane effect in mice 89 
urine excretion in episiotomized dogs 44 

Sulfinpyrazone 
arachniclonic acid induced, death of 

rabbits 513 



Subject Index 

platelet aggregation, collagen induced 513 
prostaglandin synthesis, platelets 513 
stroke effects 513 

Suloctidil 
bleeding time, rats 510 
brain resistance in hypocapnic anoxia rats 

510 
brain-enzyme activity, young rats 510 
calcium antagonistic properties 510 
cerebral insufficiency, human 420 
chemical structure 419 
dizziness, elderly patients 511 
fatigue, elderly patients 511 
headache, elderly patients 511 
lipid metabolism 510 
loss of interest, elderly patients 511 
platelet aggregation 510 
platelet retention to glass, rats 510 
sleep disturbance, elderly patients 511 
spasms, rabbit pial vessels 510 
thrombus formation 510 

Sulpiride, pessimal rhythm in rats 484 

Temazepam 
absorption time 341 
anxiety, dogs 27 
blood pressure, dogs 22 
cardiac output, anxious dogs 27 
elimination time, man 333 
half-life 341 
heart rate, anxious dogs 27 
5-HIAA, hypotholamus 149 
5-HT turnover, normal rats 149 
left ventricular work load, anxious dogs 

27 
pharmacokinetics 325 
tail-flick test, mice 52 
waking time, squirrel monkeys 126 

Teratogenicity, mice 
flurazepam 374 
phenobarbital 379 
sodium barbital 379 
triazolam 375 

Teratogenicity, rabbits 
phenobarbital 379 
sodium barbital 379 

Teratogenicity, rats 
clorazepate 374 
flurazepam 374 
lorazepam 374 
nitrazepam 374 
oxazepam 374 
phenobarbital 379 
sodium barbital 379 
tetrazepam 374 
triazolam 374 

Tetanus toxin 66 

Tetrazepam 
chemical structure 9 
teratogenicity, rodents 374 
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,d9THC =,d9 -tetrahydrocannabinol 90 
Theophylline, cerebrovascular effect 506 
Theta-frequency, hippocampal 

cats 120 
rabbits 120 
rats 120 
septal driven 144 
stimulation threshold 120 

benzodiazepines 120 
Theta-rhythm, hippocampus 120 
Thienodiazepines 

aggression, foot shock induced, mice 86 
Thiosemicarbacid 

cortical response, effect of diazepam 113 
Thrombocytopenia, human 

chlordiazepoxide 372 
nitrazepam 372 

Thrombogenesis, arteriosclerotic plaques 
497 

Thromboxane A2 
benzodiazepines 168 
competitive antagonism 29, 495 
formation 499 
inhibition, imidazole 500 
platelet aggregation 499 
prostacyclin antagonist 499 
prostacyclin synthetase inhibition 499 
thromboxane B2, degradation product 

499 
thrombus formation 499 

Thromboxane B2 
content in animal brain tissue 499 

degradation product, thromboxane A2 
499 

imidazole 500 
seizure 500 

Thrombus formation 
ASA 512 
prostacyclin 499 
suloctidil 510 
thromboxane A2 499 

TIA (=transient ischemic attacks) 
ASA 512 
multiple episodes, patients 512 
stroke mortality, anticoagulant therapy, 

patients 515 
Tinofedrine 

A TP tissue concentration, rats 504 
beta-adrenomimetic action 504 
CBF, animals 420 
chemical structure 419 
CP, tissue concentration, rats 504 
dement patients 504 
energy charge potential, rats 504 
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Tinofedrine 
metabolism, rats 420 
total cerebral flow, dogs 504 
total hemispheric cerebral flow, humans 

504 
vertebral artery flow, dogs 504 

Tiopental sodium 375 
Tolazoline, brain metabolism 535 
Tolerance 

d-amphetamine 567 
barbiturates 376 
benzodiazepines 361 
cross, amphetamine and fenfluramine 589 
diazepam 361 
functional 

benzodiazepines 96 
meprobamate 396 

human, barbiturates 376 
hypodipsic effect, amphetamines 589 
hypoxia, human 481 

benzodiazepines 14 
chlordiazepoxide 14 
diazepam 14 
flurazepam 14 
nitrazepam 14 

mechanism of development, 
d-amphetamine 595 

metabolic, mechanism 
barbiturates 396 
benzodiazepines 396 
meprobamate 396 

metabolic 
benzodiazepines 396 
meprobamate 396 

psychomotor stimulants 565, 589 
rats 

chlordiazepoxide 361 
lorazepam 361 
oxazepam 361 

to antiepileptic effect in man 
benzodiazepines 396 

to hypnotic effect in man 
benzodiazepines 396 

Tomazepam 
chemical structure 8 

d-amphetamine antagonist 569 
Toxicity 

acute 
benzodiazepines 6, 14 
diazepam 14-18 
meprobamate 263 

psychostimulants 620, 624 
RO 15-1,788 196 

Toxicology, clinical 
meprobamate 53 

Toxicomania see Drug dependence 607 
Trancopal, chemical structure 5 

TranqUilizing effect 
animals 

benzodiazepines 6 
chlordiazepoxide 6 

humans 
bencyclane 423 
meprobamate 4 
propandiols 4 

Tranxene=clorazepate 8 
Triazolam 

ACh level 

Subject Index 

endogenous, rat brain 307 
rat brain stem 136 
rat cerebral cortex 136 
rat striatum 136 

blood pressure, rabbits 23 
bradycardia, vagally evoked in dogs 28 
chemical structure 10 
DA decrease, (X-methyltyrosine induced, 

rats 138 
DA turnover, rat brain 307 
EEG 

arousal response, auditory stimuli 119 
NREM sleep, rhesus monkeys 126 

GABA, iontophoretic inhibition 129 
intestinal tone, histamine response 37 
mydriatic alarm response, rabbits 39 
noradrenaline turnover, rat cortex 307 
pressor response, carotid occlusion 28 
respiratory system, dogs 32 
teratogenicity 

mice 374 
rats 374 

uterus spasm, 5HT induced 39 
vas deferens, guinea pigs 39 

Triazolobenzodiazepines 
plasma corticosteroids, stressed rats 47 

Triflubazam 
blood pressure, dogs 22 
emesis, apomorphine induced, dogs 56 
evoked potential, hippocampus 109 
respiratory system, dogs 32 

Triflurazepam 
food intake, dogs 53 

Trimethadione 48 
brain/blood glucose ratio, rats 48 
DHMP induced convulsions, mice 65 

3H_ Tryptophan 
binding 150 
rat serum albumin 150 

TTX = tetrodotoxin 105 
Tubocurarine 43 
Twitch response 

benzodiazepines, frog sartorius muscle 
40 

meprobamate, frog skeletal muscle 267 
Twitch tension, spastic patients 40 



Subject Index 

Tybamate 
barbiturate synergism, mice 270 
blood level 351 
chemical structure 263 
clinical activity 4 
distribution 351 
flexor reflex, cat hind limb 269 
lipophilia 354 
metabolism, human 352 
neuronal activity 

depression, cat dorsal hom 273 
patellar reflex, cats 269 
permeability, mouse placenta 351 
pharmacokinetics 352 
protein binding rate 354 
solubility in water (pKa) 351 
strychnine, convulsions evoked in mice 

268 
Tyrosine hydroxylase 

ageing, reduction of activity 442 

U 31889 = see Triazolobenzodiazepine 
UCS = unconditional stimulus 596 
Unwanted effects, definition 360 
Urbanyl=clobazam 
Urinary excretion 

fibrinolytic enzyme 515 
profile of metabolites, diazepam 343 
profile of metabolites, meprobamate 351 
rats, benzodiazepines 44 

Uterus contractility 
chlordiazepoxide 39 
clorazepate 39 
estazolam 39 
triazolam 39 

Valium = diazepam 
Valproate sodium 

GABA turnover, brain 160 
Vascular beds 

neural regulation 494 
reoxygenation damages, cerebrovascular 

494 
Vascular muscle, depolarization 496 
Vascular tone 

thromboxane-prostacyclin system 499 
Vasodilatation 

cerebral, ischemic areas, risk 494 
co-dergocrine 409 
napthtidrophuryl 503 
nylidrin 420 
papaverine 415, 505 
pentoxyfylline 422 
pial vessels 495 
piribedil 416 

Ventral root reflex 
monosynaptic 104 
polysynaptic 104 

Veronal= barbital 
Vestran = prazepam 8 
Vigilance stabilization 

hydergine 465 
imipramine 465 
pirazetam 465 
pyritinol 465 

Vinca alkaloids 
CBF 503 

777 

energy charge potential, cerebral, dogs 
503 

metabolic effect 
cat brain 503 
dogs 503 
rat brain 503 

metabolic status, dog cerebral cortex 503 
Vincamine 

active avoidance threshold in old rats 472 
arousal, behavorial signs, monkeys 445 
blood pressure, arterial 444 
brain oxygen consumption, dogs 444 
brain oxygen content, patients 503 
carbohydrate metabolism, patients 503 
CBF 537 

volunteers 503 
cerebrovascular circulation, human 444 
cerebrovascular disease 413 
chemical structure 444 
cognitive deficits, cerebral sclerotic 

patients 503 
cognitive functions, rhesus monkeys 468 
connectivity, interhemispheric 464 
derivatives 413 
EEG, cerebral sclerotic patients 503 
functional impairment due to hypoxia in 

brain 442 
Meniere syndrome 503 
metabolism, rats 413 
neurologic symptoms, stroke 503 
noradrenaline interaction 444 
pessimal rhythm in rats 484 
retrieval recovery, hippocampal blocked 

482 
sleep-wakefulness cycle, monkeys 445 
stroke, follow up symptoms, human 444 
vascular resistance 

internal, dog carotid artery 444 
peripheral 444, 502 

Vinpocetine = ethyl apovincaminate 414 
VIP = vasoactive intestinal polypeptide 298 
Vistaril = hydroxizine hydrochloride 5 

Water consumption 
diazepam 54, 55 

Water intake, rats 53, 54 
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Water intake 
amphetamine 589 
bromazepam 54 
chlordiazepoxide 55 
lorazepam 55 
nitrazepam 54 
parazepam 55 

Withdrawal signs in man 
benzodiazepines 397 
chlordiazepoxide 397 
diazepam 397 
flurazepam 397 
lorazepam 397 
meprobamate 397 
nitrazepam 397 
oxazepam 397 

Subject Index 

Xanthines 
bronchial dilation, animals 422 
cardiovascular stimulation 422 
CBF 506 
CMR-oxygen 535 
CNS stimulation, animals 422 
inverted steal phenomenon 506 
steal phenomenon by 536 
stroke therapy, patients 506 

Xanthinol 
cerebral insufficiency, human 422 
chemical structure 422 

Xanthinol-nicotinate ( = complamin) 
brain oxygen uptake 506 
cerebral metabolism 506 
platelet aggregation 506 
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