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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 play a 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/II).
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.IV and
B.V) include drugs used solely in other countries.

B. Classes of Antianxiety Agents
1. 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 (1, 2, 3)!, 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) R = C¢H,
(2) R = CHCH,CH,
CH,
CH,
(3) R = CH,CH,CH
CH,

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 LubwiG 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.

CH;
Lo
OCH,CHCH,OH

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
(LupwiG and PIECH, 1951; BERGER, 1949).

llh
HOCHz—?—CHZOH
R,
&) _
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-1,3-propanediol dicarba-
mate (6) (BERGER, 1954) indeed possessed a superior spectrum of activity, received the
o
NH;COOCHz—?—CH,OCONHz
CH,CH,CH,
)

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.

CH,
H,NCOOCH,—C—CH,0CONHCH, CH,CH,CH,
CH,CH,CH,

™
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Its synthesis was reported by BERGER and LUpwiG (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.

CH, _CH,
H,NCOOCH,~C~CH,0CONHCH
CH,CH,CH,  CH,
(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.

©\9H _CaHg

C—COOCH,CH,N « HC1
NC,H;
)

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.

8

CH—N N—(CH,),0(CH,),0H « HC1
: (10)

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.
SO,
g mia

H,C_ _N—CH,
c0

an

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.
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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

__NHCH,
N
Nc—CH,c1  CH:NH, N=C
111 —_—— /CH2
cl c? 0 (=)Cl =N
™o

(12) a13)

7-chloro — 2-methylamino-5-phenyl-3H-1,4-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:

1) 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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Il\IH—CO“ NH—CO
N AN

C1 5C=4N\ Cl C=—N

(6]
(14) (15)
NH—CQ NH—CQ
/CH—OCOCH3 — /CHOH
CI, =N Cl =N
(16) an

them showed pronounced muscle relaxant and sedative properties in animals. The
monographs by STERNBACH et al. (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-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-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.

i

—?

N C\
CH,

%

CI =N

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 al., 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 al., 1968) is a close relative of oxazepam; prazepam
(21) (WuEsT, 1965; MCMILLAN and PATTISON, 1965) is obtainable from desmethyl-
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diazepam (15) by introduction of the cyclopropylmethyl substituent in position 1. A
similarly simple derivative of 15 is pinazepam (31) (BENCONI et al., 1973), which con-
tains a propargyl chain in the 1-position.

.
NAH NH—°
O COOK * KOH O \g—OH O
Cl —N Cl —=N Cl —N
Cl
g ) g™
(19) Clorazepate (20) Lorazepam (21) Prazepam
(Tranxene, 1972) (Ativan, 1977) (Verstran, 1977)

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 al., 1965), the other, clonazepam (Clonopin, 23) (STERNBACH et al., 1963),
which is marketed as an anticonvulsant.

/C2H5
CH,CH,N
0 “cH
< <
(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.

¢ ) 9 \)

(24) Medazepam (25) Temazepam (26) Oxazolam
(Nobrium, 1968) (Levanxol, 1970) (Serenal, 1971)
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c O NH? a O H/§O
o)
cl O O

(27) Cloxazolam (15) Desmethyldiazepam
(Sepazon, 1974) (Madar, 1973)
H N
CH =N\
| fo W%«
cK% C/N a g —N
(28) Bromazepam (29) Tetrazepam (30) Estazolam
(Lexotanil, 1974) (Myolastan, 1974) (Eurodin, 1975)

CH,C=CH CH, CH,
| [ Ao
CH,
/
J (] I e
a —N O,N —N C —N CH,

(31) Pinazepam (32) Nimetazepam (33) Camazepam
(Domar, 1975) (Erimin, 1977) (Albego, 1977)

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 al., 1963). The phenyl group in the 5-position
is also present in all of these compounds; only bromazepam (28) (FRYER et al., 1964)
has an a-pyridyl substituent in 5 (in addition to the bromine in 7), and tetrazepam (29)
(ScHMmITT et al., 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 CHILDRESS, 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; K AE-
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 (RIEDER 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 al.,
1971) and also in the biologically very potent “triazolobenzodiazepines” 30 (MEGURO
and KuwaDA, 1970) and 36 (HESTER et al., 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.

CH,

"

H~§° \§0 N\/g

O.N O N O.N O N ar O N
<<

(34) Nitrazepam (35) Flunitrazepam (36) Triazolam
(Mogadon, 1965) (Rohypnol, 1975) (Halcion, 1977)

V. 1,5-Benzodiazepines

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 al., 1969; Rossi et al., 1969;
WEBER et al., 1972). Some of these also underwent clinical evaluation, which resulted
in the introduction of clobazam (37) (Urbanyl), available in some European countries.

CH,
N O
ar i ;J:Eo

(37) Clobazam
(Urbanyl, 1975)
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CHAPTER 2

General Pharmacology and Neuropharmacology
of Benzodiazepine Derivatives

W. HAEFELY, L. Pier1, 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 of a 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 al., 1975b; CosTA et
al., 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, €.g., Ro 15-1788 (HUNKELER et al., 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 of the unifying notion of GABA-
mediated effects of benzodiazepines 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 al., 1973; CosTa and GREENGARD, 1975; VAN DER
KLEUN et al,, 1977; SCHALLEK, 1978; HAEFELY, 1978a; SCHALLEK and SCHLOSSER,
1979; SCHALLEK et al., 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 al., 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 al., 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™* 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™*' (MALIzIA et al., 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 54, which is the dose calculated
to cause the death of half the animals administered a single dose of the substance.
LD, 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 LD, 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
LD, 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 of benzodiazepines have LD, 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, values (mg - kg~ *) 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 Mouse Rat

Intraperitoneal Oral Intraperitoneal Oral
Meprobamate 736 [1] 800[2] 1,000 [3] 1,720 [4] 545 [2] 1,600 [2]
Methaqualone 555 [5] 1,130 [5]
Methylpentynol 525 [6] 300-900 [6]
Phenobarbitone 340 [7] 325 [8] 190 [7] 660 [9]
[1] RANDALL et al. (1960) [6] UsbiN and AMAI (1963)
[2] BERGER et al. (1964) [7] GrUBER et al. (1944)
[3] RoBICHAUD et al. (1970) [8] REINHARD et al. (1952)
[4] SHiBATA et al. (1967) [9] ScHAFrARZICK and BROwN (1952)

[5] Sarto et al. (1969)

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 LD, 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 of benzodiazepines 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 al., 1969; Rao et al., 1972; COLEMAN et al.,
1973; CoMeR et al., 1973; JENKINSON et al., 1974; COTE et al., 1974; KORTTILA, 1975;
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RIFAT and BoLoMAY, 1976; COTE et al., 1976; CONNER et al., 1978) and to either in-
crease (Rao et al., 1972; COLEMAN et al., 1973; JENKINSON et al., 1974) or to fail to af-
fect heart rate (DALEN et al., 1969; COTE et al., 1974; KORTTILA, 1975; COTE et al., 1976;
RIFAT and BOoLOMEY, 1976). Cardiac output and stroke volume were found to be re-
duced (DALEN et al., 1969; Rao et al., 1972; JENKINSON et al., 1974; COTE et al., 1974,
1976; RIFAT and BOoLOMEY, 1976). An increase (RAO et al., 1972; JENKINSON et al.,
1974) and a decrease (COLEMAN et al., 1973; RIFAT and BoLOMEY, 1976; FALK et al.,
1978), as well as the absence of an effect (DALEN et al., 1969; CoMeR et al., 1973; COTE
etal., 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 O, consumption in volunteers and patients (COTE et
al., 1974, 1976). As an example of investigations in arterial hypertension, we mention
the study of PozeNEL et al. (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 a-methyldopa.

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

RANDALL et al. (1960) and MOE et al. (1962) observed transient hypotension and bra-
dycardia in anesthetized dogs and cats after intravenous doses of chlordiazepoxide (1-
16 mg-kg™ ). The effect on blood pressure was dose-dependent and long-lasting after
higher doses (RANDALL et al., 1960; STERNBACH et al., 1964; RANDALL and SCHALLEK,
1968). Intraperitoneal administration to anesthetized cats (10 mg-kg™') and open-
chest dogs (5 mg-kg™') 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.v. in open-chest dogs by MADAN et al. (1963). A
myocardial depressant effect after 10-20 mg-kg™! i.v. was also found in the open-
chest dog by HircH and NOLAN (1971). CARROLL et al. (1961) observed a transient
lowering of blood pressure and heart rate after chlordiazepoxide (10-20 mg-kg™?) 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.v.). GLUCKMAN
(1965) found no effect with 10 mg-kg ™! p.o. in conscious dogs. A decrease in blood
pressure and an increase in heart rate with reduced rate of left ventricular pressure in-
crease (dp/dt) was reported by MERLO et al. (1974) with 1 and Smg-kg™! i.v.
McHuGH et al. (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™". The same authors also reported a hypotensive effect of chlordiazepoxide
in genetically hypertensive rats (0.63-10 mg-kg ™! daily p.o. for 7 days) and in carotid
sinus denervated dogs anesthetized with pentobarbitone or a-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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a-chloralose. In squirrel monkeys with elevated mean arterial blood pressures due to
scheduling environmental stimuli, chlordiazepoxide (10 and 30 mg-kg™! i.m.) re-
duced blood pressure during time-out as well as time-on periods (BENSON et al., 1970).

2. Diazepam

A weak hypotensive and bradycardic effect after intravenous injections of diazepam
in anesthetized dogs was reported by RANDALL et al. (1961). These effects were tran-
stent in moderate doses (1-8 mg-kg™"' i.v.), but long-lasting after a higher dose
(RANDALL et al., 1963). BRASSIER et al. (1966) found a dose dependency of this effect
after intravenous bolus injections (1-10 mg-kg™!) but no change of either blood pres-
sure or heart rate after slow intravenous infusion. A very similar observation was
made by TAYLOR et al. (1970). In the same preparation a transient decrease in blood
pressure and heart rate occurred after 5-10 mg-kg™' i.p. (GLUCKMAN, 1965, 1971).
In anesthetized cats transient hypotension and bradycardia were found by RANDALL
et al. (1963) and GLUCKMAN (1965) with 4 mg-kg™"i.v. and 10 mg-kg™'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.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 ~?), a biphasic effect on blood pressure, i.e.,
lowering with low doses and gradual recovery to predrug values with higher doses,
was observed by HupsoN and WoLPERT (1970). Rapid intravenous injection of fairly
high doses (2-15 mg-kg™!) 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™*-min™") 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.v.). SCROLLINI et al. (1975) found a similar blood pressure lowering ef-
fect with comparable doses. No effect on blood pressure and heart rate with 0.3-
10 mg-kg™?! i.v. was observed in intact curarized cats (SCHALLEK and ZABRANSKY,
1966; S1GG and SIGG, 1969), whereas an increase in heart rate was reported in the
spinal cat (KeiM and S1GG, 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 SCrROLLINI et al. (1975) with
20 mg-kg~' i.p. In the conscious rabbit a stabilizing effect on blood pressure and
some bradycardia were observed with 2.5 mg-kg ™" i.v. (PARKES, 1968). Systemic (0.1
1 mg-kg ') or intracerebro-ventricular (100 pg/20 ul) injection into anesthetized rats
lowered blood pressure, an effect which was antagonized by the GABA-antagonist,
picrotoxin (BoLME and Fuxg, 1977). No effect on blood pressure was observed in
spontaneously hypertensive rats (SHR) after 5 mg-kg™* i.v. (VAN ZWIETEN, 1977).

The development of a persistent hypertension was delayed in offspring of SHR
injected daily with diazepam 1 mg-kg ™! s.c. from the 1st 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 Wistar 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 Wistar Kyoto rats injected daily with
1 mg-kg™*' 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.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 al., 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 al. (1969, 1970a, b, c) studied the effect of diazepam (0.1,
0.2 mg-kg™"), 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 al., 1969, 1970¢) an increase in left ventricular pressure
and dp/dt,,, was found, force-velocity and length-tension relations were improved,
and coronary and peripheral vascular resistance decreased. At the same time myocar-
dial O, consumption increased. By keeping coronary blood flow constant, left ventric-
ular contractility was unchanged. Coronary vascular resistance and systemic vascular
resistance decreased (ABEL et al., 1969, 1970 a, b). Injections of diazepam into the cor-
onary (0.25 mg-kg™') and systemic (0.5 mg-kg™!) circulation, respectively, in ani-
malswitha separation of these circulations resulted in decreases of vascular resistances
of the respective vascular beds (ABEL et al., 1969, 1970a, b). a- and B-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 al., 1970a). Systemic injection of 5 and
10 mg-kg™! diazepam was shown to decrease myocardial contractile force, blood
pressure, and heart rate (GLUCKMAN, 1965, 1971) without affecting coronary or aortic
flow (TAYLOR et al., 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 O, consumption was reduced (TAYLOR et al.,
1970). In dogs with a right-heart bypass, BiaNco et al. (1971) reported decreased mean
arterial blood pressures and maximal rate of left ventricular pressure development dp/
dt .y 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/dt,,,, 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 al., 1971). Comparable volumes of vehicle produced the same he-
modynamic effects. FIELD et al. (1971) reported that 0.25 and 0.5 mg-kg™! 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.v.) and chlor-
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diazepoxide (16 mg-kg~'i.v.). The effects on the coronary blood flow were abolished
by either hexamethonium, phentolamine, or practolol. JONEs et al. (1978) observed an
increase in coronary blood flow after diazepam (0.5 and 2.5 mg-kg ™' i.v.) 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.v. Doses of
diazepam which clearly increased coronary flow consistently potentiated and pro-
longed the vasodilator effect of adenosine.

STARLEY and MICHIE (1969) injected cumulative doses of diazepam (0.1, 0.4,
0.5 mg-kg™'i.v.) into conscious dogs. Right ventricular systolic pressure was reduced
and left heart hemodynamics remained unchanged. In contrast, BLOOR et al. (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™!) or intraar-
terial (0.05-0.1 mg-kg™') 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.v. in conscious unrestrained dogs, whereas
SCROLLINI et al. (1975) described a slight hypotension and bradycardia (10 mg-kg ™!
i.v.). Jones et al. (1979) observed no change in heart rate and mean arterial blood pres-
sure after 1.0 and 2.5 mg-kg™" i.v., however, a decrease of left ventricular dp/dt .,
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 (0.54 mg-kg™' iv.),
whereas tachycardia was observed in dogs equipped with a telemetric system (1-
4 mg-kg~'i.v.). Tachycardia was also found by GEROLD et al. (1976) after diazepam
in trained dogs. In doses of 1, 3, and 10 mg - kg~ ! 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 B-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 al. (1964) for intra-
venous doses of nitrazepam (4 mg-kg~!) in anesthetized dogs; moderate transient ef-
fects were seen after oxazepam (1 and 10 mg-kg™! i.p., GLUCKMAN, 1965), fluraze-
pam (1-8 mg-kg ! i.v., RANDALL et al., 1969), lorazepam (1 and 5mg-kg™' i.p.,
GLUCKMANN, 1971), triflubazam (0.5-8 mg-kg ™' i.v., HEILMAN et al., 1974), temaze-
pan (1-5mg-kg™! i.v., MERLO et al., 1974), chlorazepate (up to 30 mg-kg™' i.v.,
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BRUNAUD et al., 1970), triazolam (10 mg-kg™' i.v., FURUKAWA et al., 1976) and mi-
dazolam (0.25-10 mg-kg™'i.v., JONEs et al., 1978), whereas medazepam (15 mg-kg™*
i.v., RANDALL et al., 1968), pinazepam (10 mg-kg™' i.v., SCROLLINI et al., 1975),
pyrazapon (2-32 mg-kg™'i.v., POSCHEL et al., 1974), clobazam (10-50 mg-kg ' i.p.
and p.o., FIELDING and HOFFMANN, 1979) and camazepam (1-5 mg-kg™'i.v., MERLO
et al., 1974) were found to be inactive. Lorazepam (1 and 5 mg-kg ™' i.p.) was report-
ed to reduce myocardial contractile force (GLUCKMAN, 1971). A decreased left ventric-
ular dp/dt,,,, and coronary flow with unchanged systemic vascular resistance and
stroke volume were reported for midazolam (1 and 10 mg-kg ™! i.v., JONES et al,,
1978). Midazolam (1-10 mg-kg™' i.v.) increased cardiac output and decreased left
ventricular dp/dt,,,, in conscious dogs without affecting coronary blood flow, systemic
or coronary vascular resistance, stroke volume or stroke work (JONES et al., 1979).
Bromazepam (1 mg-kg™' 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 al., 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.v. (RANDALL et al., 1968); a short-lasting hypotension was ob-
served after flurazepam (1-8 mg-kg™! i.v., RANDALL et al., 1969) and oxazepam
(10 mg-kg ™' i.p., GLUCKMAN, 1965). Also observed was a longer-lasting hypotension
with bradycardia after clobazam 20 mg-kg ™! i.p. by BARZAGHI et al. (1973), but not
by FIELDING and HOFFMANN (1979, 25-100 mg-kg ™~ 'i.p.), some hypotension and bra-
dycardia with lorazepam (1 and 5 mg- kg™ i.p., GLUCKMAN, 1971) and no effect after
pinazepam (cumulative doses up to 8 mg-kg~'i.v.; SCROLLINI et al., 1975). Estazolam
caused a marked and prolonged hypotension at 1 mg-kg™!i.v., which was not modi-
fied by vagotomy or peripheral autonomic blocking agents but was abolished by
spinal transection (SAu et al., 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.v.) was reported to induce
some bradycardia (BRUNAUD et al., 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 al., 1969), but when injected into
curarized cats a dose-dependent increase in blood pressure was reported (5-
20 mg-kg™'i.v., SCHALLEK et al., 1968, 1970). Flurazepam (20 mg-kg™'i.v.) was also
reported to increase blood pressure in curarized cats (SCHALLEK et al., 1968), whereas
a short-lasting hypotension was observed with estazolam (SaJi et al., 1972). In anes-
thetized rabbits, flurazepam (20 mg-kg ™' i.p., BABBINI et al., 1975) and chlorazepate
(10 mg-kg ™' i.v.; BRUNAUD et al., 1970) decreased the blood pressure, whereas dox-
efazepam (BABBINI et al., 1975), triazolam (FURUKAWA et al., 1976), and pinazepam
(ScroLLINI et al, 1975) were ineffective. Estazolam injected in a high dose
(10 mg-kg™'i.v.) to conscious rabbits caused only a weak and transient hypotension
and bradycardia; the same dose injected intraperitoneally produced a slight bradycar-
dia (Sai et al,, 1972). In DOCA-saline hypertensive rats both medazepam (RANDALL
etal., 1968) and flurazepam (RANDALL et al., 1969) were reported to have a hypoten-
sive effect in sedative doses. Clonazepam had no effect in spontaneous hypertensive
rats (BLUM et al,, 1973). No change of blood pressure was observed with pyrazapon
(2x 50 mg-kg™* p.o.) in perinephritic encapsulated hypertensive rats (PosCHEL et al.,
1974).
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In conscious dogs oxazepam (1-10 mg-kg™' 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 ™! pinazepam i.v. (SCROLLINI et al., 1975).
Bromazepam in doses of 1, 3, and 10 mg-kg™* p.o. had no effect on blood pressure
but produced tachycardia and inhibited methylatropine-induced tachycardia in a
study by GEROLD et al. (1976) and produced a significant rise in arterial blood pressure
with increased heart rate in a dose of 0.3 mg-kg™!i.v. in experiments by KoroL and
BrOwN (1968). As shown for diazepam, the tachycardia induced by bromazepam
(GErOLD et al., 1976) was mainly due to a central reduction of the vagal tone to the
heart. Clonazepam (0.3-10 mg-kg™* p.o.) produced a non-dose-related hypotension
(BLuM et al., 1973). WILSON et al. (1974) reported that U-31,889 (0.5-2 mg-kg™'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™*
pyrazapon p.o. (PosCHEL et al., 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 al., 1970).
An increase in the threshold for electrically induced ventricular tachycardia was
reported in anesthetized dogs after 1-2 mg-kg™* diazepam i.v. (SPRACKLEN et al.,
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™"' 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 al. (1969). In contrast, BAuMm et al. (1971)
reported a certain degree of reversal of ouabain-induced ventricular ectopic beats af-
ter 20 mg-kg ™! i.v. diazepam and lorazepam. BAuM et al. (1971) also found that in
anesthetized dogs 20 mig-kg™' 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 al., 1963). Some reversion to sinus rhythm was observed
with diazepam (1 mg-kg™!i.v.) and chlordiazepoxide (10-30 mg-kg™' i.v.) in con-
scious dogs with ligated ventral intraventricular branch of the left coronary artery
(MADAN et al., 1963; GILLIs et al., 1974; MUIR et al., 1975), whereas 50 mg-kg ™' i.v.
pyrazapon had no effect at all (PoscHEL et al., 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 al., 1974). In the anesthetized
cat GILLIS et al. (1974) reported that chlordiazepoxide (340 mg-kg™' 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.m.) against ventricular arrhythmias induced by high
doses of lidocaine in anesthetized cats. Arrhythmias induced in unanesthetized rabbits
with BaCl,, ouabain or a combination of chloroform and isoprenaline were reduced
by diazepam (5 mg-kg™'i.v.) and chlordiazepoxide (10 mg-kg™ ' i.v.) (ANDO et al.,
1979).

In highly artificial conditions, chlordiazepoxide was found to facilitate the occur-
rence of arrhythmia (GASCON, 1977). Rats were treated on S consecutive days with the
tremendous dose of 150 mg-kg~!. 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 2.5mg - kg ~!
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

Inexperimentsinisolated cat papillary muscle, PRINDLE et al. (1970) described some re-
duction of peak isometric tension (T) and d T/dt with no change in the time to peak for
chlordiazepoxide (>2 x 10~ mol - 17 !) and no effect of diazepam (~ 10~ > mol - 1~ 1),
whereas SUGIMOTO et al. (1976) reported a depression of contractile tension of the
rat papillary muscle with diazepam in a concentration of 2 x 10~® mol - 1. The same
authors observed an increased refractory period and decreased maximal following
frequency. In the guinea-pig papillary muscle flurazepam (2.5x 1075-2x 10~ *
mol-17") 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 channel. In canine heart Purkinje fibers and ventricular muscle, chlor-
diazepoxide (=107 * mol-17") 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 JaMmes, 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 107* mol-1~") 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 (107%3 x 107* mol-17*) had a negative inotropic (MOE et al., 1962) and negative
chronotropic effect (MADAN et al., 1963). No effect on adrenaline- or acetylcholine-
induced tachycardia or bradycardia, respectively, was observed (3 x 10™* mol-17",
MabpaN et al., 1963), but 10~ ° mol - 17! reduced the positive inotropic effect of adrena-
line (MOE et al., 1962). ANDO et al. (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~ °*mol-17') was described
in isolated auricles of cats (MOE et al., 1962) and guinea pigs (FERRINI and MIRAGOLI,
1973). Diazepam (>2x 107° mol-17!) 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 al., 1976, 1978). In con-
centrations below 2 x 1075 mol-17*, 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 al., 1976, 1978; ANDO et al., 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~ mol - 1™, FERRINI
and MIrAGoLI, 1973). High concentrations of estazolam (3 x 10 ~*mol-17!) had a ne-
gative inotropic and chronotropic effect (Saii et al., 1972), whereas clobazam (10 ™*
mol-17") had no effect at all (FIELDING and HOFFMANN, 1979). In electrically driven
guinea-pig left atria diazepam (107¢ and 107 mol-17") 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 (107°-107* mol-17"), 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™* mol- 17! (BERRY, 1975). Atropine did not influ-
ence the diazepam-induced depression but /-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 107% mol-17?* chlordiazepoxide in the perfused frog heart (MADAN et al., 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.v.) in
curarized cats was found by CARROLL et al. (1961), SCHALLEK et al. (1964), STERNBACH
et al. (1964), SCHALLEK and ZABRANSKY (1966), and RANDALL et al. (1969). The same
effect occurred in anesthetized and conscious dogs (5 mg-kg™! i.v., BOLME et al.,
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.v.) in curarized or anesthetized cats (RANDALL et al., 1963; SCHALLEK et al., 1964;
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CHAI and WANG, 1966; SCHALLEK and ZABRANSKY, 1966; SIGG and SIGG, 1969; SIGG
et al., 1971; ANTONACCIO and HALLEY, 1975; ANTONACCIO et al., 1978), but not in
spinal cats (KM and S1GG, 1973), where in fact the stimulation-induced tachycardia
was enhanced. The decrease of pressor responses after diazepam was prevented by bi-
cuculline (ANTONACCIO et al., 1978). Diazepam (1-5 mg-kg™' i.p.) diminished the
evoked pressor response in anesthetized (MORPURGO, 1968) and unrestrained, unan-
esthetized rats (MORPURGO, 1968; KAwASAKI et al., 1979). Nitrazepam (0.1-
10 mg-kg™"i.v.; SCHALLEK et al., 1964; STERNBACH et al., 1964; SCHALLEK et al., 1966;
FukuDA et al., 1974), medazepam (10 mg-kg™! i.v., RANDALL et al., 1968), fluraze-
pam (10 mg-kg™' i.v.,, RANDALL et al., 1969), chlorazepate (15 mg-kg ™' i.v., MER-
CIER et al., 1970) and estazolam (0.5-2 mg-kg™ ' i.v., FUKUDA et al., 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 al., 1961; CHou and WANG, 1975; STOCK et al., 1976). The
cardiac arrhythmias evoked by stimulation of limbic structures were completely
blocked by chlordiazepoxide (10-20 mg-kg ™' i.v.; CARROLL et al., 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 ™' chlordiazepoxide i.v. (CARROLL et al., 1961), nitrazepam
(2mg-kg™'i.v.; FUKUDA et al., 1974), and diazepam (0.1 and 0.3 mg-kg™ ' i.v.; AN-
TONACCIO and HALLEY, 1975), but not by estazolam (FUKUDA et al., 1974).

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

Cortically evoked pressor responses were also inhibited by chlordiazepoxide (CAR-
ROLL et al., 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.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 al., 1970). The effect of te-
mazepam (10 mg-kg™' 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™ 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 ™! diazepam i.v.
(CHa1 and WANG, 1966; PORszAsz and GIBISZER, 1970) and estazolam (2 mg - kg™ !
i.v., FUKUDA et al., 1974). In the encéphale isolé preparation, however, the pressor re-
sponse was unchanged after estazolam. Hypertension evoked by noxious stimuli was
decreased after 15 mg-kg ™! chlorazepate i.v. (MERCIER et al., 1970), in curarized cats.

The effects of benzodiazepines 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.v., RANDALL
et al., 1960; STERNBACH et al., 1964), diazepam (1-8 mg-kg ™! i.v.; RANDALL et al.,
1961; RANDALL et al., 1963; STERNBACH et al., 1964), and triazolam (10 mg-kg™'i.v.,
Furukawa et al., 1976) were reported in anesthetized dogs and a decreased pressor
response was found after 4 mg-kg ™! i.v. of nitrazepam (STERNBACH et al., 1964). The
phenylephrine-induced reflex vagal bradycardia was dose-dependently inhibited by
chlordiazepoxide (3, 10, and 20 mg-kg™'i.v.) in anesthetized cats with an eliminated
sympathetic component of the reflex by either pretreatment with propranolol or
spinal cord transection (QUEST et al., 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™! 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.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.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 (KM
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.v., RANDALL et al., 1960; MOE et al., 1962; STERNBACH et al., 1964; VARAGIC et al.,
1964; THEOBALD et al., 1965), clobazam (20 mg-kg™! i.p., BARZAGHI et al., 1973),
diazepam (0.1-8 mg-kg™ ' i.v., RANDALL et al., 1961, 1963; STERNBACH et al., 1964;
CHal and WANG, 1966; KoroL and BROWN, 1968; ANTONACCIO and HALLEY, 1975),
flurazepam (1-8 mg- kg~ 'i.v., RANDALL et al., 1969), estazolam (1 mg-kg™'i.v., SAn
et al.,, 1972), pinazepam (20 mg-kg™! i.p., SCROLLINI et al., 1975), and triazolam
(10 mg-kg ™ 'i.v., FURUKAWA et al., 1976) in the various species studied. An increased
hypertensive response was reported for bromazepam (0.3 mg-kg™' i.v., KOorOL and
BrROWN, 1968) and for medazepam (>4 mg-kg™' i.v., RANDALL et al., 1968) and a
decreased hypertensive response occurred after 4 mg - kg~ ! nitrazepam i.v. (STERN-
BACH et al.,, 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 107¢ mol-17", BJERTNAES, 1977). Using the per-
fused rat mesenteric artery preparation, ALLY et al. (1978) found that diazepam
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(55 pmol-171) and chlordiazepoxide (890 umol-17!) inhibited constrictor responses
to noradrenaline and angiotensin II but not those to potassium and vasopressin. Since
thromboxane A, supports vasoconstriction by noradrenaline and angiotensin II, but
not by potassium and vasopressin, the authors postulated that the benzodiazepines
acted as antagonists of thromboxane A,. A reduced vasoconstrictor response to nor-
adrenaline, angiotensin II, BaCl, and to lumbar sympathetic stimulation was ob-
served in hindquarter perfusion experiments in spontaneous hypertensive rats (SHR)
after a 12-week daily treatment with 1 mg-kg™! diazepam (s.c., starting at day 1 of
life) compared to diazepam-vehicle injected SHR (ScHIEKEN, 1979). The vascular
reactivity of Wistar Kyoto rats treated according to the same schedule was unchanged
(SCHIEKEN, 1979). In the anesthetized dog, bromazepam (1 mg-kg™'i.v.) did not alter
cardiac chronotropic responses to electrical stimulation of vagal or cardiac sympa-
thetic preganglionic and postganglionic nerves (GEROLD et al., 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 of benzodiazepines (RANDALL et al., 1960, 1961, 1963, 1968, 1969; MOE et al.,
1962; STERNBACH et al., 1964; VARAGIC et al., 1964; SCHALLEK et al., 1965; THEOBALD
et al., 1965; BRASSIER et al., 1966; CHAI and WANG, 1966; SCHALLEK and ZABRANSKY,
1966; KoroL and BROWN, 1968; MORPURGO, 1968; MERCIER et al., 1970; SAll et al.,
1972; BARZAGHI et al., 1973; BERGAMASCHI and LONGONI, 1973; HEILMAN et al., 1974;
ANTONACCIO and HALLEY, 1975; BABBINI et al., 1975; SCROLLINI et al., 1975; FURUKA-
wa et al., 1976; QUEST et al., 1977).

VIII. Conclusions

The very heterogeneous material presented in this section does not allow detailed con-
clusions to be made about the cardiovascular effects of benzodiazepines. 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 10 pmol-17! 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 pmol-17! and
brain levels about 3 times higher in rats 20 min after Smg-kg~' diazepam iv.;
Krorz, 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 of benzodiazepines 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 al., 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), D1 Micco et al. (1979), D1 Micco and GiLLis (1979), and WiL-
LIFORD et al. (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 (D1 Micco and GILLIS, 1979; SWEET et al., 1979) and a potentiating
effect of benzodiazepines on this GABAergic activity have been suggested by BOLME
and FUxg (1977) and ANTONACCIO et al. (1978). The great number of GABAergic
neurons (MassARI et al., 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/XI.), 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 al. (1961, 1963) and HEILMANN et al. (1974) ob-
served no effect at all on the respiratory rate or amplitude in anaesthetized dogs up
to 8 mg-kg~!i.v. In contrast, STEPANEK (1973 b, ¢) described with 1 and 3 mg-kg™*
i.v. a decrease of respiratory rate and minute volume together with reduced PaO,, pH,
O, saturation and increased PaCO,, 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™"). No effect on the respiration was observed after 0.3 mg-kg™'i.v. in the
conscious dog (KoroL and BRowN, 1968), but after single and repeated doses of 10
or 30mg-kg™! p.o. progressive uncompensated metabolic acidosis developed
(STEPANEK, 1972, 1973 a). In anesthetized cats, diazepam was reported by RANDALL
et al. (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™?!) or intra-arterial (0.016 mg-kg™") injections in lightly anesthet-
ized cats. ROSENSTEIN (1970) reported, with a dose of 0.1 mg-kg™' i.v., a decrease in
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respiratory rate, tidal volume and minute volume and an increase in end-expiratory
CO,. A decrease of the slope of the CO, response curves (V/log [CO,]) and an eleva-
tion of the CO, 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 ! and
0.1-2 mg-kg™!, respectively), the tidal volume was reduced (ROSENSTEIN, 1970;
FLOREZ, 1971), but the minute volume increased (ROSENSTEIN, 1970). End-expiratory
CO, was unchanged over a broad range of doses. FLOREZ (1971) reported both a de-
creased slope of the CO, response curves and an unchanged CO, threshold after 0.1-
0.5 mg-kg™'. The inspiratory response to stimulation of the inspiratory center was
depressed to the same extent as the respiratory responsiveness to CO, (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.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.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 PaCO,, pH,
and standard bicarbonate (BRADSHAW et al., 1973). The respiratory depression ob-
served with morphine was prolonged after 1 and 2 mg-kg ™! diazepam i.v. (BRAD-
SHAW et al., 1973). An unaltered responsiveness of the respiratory system to CO, was
found with 2.5 mg-kg ™' i.v. by PARKES (1968). A weak depression of respiratory rate
in anesthetized rabbits was reported after 20 mg-kg ™" i.p. by SCROLLINI et al. (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™"). In anesthetized rats, SCHUMPELICK (1973) observed a slowing of spon-
taneous respiratory rate after diazepam 0.4 mg-kg™'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-
1 mg-kg™") or intracerebroventricular (100 pg/20 ul) injection of diazepam. In con-
trast, ISHIDA et al. (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.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 (ISHIDA et al., 1979). The intravenous injection of diazepam
7.5 mg-kg™' to otherwise undrugged rats produced full surgical anesthesia; respira-
tion, arterial oxygen, and CO, tensions were not significantly altered (CARLSSON et al.,
1976). In conscious mice (1-80 mg-kg™' i.p.), no effect (BRADSHAW et al., 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 al., 1973).
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FLOREZ (1971) studied the respiratory effects of nitrazepam (0.1, 0.5 mg-kg ™ 'i.v.)
and clonazepam (0.1 mg-kg™'i.v.) in decerebrate cats. After both drugs, an increased
respiratory rate, a reduced tidal volume, and an increased PaCO, were observed. The
respiratory responsitivity to CO, inhalation and to stimulation of inspiratory neurons
was consistently reduced.

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

BILLINGSLEY et al. (1979) observed a respiratory depression in anesthetized rats
and cats after tremendously high doses of chlordiazepoxide (120 mg-kg™'1i.v.), 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 al., 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 midcollicular 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™' diazepam and chlordiaz-
epoxide (i.v., Kito et al., 1977). They also showed that the emotional reactions occur-
ring in conscious cats were reduced by diazepam (5 mg-kg™' i.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 PaCO, or alveolar CO, and a slightly reduced PaO, were
reported for diazepam (MASPOLI, 1967; DALEN et al., 1969; CATCHLOVE and KAFER,
1971; COTE et al., 1974). The respiratory rate tended to be increased (MASPOLI, 1967;
CATcHLOVE and KAFER, 1971). A decrease in pH was found by MaspoL1 (1967) and
COTE et al. (1974). Essentially the same respiratory changes were reported for fluni-
trazepam (COLEMAN et al., 1973; BENKE et al., 1975; DIECKMANN et al., 1976). A pat-
tern of cyclic hypo- and hyperventilation was seen after flunitrazepam (BENKE et al.,
1975). Changes in respiratory pattern, i.e., periodic breathing, occurred after loraze-
pam, but not after diazepam (ADEOSHUN et al., 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;/log [CO,] 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 al., 1968; CEGLA,
1973; UTTING and PLEUVRY, 1975; GASSER and BELLVILLE, 1976; PATRICK and SEMPIK,
1978). Inconsistent or no effects on the CO, response were also observed in com-
parable intravenous or intramuscular doses (SADOVE et al., 1965; StEEN et al., 1966;
COHEN et al., 1969; CATCHLOVE and KAFER, 1971; LAKSHMINARAYAN et al., 1976). A
potentiation of the depression of respiratory responses induced by either meperidine
or morphine was reported by SADOVE et al. (1965) and UTTING and PLEUVRY, (1975).
CeGLA (1973) observed, in addition, a reduction of the slope of the f/log [CO,] curves.
The threshold for the ventilatory response was either unchanged (CoHEN et al., 1969)
or increased (PATRICK and SEMPIK, 1978). The hypoxic ventilatory response was also
reduced by diazepam (HUDSON, et al., 1974; LAKSHMINARAYAN et al., 1976). In con-
trast to diazepam neither lorazepam (CoMeR et al., 1973, 5 mg i.v. or i.m.; GASSER et
al., 1975, 4 mg i.m.; CORMACK et al., 1977, 4 mg i.m.) nor chlordiazepoxide (SADOVE
et al., 1965, 100 mg i.m.; STEEN et al., 1967, 1 mg-kg™'i.v.) produced consistent ef-
fects on the ventilatory response to CO,. The effects of meperidine and pethidine on
the responsivity to hypercapnic ventilatory drive were potentiated by chlordiazepox-
ide (SADOVE et al., 1965; STEEN et al., 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 clonazepam (20 pg-kg™! i.a.,
40 pg-kg™* i.v.) and diazepam (0.016 mg-kg™! i.a., 0.3 mg-kg ! 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 ™! chlor-
diazepoxide or diazepam i.v. (K110 et al., 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.v., RANDALL et al., 1968).

II1. 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 ™' chlordiazep-
oxide (GLUCKMAN, 1965; THEOBALD et al., 1965; KovAics and GOROG, 1968) but not
by diazepam or oxazepam up to 50 mg-kg ™' i.p. (GLUCKMAN, 1965). The antagonis-
tic effect of chlordiazepoxide against acetylcholine and 5-HT, but not histamine, was
prevented by the -blocker dichloroisoproterenol (Kovaics and GOROG, 1968). Chlor-
diazepoxide (100 pug) antagonized the anaphylactoid bronchospasm and the
adenosine triphosphate (ATP)-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 al., 1968).
Chlordiazepoxide (~107° mol-17') antagonized contractions of the dog trachea in-
duced by acetylcholine (MADAN et al., 1963). In the guinea-pig bronchi, triazolam
(3x107¢mol-17*) 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 al.,
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1976). Estazolam caused a concentration-dependent (10 7°~107* mol-17!) reduction
of contractions induced by both histamine and potassium (San et al., 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 al., 1979; TOLEIKIS et al., 1979).

D. Effects on the Gastrointestinal System

1. 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 parttal 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.p., HAOT et al., 1964), by restrained stress combined with immersion
and forced exertion in mice (5-20 mg-kg™! p.o., DAIRMAN and JUHASZ, 1978) or by
unescapable electroshock in rabbits (50 mg-kg™' i.p., DASGUPTA and MUKHERIEE,
1967 a). Nitrazepam (15 and 20 mg-kg™* 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 ™! 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 0.4 mg-kg ™' 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.p.) on reserpine-induced ulcerations (RANDALL et al., 1969). Another
approach to induce gastric ulcerations in rats is to ligate the pylorus. After such a pro-
cedure, chlordiazepoxide (125 mg-kg ™! s.c.) was shown to decrease the severity of ul-
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.v. or 2 mg intragas-
trically (BIRNBAUM, 1968). Somewhat contrasting results were reported by Ya-
MAGUCHI et al. (1973), who observed only weak effects on the gastric juice secretion
after prazepam (115 mg-kg™* s.c.) and no effect after diazepam and chlordiazepoxide
(>250 mg-kg ™' s.c.). Intraduodenal administration of bromazepam, 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; YAMAGUCHI et al., 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 of benzodiazepines 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 al., 1971;
0.14 mg-kg™" i.v., BENNETT et al., 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 al., 1975; Kutz et al., 1976). Pentagastrin-
stimulated secretion was either unchanged (SCHERBERGER et al., 1975) or somewhat
enhanced (Kurz et al., 1976). No effect on insulin-stimulated gastric secretion was ob-
served (Kurz et al., 1976). A reduction of basal as well as betazole-stimulated gastric
secretion was reported for bromazepam (0.1 mg-kg™! 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~ * mol -17*) 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-
tering gross biochemical parameters of the liver. Chlordiazepoxide (5 x 104 mol - 171)
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 of BSP excretion without significant alteration of bile flow after diaze-
pam (5 mg-kg™'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 T,, 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™') 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™* 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™*
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™!, but were mimicked by the solvent used in the commercially available
ampoule. Bile flow was reported to be unchanged after 125 mg-kg™! 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
highintravenous doses of diazepam (16 mg - kg ~!) and chlordiazepoxide (32 mg - kg~ 1).
Flurazepam (8 mg - kg ™! 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 of benzodiazepines 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™'s.c.)
or in dogs (4-8 mg-kg ™' 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™*
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i.v. or i.d.) and in the Heidenhain dog (50 pg-kg™'i.v.) are reported with diazepam
(N1aDA et al., 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 ™! p.o., whereas a weak but
clear-cut increase in contractions of the stomach antrum was observed after
5mg-kg™' p.o. in dogs; intestinal motility was virtually unaffected in dogs (SA et
al., 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.v., SCHALLEK et al., 1964), whereas chlordiaz-
epoxide (1020 mg-kg™' i.v.) only marginally affected gastrointestinal inhibition
(CARROLL et al., 1961; SCHALLEK et al., 1964).

Spontaneous contractions of the isolated rabbit intestine and its tone were reduced
dose-dependently and the acetylcholine response was decreased by chlordiazepoxide
(107*-3x107*mol-17', MADAN et al., 1963). In the rabbit jejunum diazepam (10~ *
mol-17") potentiated the inhibitory effect of octatropine on the spontaneous pendular
movements (NIADA et al., 1978). Chlorazepate (10™* mol-17") was reported to de-
crease the tone of the rat duodenum in vitro (BRUNAUD et al., 1970). In the rat intestine
triazolam (3 x 107* mol-17") 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 al., 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 (107°~107° mol-17') 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 S1Lva, 1965; CAMPESE et al., 1972; San et al., 1972; Huck et al., 1975;
PIERI et al., 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 al.,
1975). The observed direct effects of benzodiazepines 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
of benzodiazepines 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.v. (THEO-
BALD et al., 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.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.v.) nor
diazepam (1-10 mg-kg™*' i.v.) affect the blood pressure increase due to stellate
ganglion stimulation. In contrast, FURUKAWA et al. (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.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 et,al., 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.v., MOE
et al., 1962; THEOBALD et al., 1965; QUEST et al., 1977) and diazepam (HockmAN and
LivINGSTON, 1971, 0.2-3 mg- kg™ 'i.v.; SCROLLINI et al., 1975, 20 mg- kg™ 'i.p.) in an-
esthetized cats or rabbits, whereas in the anesthetized dog flurazepam (1-8 mg-kg™*
i.v.) was found to attenuate stimulation-induced hypotension (RANDALL et al., 1969)
and medazepam (4 mg-kg™ ' i.v.) to prevent the asystole occurring after vagus stim-
ulation (RANDALL et al., 1968). The release of acetylcholine in the chicken heart induc-
ed by vagal nerve stimulation was unaltered by diazepam 107° mol-17* (LINDMAR et
al., 1979).

Salivation induced by pilocarpine was unaltered in anesthetized rabbit by chlordi-
azepoxide (6 mg-kg~! i.v., THEOBALD et al., 1965) or in cats by clonazepam (1-
10 mg-kg ™" 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~ ! i.v.,
CARROLL et al., 1961) and clonazepam (1-10 mg-kg ™' 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 PGF,, in dogs was unaffected by 1-
10 mg-kg ™! 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 al., 1960b, 20 mg-kg™'s.c.;
GLUCKMAN, 1965, up to 40 mg-kg™' i.p.). Oxotremorine-induced tremor in the
mouse was inhibited by chlordiazepoxide, probably through its muscle relaxant effect
(FrROMMEL et al., 1960 a; THEOBALD et al., 1965; RANDALL et al., 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 al.,
1976).

In the isolated rat uterus, chlordiazepoxide (10 7°-3 x 10 ™* mol - 1™ ") antagonized
the effects of histamine, 5-HT, and acetylcholine (RANDALL et al., 1960; MADAN et al.,
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 al., 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™# mol -17") were reported (SAJ et al.,
1972); in anesthetized rabbits the uterine tone was lowered in parallel with the arterial
blood pressure after 2-5 mg-kg™* i.v. In the guinea-pig uterus, triazolam (3 x 105
mol-17") 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 al., 1976). Rabbit uterine segments exposed to
3x107* mol-17" chlordiazepoxide lost their resting tone and spontaneous contractil-
ity(CavaNAGHetal., 1966). In human myometrium strips both chlordiazepoxide (10~
mol -17') and diazepam (3x 107 °mol-17!) decreased tone and arrested spon-
taneous contractions (BERGER and NEUWEILER, 1961; CAVANAGH et al., 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 al., 1976). A potentiation by diazepam (107¢ and 107% mol-17") 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 al., 1965).
Diazepam, in very high concentrations, slightly diminished the noradrenaline re-
sponse in rat seminal vesicles (RANDALL et al., 1963).

SILLEN et al. (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™') 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* mol-1~") decreased the
amplitude of the spontaneous myogenic activity as well as the contractions evoked by
either KCI, 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 photostimulation
was speeded up by clonazepam (1 mg-kg ™' 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 ™! 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™* by LunpIN and ROBERT (1974). The contractile
force after tetanic stimulation and the electromyographically recorded muscle evoked
potentials were unaffected (LupIN 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 al, 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.m., LubIN 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 ™!
i.v.; CRANKSHAW and RAPER, 1968, 0.1 mg - kg~ ! i.v.; HuDsON and WOLPERT, 1970,
1-16 mg-kg ™! i.v.; JounsoN and LOWNDES, 1974, 2 mg-kg ™' i.v.), or on the twitch
response in soleus muscle or in flexor hallucis longus (WEBB and BRADSHAW, 1973,
0.25-5mg-kg™'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.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.v. (CHEYMOL et al., 1967). Some inconsistent reduction of the twitches
of the triceps surae in response to sciatic nerve stimulation was reported by BRAUSCH
et al. (1973) in decerebrate cats (>2 mg-kg ' 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 al., 1973).

I1. 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 107* mol-17*, HAMILTON, 1967;
DAsGUPTA et al., 1969), or to increase the twitch amplitude in a dose-dependent man-
ner (2x 107°-2x 107* mol-17', MouDGIL and PLEUVRY, 1970). CRANKSHAW and
RAPER (1968) reported that diazepam, up to 3 x 107* mol-17*, did not influence the
twitch response. VYSkOCIL (1977) found no effect on single action potentials but a
blockade of trains of action potentials (107¢ and 10™° mol-17!) occurred, which was
dependent on the presence of Cl™ in the medium. Cl™ permeability was enhanced.
Diazepam (3 x 107° mol-17*) 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 107*~10"* mol-17". The rising phase was unaffected.
As a consequence, the postjunctional 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 107* mol-17!, DASGUPTA et al., 1969)
and to inhibit both types of responses (>107* mol-17!, 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 (1072 mol-171), whereas
others found an increase of the twitch amplitude (VERGANO et al., 1969). VYSKOCIL
(1978 a, b) reported that diazepam (10~* mol-17 ') 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 of 1 - s~ !, was more rapid after 10"® mol - 17! diazepam,
but that the recovery to normal sensitivity of the postjunctional membrane was un-
changed.

In the frog sartorius neuromuscular preparation, diazepam was reported to reduce
twitch height (5x 107*mol-17') and to slow the rate of fall of the negative afterpoten-
tial, without altering the membrane potential (1 x 10™* mol-17*). The rate of Ca%*
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 C1~ might counteract the effects of K* and therefore diminish the
sustained depolarization occurring during repetitive activity. After chlordiazepoxide
(5x107* mol-17") 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



42 W. HAEFELY et al.

mechanism underlying these effects might be a blockade of a mechanism pumping
Ca?* back into the sarcoplasmic reticulum. An inhibitory effect of chlordiazepoxide
(107* mol-17") on the transport of Ca?* 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
(107>-5x 10"*mol - 17 !); after injection of the Ca’*-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 al.,
1963) and diazepam (DRETCHEN et al., 1971) in high concentrations (1074-1073
mol-171).

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 Ca®* uptake or an in-
creased Cl~ permeability and counteraction of the effect of K* may to some extent
account for the relaxant effect under conditions of tetanic stimulation.

II1. Effects on Invertebrate Musculature

Ro 11-3128 (3-methyl clonazepam), 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~ ¢ mol-17!) produced a spastic paralysis of the muscula-
ture of S. mansoni, an effect which was dependent on extracellular Ca?* (Pax et al.,
1978). They also showed that Ro 11-3128 decreased the efflux of K* and stimulated
the influx of Na* and Ca%*. With 10% mol-17' 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*t and Ca?* (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 pmol -17') some-
times increased resting membrane conductance; this effect was insensitive to picrotox-
in (N1sTrI 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 1075-107* mol-17!) showed a reversibly inhibited cell dif-
ferentiation and cell fusion (BANDMAN et al., 1978; WALKER et al., 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 al., 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 al., 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
(0.2-5mg-kg™ ! i.v., WEBB and BRADSHAW, 1973) and sciatic nerve-gastrocnemius
(1 mg-kg™'i.v., DRETCHEN et al., 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 al., 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 (~107% mol-17!, MoUbGIL 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 al., 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 al.,
1969). A reduction of the effect of succinylcholine was reported in humans
(0.15mg-kg™ ' i.v.,, FELDMAN and CRAWLEY, 1970).

3. Gallamine

The combination of diazepam (5 and 10 mg-kg™" 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 al., 1969),
on the sciatic-anterior tibial muscle in anesthetized rabbits (CHEYMOL et al., 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.v., an effect not found with a somewhat
higher dose by DRETCHEN et al. (1971). No effect on neuromuscular blocking effect
of .gallamine was found in the anesthetized cat gastrocnemius preparation (0.5-
1 mg-kg™'iv., WEBB and BRADSHAW, 1973; DRETCHEN et al., 1971) or in the super-
fused chick biventer cervicis nerve-muscle preparation (10~ * mol-17!, DRETCHEN et
al., 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 al. (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 ™! s.c. had an effect on urine excretion in hydrated or dehydrated
rats after an acute water load. Flurazepam (RANDALL et al., 1969), chlorazepate
(BRUNAUD et al., 1970), clobazam (FIELDING and HOFFMANN, 1979), clonazepam
(BLuM et al., 1973), estazolam (SAn et al., 1972), and pyrazapon (POSCHEL et al., 1974)
also failed to alter urinary output in rats. Chlorazepate (25 and 50 mg-kg™* p.o.) in-
creased Na™* excretion and consequently the Na* /K * ratio, but neither estazolam nor
flurazepam changed electrolyte excretion. Clonazepam (3 and 10 mg-kg ™' p.o.) was
reported to slightly diminish Na* excretion. ZAMBONI et al. (1972) observed an in-
creased urine excretion in rats after 1 mg-kg™! diazepam and bromazepam im.,
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 al.,
1972).

In trained episiotomized dogs clonazepam (1 mg-kg ™' p.o.) did not influence uri-
nary fluid or electrolyte excretion (BLUM et al., 1973), whereas after flunitrazepam (0.2
and 0.4 mg-kg ™' p.o.) and nitrazepam (0.5 and 1 mg-kg™' p.o.) an increased excre-
tion of urine, Na* and C1~ 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 al., 1975). Both glomerular



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 45

filtration rate and effective renal plasma flow dropped transiently after a bolus injec-
tion of 2 mg-kg™'. A concomitant drop in arterial blood pressure was observed. Re-
nalfunction, however, was unaffected after slow intravenous infusion (Smg - kg~ -h™%).

11. Blood Electrolytes

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

III. 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™° mol-17") and chlordiazepoxide (>10"* mol-17")
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 20 mg-kg™! 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%) Ca* than the material from saline-injected rats. The
Ca?* 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 Ca?* content of synaptosomal sub-
fractions were observed after chlorpromazine in the strongly sedative dose of
50 mg-kg™', whereas theophylline at 150 mg-kg ™! markedly reduced the Ca2* con-
tent of the fractions containing synaptic vesicles, synaptosomal ghosts, or synapto-
somal mitochondria.

H. Effects on the Endocrine System
1. Male and Female Sexual Hormones

Chlordiazepoxide and diazepam administered subcutaneously for 100 days at daily
doses ranging from 5 to 50 mg-kg ™! 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 (LTH), and
lactation were observed (SUPERSTINE and SuLMAN, 1966). In an early study
(Boris et al., 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 of benzodiazepines with thyroid func-
tion or thyroid hormone action have been discussed by EL-HAzMi1 (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 al., 1961).

III. Pituitary Hormones
1. Growth Hormone

KouLru et al. (1979) found that a single dose of diazepam (10 mg p.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 al., 1975). No effect of diazepam at a daily dose of 40 mg on
the release of GH was seen in patients (HAVARD et al., 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 al., 1976). Diazepam abolished GH secretion of human volun-
teers in response to L-dopa and apomorphine (KOULU et al., 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™'). In
similar experiments by CHIELI et al. (1980), the decrease of basal plasma prolactin after
diazepam (10 mg-kg~!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~*. Kok (1979) observed a 60% decrease of plasma prolactin
1 h after a subcutaneous injection of diazepam (9 mg-kg™') 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 al., 1976). Diazepam 15 mg per day in anxious
patients failed to affect basal prolactin levels and the prolactin-stimulant effect of
metoclopramide (WILSON et al., 1979).

3. Adrenocortical Steroids

High doses of benzodiazepines caused an elevation of plasma corticosteroids in rats
(MARC and MORSELLI, 1969; LAaHTI and BARSUHN, 1975; KEM and SIGG, 1977; BAR-
LOW et al., 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 KrRULIK 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 (Kem and Si1GG, 1977) and forced swimming (LE
Fur et al., 1979); this effect was shown to be centrally mediated, since the drug did
not alter the effect of adrenocorticotrophic hormone (ACTH) on isolated adrenals.
BarRLOW et al. (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 of foot 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 CAIRNCROSS,
1974). In rabbits, chlordiazepoxide prevented the eosinopenia induced by electric
shocks (DASGUPTA and MUKHERIJEE, 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 al., 1979; LOCATELLI et al., 1979).

I. Effects on Cell Metabolism
I. Carbohydrates

RUTISHAUSER (1963) reported that chlordiazepoxide (30 mg-kg™* ip.) 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 ! chlordiazepoxide i.p.; both effects were greatly reduced by removal
of the adrenal medulla. In hooded-lister rats, chlordiazepoxide (10 mg-kg™!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-1,6-
diphosphate were decreased. The levels of the tricarboxylate cycle intermediates, cit-
rate, a-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™') and diazepam (4 mg-kg™?).
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 al. (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 of 25 mg chlordiazepoxide (GOTTSCHALK et al., 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 *C-3-
methylglucose into hemidiaphragms was depressed by diazepam in a concentration
around 0.3 mmol-1~! and markedly enhanced at concentrations of 1 mmol 17! and
higher. This biphasic effect of diazepam was more pronounced in the presence of in-
sulin. With 0.35 mmol-1~* diazepam there was a small increase of the Na* and K*
gradients; at 1 mmol-17" 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 of Na* and K*, and Ca*” in-
flux. The effects of benzodiazepines on skeletal muscle were discussed on the basis of
a hypothetical role of Ca?* in sugar transport; “lower” concentrations of the drugs
were assumed to stabilize, the highest concentrations to destabilize the membrane.
The concentrations of benzodiazepines 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.p.) and meprobamate (200 mg-kg ™' 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 ATP/ADP (KAuL and Lewis, 1963). Also in rats, 0.25 mg-kg™!
diazepam i.v. did not change the levels of cerebral high-energy phosphates or energy
charge potential (MAEKAWA et al., 1980). In isolated mitochondria from rat brain,
chlordiazepoxide and diazepam in a range of concentrations between 0.1 and
5mmol-1"" decreased respiration and oxidative phosphorylation, diazepam being
seven times more potent than chlordiazepoxide (DAvis et al., 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 al., 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-17"). Na*, K*-ATPase, but not
Mg?*-ATPase from rat brain synaptosomal preparations was inhibited by 55% in the
presence of diazepam 0.2 mmol-17" (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
Mg?*-ATPase of synaptic vesicles, however, was inhibited 60% by diazepam
0.25mmol-17', as by the other anticonvulsants, diphenylhydantoin and
ethosuximide.

III. Lipids

Chlordiazepoxide (40 mg-kg ™' 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™") 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 of 20 mg- kg ™! chlordiazepoxide (i.p.) on plasma
free fatty acids in normal rats and on adrenaline-induced stimulation of free 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 al., 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™ ! p.o. daily for 2 months, doubled the levels of NEFA 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 NEFA 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 al., 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 al., 1970, 1979). The optimal dose for these com-
pounds was 5 mg-kg™*'. Oxazepam, medazepam, nitrazepam, and tofisopam were
weak or inactive. Chlordiazepoxide, chlorazepate, diazepam and lorazepam, after
four consecutive daily doses of 5 mg-kg™*, 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 al., 1977).

IV. Protein Synthesis

Diazepam (10 mg- kg~ ! i.p.) increased the incorporation of *H-leucine 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 3x 1073 mol-17*, but not diazepam, inhibited protein synthesis (KHAFAGY
et al., 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 ! 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 107* mol-17" but not diaze-
pam inhibited RNA and DNA synthesis in E. coli (KHAFAGY et al., 1977). Chlordiaz-
epoxide (0.6 mmol-17") inhibited by 17% the transport of *°Ca** 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.



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 51

VI. Conclusions

Rather high doses of benzodiazepines 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
al., 1968, 1969; Sanet al., 1972; BARZAGHI et al., 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 al., 1970; RANDALL and KAPPELL, 1973;
BaBBINI et al., 1975), whereas no elevation of pain threshold was reported after ataxic
doses of either estazolam or nitrazepam (Sas et al., 1972) and after diazepam (WELLER
et al., 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-
LINI et al., 1975). Intravenous injection of 2.5 mg-kg ™! 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 al., 1980b). Naloxone (10 mg-kg ' 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 CNS (W{-
STER et al., 1980b). Only partial analgesia was observed in mice with high doses of
diazepam (>100 mg-kg™"' i.p.) in tail-immersion, tail-pinch, and tail-shock pro-
cedures in mice (WELLER et al., 1968). Pain threshold elevation in the inflamed or
noninflamed paw of rats was reported to be enhanced after 25-100 mg-kg~! chlor-
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diazepoxide s.c. (RANDALL et al., 1960) but unaffected after high doses of diazepam,
flurazepam, medazepam, or nitrazepam (STERNBACH et al., 1964; RANDALL et al.,
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™* estazolam and nitrazepam p.o.,
while 20 mg- kg™ ! increased pain threshold under both conditions (Sa et al., 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 al., 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 al., 1970). Chlordiazepoxide (25and 50 mg - kg ~!
1.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™' p.o. (HOFFMEISTER, 1968). With clobazam (20 mg-kg ™! i.p.) FIELD-
ING and HOFFMANN (1979) observed a slight antinociceptive effect to electrical stim-
ulation of the dental pulp. Measuring the flinch-jump threshold (electric shocks
through grid floor) in rats, BoDNAR et al. (1980) found chlordiazepoxide to be
antinociceptive at 15 mg-kg™' 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.p.) and diazepam (0.25 mg- kg~ ' 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.p.) but
not by diazepam (0.5-5 mg-kg™' i.p.); naloxone (20 mg-kg~! s.c.) reversed the
threshold elevation produced by chlordiazepoxide (KELLY et al., 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™! s.c., WEIS, 1969)
and guinea pigs (10 mg- kg~ !s.c., FROMMEL et al., 1960 b), but to potentiate morphine
analgesia in rats with 10 mg-kg™' i.p. (GUPTA and GAITONDE, 1964). An antagonism
of morphine in the mouse tail-flick was also demonstrated for diazepam
(EDsq:3 mg-kg ™! s.c.), whereas oxazepam was inactive (RANDALL et al., 1970). With
somewhat lower doses (1 mg-kg™'i.p.) of diazepam and oxazepam, SHANNON et al.
(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 ™! diazepam i.p. (BRADSHAW et al., 1973).
FenNessy and SAWYNOK (1973) described a biphasic effect of chlordiazepoxide,
clonazepam, 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™"* p.o., the effect of morphine after a short pretreatment interval but re-
duced morphine analgesia at longer pretreatment times. Chlordiazepoxide and
clonazepam 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 of benzodiazepines 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 (AyD, 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 ™' 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™* p.o. (RANDALL and
KAPPELL, 1961; STERNBACH et al., 1964) and later with diazepam 2 mg-kg™!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.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 (1979 b). A dose-dependent increase of food and water intake in starved rats
was seen with diazepam and nitrazepam (STERNBACH et al., 1964), but not with
flurazepam (RANDALL et al., 1969). Nik1 (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.p.; FrRaTTA €t al.,, 1976; MEREU et al., 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 of food 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 al., 1976).

That the stimulant effect on food intake was not dependent on the environment
or the time of feeding was shown by WIst 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 (1980a) 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.p.) and diaze-
pam (2.5 mg-kg ™' i.p.) increased eating of familiar food in food-deprived rats in a
food preference test situation (BURTON et al., 1980; CooPER, 1980a; CooPER and
CruMMY, 1978; CooPER and McCLELLAND, 1980); higher doses of the compounds
were required to enhance eating of novel food (CooPeRr, 1980 a; Cooper and MCCLEL-
LAND, 1980). Grouping or isolation of rats did not change the stimulant effect of chlor-
diazepoxide (BAINBRIDGE, 1968). SOUBRIE et al., (1975b) 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™' chlordiazepoxide i.p. (ROBBINS et al.,
1977). Eating can also be evoked, at least in some rats, by stimulation of the lateral
hypothalamus. After 5 mg-kg™' 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 al. (1980) found that 2.5 and 5mg - kg ™!
diazepam i.p. reduced the threshold for stimulation-bound eating but not for drink-
ing. Bilateral injection of diazepam (20 pg/0.2 pl) 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 al., 1979).

The stimulation of food intake by subcutaneous diazepam in rats was antagonized
by small doses of naloxone (GYLYS et al., 1979; STAPLETON et al., 1979; BRITTON and
THATCHER-BRITTON, 1980; SOUBRIE et al., 1980) and picrotoxin (FLETCHER et al.,
1980). An interaction of benzodiazepines with anorexigenic drugs was also reported.
Indeed, amphetamine antagonized increased food intake after chlordiazepoxide in
starved dogs (STERNBACH et al., 1964). In rats, chlordiazepoxide (4-20 mg-kg ™' i.p.)
at least partially antagonized the anorexigenic effect of amphetamine, fenfluramine,
and fluoxetine (BORELLA et al., 1969; IWAHARA, 1970; CoopPER 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™' i.p.
oxazepam (FRATTA et al., 1976).

Benzodiazepines were also shown to enhance the intake of water or other fluids.
STERNBACH et al. (1964) reported that 6-25 mg-kg ™' 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™' s.c. (ZAMBONI et al., 1972). A dipsogenic
effect in fluid-deprived rats was shown for 3-10 mg-kg™' 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 SOUBRIE et al. (1976 a) in fluid-deprived rats or mice after diazepam (1-
4mg-kg~ 'i.p.), chlordiazepoxide (8-16 mg - kg ! i.p.), lorazepam (0.125-1 mg - kg !
i.p.), nitrazepam (1-2mg-kg~! i.p.), and prazepam (8 mg-kg~! ip.) in a novel or
familiar situation. Rats injected daily for 9 days with chlordiazepoxide (5-15 mg - kg ~*
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
FRrANCIS, 1979a). On the other hand FALK and BURNIDGE (1970) reported that in
fluid-deprived rats 15 or 30 mg-kg ™! 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.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.p.), irre-
spective of whether familiar 32% or unfamiliar 4% sucrose was offered (FLAHERTY
et al.,, 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 al., 1974; JouNsON, 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 al., 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 al. (1979) and OLGIATI et al. (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 al. (1979), increased feeding would ensue as after local injection of
muscimol. Another GABAergic synapse where benzodiazepines could act to produce
their effect on food intake is the dorsal raphé nucleus; indeed, PRZEWLOCKA et al.
(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™' chlordiazepoxide p.o. (RANDALL et al., 1960) and triflu-
bazam (HEILMAN et al., 1974), whereas diazepam (40 mg-kg™! p.o.) and flurazepam
(0.1 mg-kg™* p.o.) were found inactive (STERNBACH et al., 1964; RANDALL et al.,
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.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™! i.p. (THEOBALD et al., 1965), whereas
high doses lowered the body temperature in guinea pigs (FROMMEL et al., 1960 b). An
antipyretic effect was reported in guinea pigs (100 mg-kg™' s.c., FROMMEL et al.,
1960b). A decreased body temperature was found in dogs, especially under low am-
bient temperature (10 mg- kg™ p.o., SCHMIDT et al., 1961); shivering occurring in ani-
mals exposed to low temperature was abolished. Hyperthermia induced by the com-
bination of L-tryptophan and tranylcypromine was dose-dependently reduced in con-
scious cats by chlordiazepoxide, diazepam, and flurazepam (LippA et al., 1979); diaze-
pam (0.3-1.5 mg-kg™* 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 Ia 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 al., 1977; KIMURA and KURIYAMA,
1975; PRZEWLOCKA et al., 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 al., 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 of benzodiazepines 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. EDs, values (mg - kg~ 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 29 2.6 2.2 14

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 12 1.1 0.57 0.36

Midazolam 043 0.57 21 22

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

The early results reported by RANDALL et al. (1960, 1961, 1965a) in mice chal-
lenged with 125 mg-kg™! 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 of benzodiazepines for their protective effect against a fixed
dose of pentetrazole (85 mg-kg ™! 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 al., 1970;
D’ARMAGNAC et al., 1971; BLuM et al., 1973). Oxazepam was found by GLUCKMAN
(1965) to be virtually as potent as diazepam. COUTINHO et al. (1969, 1970) and MAR-
cucci et al. (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 of the 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 BaeiNi et al. (1969) and BaBBINI and
TorrieLLI (1972), and various triazolobenzodiazepines were investigated by NAKAJI-
MA et al. (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 JounsoN 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 ™! 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. EDs, values (mg-kg™?!) for various benzodiazepines obtained in horizontal wire,
rotarod, and antipentetrazole tests

Drug Traction test? Rotarod® Antipentetrazole test®
Diazepam 1.6 [1] 44 1] 1.7[1]
29 [2] 34[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[12]ip. 7071 14[7]
413]1i.p. 5.3 [10] 0.8 [12] ip.
Chlordiazepoxide 3[1] 13[1] S5[1]
14 [5] 95 [4] 16.5 [3]
58.5[10] 14.2[10] 10 [11]
75 [11] 200 [11]
Oxazepam 8.5[1] 9.5[1] 1.7[1]
13 [13]ip.
Medazepam 25[1] 5[1] 45[1]
8[6] 18.5 [6] 3.1[6]
250 [11] 400 [11] 5[11]
Lorazepam 2.5[1] 04[1] 0.07 1]
Clonazepam 16 [2] 0.3 2] 0.15[2]
Nimetazepam 1.4 [4] 0.18 [4]
Flurazepam 3[8] 6 [9] 21[9]
Temazepam 40 [11] 50 [11] 6.4 [11]
4[13]ip.
Triazolam 0.6 [12] i.p. 0.04 [12] i.p.

* 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] BasmBinI et al. (1975)

[2] BLum et al. (1973) [9] RaNDALL and KaPPEL (1973)
[3] RoBiCHAUD et al. (1970) [10] NakaNisHI et al. (1972)

[4] Sakar et al. (1972) [11] FerrINI et al. (1974)

[5] FErRNANDEZ-TOME et al. (1975) [12] Rubpzik et al. (1973)

[6] Asami et al. (1975) [13] GALL et al. (1978)

[7] 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-
LICK and ENNA (1979).

Antipentetrazole activities of various benzodiazepines in the rat were reported by
BANZIGER (1965), Marcuccr et al. (1968 a), BANERJEE and YEOH (1977), MATTHEWS
and McCAFFERTY (1979), in the rabbit by BANZIGER (1965), and in the guinea pig by
Marcucct et al. (1971a). 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 al. (1976) and NIEMEGEERS and
LEw1 (1979); the ED, 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.

CLINCKE and WAUQUIER (1979) administered pentetrazole in a subconvulsive dose
(40 mg-kg ' 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.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
et al. (1973), SCHLOSSER et al. (1973), HAEFELY et al. (1975b), DINGLEDINE et al. (1978),
STONE and JAVID (1978), WorMS et al. (1979), BuckeTT (1980), and MATTHEWS and
MCcCAFFERTY (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 ™! 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 GABA recognition site of the
GABA receptor-chloride ionophore complex, picrotoxin is more likely to affect the
chloride channel directly (TICKU et al., 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 al., 1975a; MAo
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Table 7. Protection from convulsions induced in mice by
thiosemicarbazide. (From MARKOVICH and OSTROVSKAYA,

1977)

Drug ED;,, mg - kg™ ! p.o.
Clonazepam 0.009 (0.005-0.014)
Lorazepam 0.034 (0.026-0.044)
Diazepam 0.45 (0.37-0.54)
Medazepam 1.8 (1.24-2.6)
Phenobarbitone 15.5(11.9-20.15)
Diphenylhydantoin No effect below 100 mg-kg™*

etal., 1975a; HorTON et al., 1976; SOUBRIE and SIMON, 1978; STONE and J ;wn), 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 al., 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 al., 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 al., 1975a; CosTa et
al., 1975b; Woop et al., 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 al. (1975a) and Costa et al. (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 al., 1975;
MARKOVICH and OSTROVSKAYA, 1977). ED;, 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™! thiosemicarbazide; diaze-
pam (4 mg-kg™'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 al., 1974). Diazepam and flunitrazepam (HAEFELY et al., 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,
LOscHER (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 5, being identical
to that against pentetrazole.

Administration of another GAD inhibitor, allylglycine (200 mg- kg~ '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.v.) was highly effective against these facilitated
myoclonic responses (MELDRUM et al., 1975). ASHTON and WAUQUIER (1979 b) 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™! s.c.)
were antagonized with about the same potency (EDs, at 1 h~0.3 mg-kg™* p.o. —
ED,, at 24 h~1.5-3 mg-kg™* p.o.) by cloxazolam and diazepam (KAMIOKA et al.,
1972). Bemegride injected intravenously (49 mg-kg™!) elicited tonic-clonic convul-
sions in freely moving cats; diazepam (2 mg-kg ™' 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).

QOuabain. 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 al., 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.v. Doubling the dose re-
sulted additionally in a reduction of paroxysmal cortical activity (reduction of the am-
plitude of waves, prolongation of interburst intervals, and marked suppression of lat-
eral and perpendicular propagation, while the focal activity in the deeper cortical layer
was least affected).

Local Anesthetics. High parenteral doses of local anesthetics are well known to in-
duce seizures; the mechanism of action is uncertain. EIDELBERG et al. (1963, 1965) were
able to protect rats from convulsions induced by 60 mg- kg™ ! 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 al., 1970). Clonazepam increased the
threshold dose of lidocaine for induction of paroxysmal EEG activity in the amyg-
dala, hippocampus, and cerebral cortex of rabbits (GOGOLAK et al., 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 ™! diazepam (MUNSON and WAG-
MAN, 1972). Similar effects were obtained with diazepam in convulsions induced in
cats and monkeys (DE JONG and HEAVNER, 1973, 1974a, b). MAEKAWA et al. (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 al., 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).

D1 Rocco et al. (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.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™! 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™?). 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 al., 1974).

WEIHRAUCH et al. (1976) recorded paroxysmal EEG changes and convulsive seizu-
res occurring in rabbits after the intravenous infusion of 2.4 mg - kg ~ ! 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 al. (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™* p.o.) was
virtually ineffective, though eliciting slight ataxia in some animals at the highest dose
used. EDMONDS et al. (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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Aantistrychnine 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 al., 1960; MUSTALA and PENT-
TILA, 1962; LECHAT et al., 1970; BLUM et al., 1973; LEMBECK and BEUBLER, 1977; Sou-
BRIE and SIMON, 1978; DINGLEDINE et al., 1978; WORMS et al., 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 antistrychnine 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
MCcCAFFERTY, 1979). GIUNTA et al. (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 of the 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 ™ *. After dai-
ly administration of diazepam (2mg-kg~! 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 al. (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
ScotTti 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 pg 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 al., 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 LDy, (112 mg-kg™" i.p.) was used to study its prevention by drugs.
Doses protecting 50% of the animals from convulsions were 0.32 mg- kg ™! diazepam
and 17.6 mg-kg™ ' phenobarbitone i.p.; diphenylhydantoin was ineffective (BEAUBIEN
et al., 1976).

Convulsant Benzodiazepine, Ro 5-3663. This compound at the dose of 30 mg-kg ™!
1.p. precipitated convulsions in all injected mice. Diazepam protected the animals with
an EDs, of 1.5 mg kg™ p.o. (SCHLOSSER et al., 1973). The GABA antagonistic prop-
erty of the compound suggested by FRANCO and SCHLOSSER (1978), GELLER (1979),
SCHLOSSER and FRANCO (1979 b), O’BRIEN and SprIT (1980) was shown to be of the
mixed competitive-noncompetitive type (SCHAFFNER et al., 1979).

Hyperbaric Oxygen. Oxygen at high pressure induces convulsions. Diazepam re-
duced these convulsions in the rabbit (TOTH et al., 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 ATA) in rats were prevented by
diazepam, and the symptoms of “high pressure nervous syndrome” were reduced
(GrAN et al., 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 Kok, 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.p. The oral EDsj, for protective activity was 0.73 mg-kg ! for clonaze-
pam, 3.4 mg-kg™ ' for diazepam, and 27 mg- kg~ for chlordiazepoxide, 63 mg-kg ™!
for phenobarbitone, and 770 mg-kg ™! for trimethadione; diphenylhydantoin was in-
effective at 800 mg-kg™' (BANZIGER and HANE, 1967).

Flurothyl. Chlordiazepoxide (1.25 mg-kg™' i.p.) and diazepam (0.125 mg-kg™!
1.p.) prevented tonic seizures in mice following an intravenous dose of 0.05 ml 1%
flurothyl in polyethyleneglycol (BoIssiER et al., 1968).
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Caffeine. MARANGOS et al. (1979 a, 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 [1,1,1,-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.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 al., 1973).

Benzodiazepines were found to be active in the MES test on the mouse by various
authors (RANDALL et al., 1960, 1961, 1965a; BANZIGER, 1965; GLUCKMAN, 1965;
Krupp and KAHLING, 1965; SWINYARD and CASTELLION, 1966; FOURNADIJEYV et al.,
1968; D’ARMAGNAC et al., 1971; DoBrescU and COEUGNIET, 1971; BARZAGHI et al.,
1973; BLuM et al., 1973; JeppssoN and LIUNGBERG, 1975; JoHNSON and FUNDERBURK,
1978; GLUCKMAN and STEIN, 1978; NIEMEGEERS and LEW1, 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 al., 1970;
BLuM et al., 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 LEW1 (1979) pre-
sented data of a comparative study in the mouse of 14 benzodiazepine derivatives,
which clearly show that the ED, in the MES test were without exception higher than
the doses producing ataxia and 10-20 times higher than the ED 5, 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. EDs, values (mg-kg™! p.o.) for various benzodiazepines in the “inclined screen,”
“maximal electroshock seizure,” and “foot shock-induced fighting” tests

Drug Inclined screen Maximal electroshock Footshock-induced fighting
seizure
Nitrazepam 15[1] 31[1] 5[1]
8.3 [8] 26 [8] 25 8]
5.8 [9]
Chlordiazepoxide 100 [2] 10.7 [5] 40 [2]
40* [5] 29 2] 20* [4]
82[7] 49 [7] 17 [7]
92 8] 30 [8] 50 [8]
220 [9] 32[11] 12.5[11]
250 [11]
323[12]
Diazepam 25[3] 21 [4] 10 [3]
10* [5] 3.1[5] 4 (7]
39 [7] 6.4 3] 30 [8]
50 [8] 14 [7] 2.8 [11]
44 19] 11.5[8]
10 [10] 6.5 [10]
120 [11]
Medazepam 125 [2] 371[2] 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 EDs, as reported in the quoted papers (the values marked with an asterisk
are ED ().

[1] RANDALL et al. (1965a) [7] RoBICHAUD et al. (1970)

[2] RANDALL et al. (1968) [8] Sakaretal. (1972)

[3] RANDALL et al. (1965b) [9] Nakanma et al. (1971)

[4] RANDALL et al. (1970) [10] KamiOkA et al. (1972)

[5] Krupp and KAHLING (1965) [11] HEeMAN et al. (1974)

[6] RANDALL et al. (1969) [12] 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
catby 50% wasdeterminedas 0.84 mg - kg~ ! p.o.; equieffective doses were 21 mg - kg ™!
for phenobarbitone, 10.6 mg - kg~ ! for diphenylhydantoin, and 2 mg -kg~! for car-
bamazepine (BLUM et al., 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 (ED s, 4.4 mg-kg™! p.o.), diazepam (EDs,~1.5 mg-kg™*
p.o.), prazepam (EDs, 1.7 mg-kg ™! p.o.) (ROBICHAUD et al., 1970), and nitrazepam
(EDs, 0.14 mg-kg™'i.p.) (CoLLINS and HORLINGTON, 1969). For sensory epilepsy see
also under K, I1.3).

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.v.) (Hor1 et al., 1979).

II. 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 al. (1975) found that diazepam in doses of 0.5
1 mg-kg ™' 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 al., 1979). Onset of kindling was, how-
ever, reported to be delayed by diazepam (6 mg-kg™' p.o.) without effect on clonic
convulsions, when the site of stimulation was in the frontal cortex (GoFF et al., 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 (1979 a) 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 s, between 0.28 and 0.86 mg-kg™!
i.p.). Similar results were obtained by ALBERTSON et al. (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 al. (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
2mg-kg™'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™! s.c.) not only failed to inhibit
these seizures but also actually exacerbated them (VAN DuJN and VissEr, 1972).
Clonazepam (0.2 mg-kg™' s.c.) in the same experimental conditions was markedly
active (VAN DuiN, 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.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 al., 1979). Diazepam at
0.05mg-kg™* protected 20% of epileptic monkeys; 0.20 mg-kg ' protected 100%
(KopeLoFF and CHUSID, 1967).

In two rhesus monkeys with chemically irritative lesions in the septal region,
GUERRERO-FIGUEROA et al. (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™' 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,
1972). 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
0f 20-30 s ™' (KiLLAM et al., 1967; KiLLAM, 1979). In a series of investigations (STARK
et al., 1970; KiLLAM et al., 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 (2.5mg-kg™! p.o.) and phenobarbitone
(10 mg-kg™* p.o.) inhibited all phenomena in each of the three animals tested.
Clonazepam (0.63 mg-kg ™! 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 (WAUQUIER et al., 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 al., 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 of pentetrazole 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 al., 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, €.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 al., 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 Minimum effective dose (MED)?, mg-kg™*! p.o.
Chlordiazepoxide 2

Diazepam 0.2

Medazepam 4

Flurazepam 2

Nitrazepam 0.1

Clonazepam 0.05

Flunitrazepam 0.02

Bromazepam 0.2

Phenobarbitone 50

2 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 al., 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 of less 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 Dk (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, 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 ED 5, values from the
literature as determined in traction tests and, for comparison, in rotarod and anti-
pentetrazole tests. Differences by a factor of 20 in the ED s, 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 Sousrit 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 20mg - kg ™,
respectively. By analogy with what will be pointed out for the rotarod 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 M1va, 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, 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
(MavLick 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 EDs, 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 1 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 '/,,~!/,, 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 al. (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.p., which was active in a
conflict test, had no effect on the aerial righting reflex, in contrast to ethanol (VOGEL
et al., 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 al. (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 al. (1975), diazepam reduced y-rigidity at the
dose of 1 mg-kg™* i.v. HUDSON and WoLPERT (1970) found even smaller doses of
diazepam (0.125 mg-kg ™' i.v.) to be effective and MAXWELL et al. (1974) observed
that in the rat, too, the intercollicular decerebrate rigidity was markedly affected by
diazepam (1.2 mg- kg ~*). The effect of benzodiazepines 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 al., 1975).
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10. «-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 a-mo-
toneuron system. SCHALLEK et al. (1964) found that chlordiazepoxide and diazepam
inhibited a-rigidity with EDs, values of 26 mg-kg ™! and 2.5 mg-kg™! i.v. Nitraze-
pam has been reported to almost completely abolish a-rigidity at the dose of
13 mg-kg™'i.v. (RANDALL et al., 1965a). In comparing diazepam in the two types of
rigidity (y and a), 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).

III. 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 (EDj,
77 mg-kg ™' p.o.) and diazepam (EDs, 44 mg-kg ™! p.o.) reduced locomotor activity
(ScroLLINI et al., 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™*
p.o. (BLUM et al., 1973). Considering the much lower ED 5, 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.

Using photocell activity cages, chlordiazepoxide produced a decrease of locomo-
tor activity with an approximate EDs, of 100 mg-kg™* p.o. Chronic administration
of 100 mg - kg~ ! 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 al., 1967). SANSONE (1979) also observed a tolerance to the de-
pressant action of 20 and 30 mg- kg ™' chlordiazepoxide intraperitoneally after 5 con-
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secutive days of administration. Also using photocell activity cages, AsaMI et al.
(1975) found a decrease of locomotor activity after diazepam (EDs, 16.4 mg-kg™!
p.o.) and medazepam (ED;, 58 mg-kg™' p.o.), whereas a new benzodiazepine deriv-
ative, 1-(f-methylsulfonylethyl)-5-(o-fluorophenyl)-7-chloro-1,3-dihydro-2H-14-
benzodiazepin-2-one, was devoid of effect up to 256 mg-kg ™! p.o. KAMIOKA et al.
(1972) reported ED 5, values of 38 mg-kg ™' and 100 mg-kg™! p.o. for diazepam and
cloxazolam. According to POSCHEL et al. (1974) chlordiazepoxide decreased locomo-
tor activity by 65% at 25 mg-kg™' p.o., and diazepam by 39% at 12.5 mg-kg™! p.o.
Clobazam in doses ranging from 5 to 10 mg- kg ™! i.p. was more effective than chlor-
diazepoxide in reducing locomotor activity (BARZAGHI et al., 1973). With another
method, i.e., counting the number of revolutions in a revolving cage, JINDAL et al.
(1968) found that chlordiazepoxide and diazepam administered intraperitoneally in
the mouse had no appreciable effect at 25 mg-kg™' and 7 mg-kg™* respectively,
whereas NakAIMA et al. (1971 b) observed a variable decrease from 27% to 50% with
diazepam and nitrazepam 5-30 mg-kg™' p.o. and EDs, for estazolam and al-
prazolam of 10.5 mg-kg™' and 6.2 mg-kg™!, 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 intraperitoneally 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 50 mg-kg™' p.o. was also reported for clox-
azolam (KAMIOKA et al., 1972) still using photocell activity cages. With a modified
photocell method KLupp and KAHLING (1965) found a biphasic effect of chlordiaz-
epoxideand oxazepam:anincrease of locomotor activity in the range of 540 mg - kg ™ *
p.o.and 5-20 mg - kg ! p.o., respectively, and a decrease with higher doses. SANSONE
(1979) found that doses of 5 and 10 mg-kg™! 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-

1ty.

3. Decrease in Rats

Chlordiazepoxide was found to be ten times (EDso 60 mg-kg ™! p.0.) 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 al.,
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 al., 1960), flurazepam was found to be very potent in depress-
ing locomotor activity (EDs, 4.5 mg-kg ™' i.p.) (BABBINI et al., 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.
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II. Exploratory Behavior
1. Mice

AHTEE and SHILLITO (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.p., and diazepam,
10 or 20 mg-kg™! 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 al., 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 al., 1972). BARzAGHI et al. (1973),
using the hole-board method found that chlordiazepoxide and clobazam at doses of
5-10 mg-kg™! i.p. always reduced exploratory behavior in mice, clobazam being
more potent than chlordiazepoxide. Diazepam and pinazepam (ED;, about 4-
5 mg-kg ™! p.o. for both drugs) also reduced exploratory behavior evaluated with the
hole-board test (SCROLLINI et al., 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 SMiTH (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.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 of lower 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.c., an increase with lower doses and
a decrease with higher doses, was observed in mice with demethyldiazepam and
chlordemethyldiazepam (DE ANGELIS et al., 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 ! i.p.) and par-
ticularly chlordiazepoxide (0.5-10 mg-kg™!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 ™! 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™!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 ™' 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 of locomotion and rearing frequencies. In rats placed for 8 min ina Y-maze
the effect of chlordiazepoxide, oxazepam, diazepam, lorazepam, and nitrazepam (in-
traperitoneally, at three dose levels) was studied on exploratory behavior and in-
trasession habituation (SOUBRIE et al., 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 (1971b), 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
1 mg-kg™" 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).
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III. Effects on Drug-Induced Changes in Motor Activity
1. Stimulants of Motor Activity

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

Dexamphetamine (3.5 mg-kg™'i.p.) increased locomotor activity in mice as mea-
sured in photocell activity cages. At the dose of 0.5 mg-kg ™! s.c. diazepam increased
the effect of dexamphetamine. At the dose of 1 mg-kg™ ' i.p. diazepam produced only
a weak, statistically insignificant increase. At the dose of 4 mg-kg™* i.p., diazepam
did not affect the hypermotility induced by dexamphetamine, although it decreased
spontaneous motility when administered alone (SOUBRIE et al., 1975a). On the other
hand, according to BABBINI et al. (1969), the increased locomotor activity elicited in
the rat by methamphetamine (4 mg-kg™! i.p.) and recorded with jiggle-cage ac-
tometers was markedly inhibited by benzodiazepine derivatives: oxazepam (100-200
mg-kg™!i.p.), the water-soluble oxazepam hemisuccinate (33-71 mg-kg™"' i.p.), its
dimethylaminoethanol salt (2041 mg-kg™' i.p.), and diazepam (12-24 mg-kg™!
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 ™' s.c.) in doses of 10, 50, and 100 mg-kg ™! p.o., in fact potenti-
ated this hyperactivity (KAMIOKA et al., 1972); the same results were obtained with ni-
metazepam 3-30 mg-kg™! p.o. (activity cages, methamphetamine 2 mg-kg™* i.p.;
SAKATI et al., 1972) and chlordiazepoxide 1 mg-kg™* (photocell activity cages, am-
phetamine 1.5 mg-kg ™' i.p.; SETHY et al., 1970). No effect of diazepam and oxazepam
at 10 mg-kg™!i.p. was seen on the locomotor stimulant action of d-amphetamine (1-
30 mg-kg ™' i.p.) (SHANNON et al., 1976).

The combination amphetamine-barbiturate had been shown to increase, at some
particular doses (1.2 mg-kg™' dexamphetamine s.c., 7.5 mg-kg™' 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~'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 al., 1973).

Methylphenidate. Chlordiazepoxide (25 mg-kg ™' i.p.) and diazepam (7 mg-kg™'
1.p.) did not reduce the stimulant effect of methylphenidate (10 mg-kg™'i.p.) on the
locomotor activity of mice placed individually in a revolving activity cage (JINDAL et
al., 1968).

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

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™* cocaine and 15 mg-kg ™! 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.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.p. (SOUBRIE and SiMON, 1978).

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

Reserpine After Monoamine Oxidase Inhibitor. Reserpine (16 mg-kg~!s.c.) indu-
ces hypermotility in mice given pargyline (150 mg-kg™") 24 h before. Diazepam and
chlordiazepoxide depressed this type of hypermotility in a dose-related manner (Sou-
BRIE et al., 1975a).

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

Opiates. In photocell activity cages, morphine (64 mg-kg™' i.p.) elicited hy-
peractivity in mice. Diazepam (1 mg-kg™' i.p.) induced a further increase of mor-
phine hyperactivity; this increase was much weaker after diazepam 2 mg-kg™*. At
4 mg-kg™', 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 ™' and reduced it at 16 mg-kg™* i.p. (Sou-
BRIE et al., 1975a). Different results were obtained by SHANNON et al. (1976). Stimu-
lation of locomotor activity of mice by morphine (10-300 mg-kg ™" i.p.) was reduced
by diazepam (0.1-1 mg-kg ™' i.p.) and oxazepam (10 mg-kg ™! i.p.) 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 of locomotor activity, recorded cumulatively over 60 min. Muscimol, 10 and
30 ng, further increased hyperactivity. Nitrazepam 1 mg - kg~ *, diazepam 3 mg - kg%,
and chlordiazepoxide S mg - kg™, administered orally 30 min before the intranigral
injection of muscimol, significantly potentiated the hyperactivity induced by 3 ng
muscimol (MAT1sul and KAMIOKA, 1979).

2. Depressants of Motor Activity

Reserpine. Locomotor activity was reduced in mice by 0.5-1 mg-kg ™! reserpine i.p.
In these mice, chlordiazepoxide at three doses (2.5, 5, and 10 mg- kg~ 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 ™! daily for 3 days) displayed motor depression; in approximately 50% of
these mice chlordiazepoxide (5 mg-kg ™ 'i.p.) produced a marked hypermotility, last-
ing for at least 1 h (VETULANI and SANSONE, 1978).

a-Methyl-p-tyrosine. In the same experimental situation as used above with reser-
pine, a-methyl-p-tyrosine (50 mg-kg™' i.p. 2 h before test), depressed the total
locomotor activity of mice measured over 1 h. Chlordiazepoxide (5 mg-kg™* i.p.),
which significantly increased locomotor activity in saline-pretreated mice during the
whole 1-h session, was inactive after a-methyl-p-tyrosine. This antagonism toward
chlordiazepoxide was less evident during the first 10-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™"'), diazepam (3.7 mg-kg™?),
lorazepam (1.5 mg-kg™ '), and clonazepam (0.6 mg-kg™!) 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 al., 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.

Y. 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 al., 1960; HEISE and Borr, 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 (VALZELLI, 1967; DiMascio, 1973; EssMAN, 1978;
VarLzeLnl, 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 aggression, (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 ™! p.o., RANDALL, 1960; RANDALL
et al,, 1960; 5 mg-kg™! p.o. given during a week, Heise and Bo¥r, 1961), which are
clearly below those affecting general behavior or inducing ataxia. Subsequent studies
(RANDALL et al., 1961; ScHECKEL and BoFF, 1968) extended this observation to diaze-
pam (taming dose in cynomolgus monkey, 1 mg-kg™! p.o.), nitrazepam (0.125
mg-kg™'), bromazepam (1 mg-kg™!), clonazepam (2.5 mg-kg™!), flunitrazepam
(0.5 mg-kg™"), medazepam (5 mg-kg~!), and flurazepam (5 mg-kg~!). For chlordi-
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 *4C-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 of N-
desmethylchlordiazepoxide and the lactam metabolite remained constant within the
same period in the three tissues (COUTINHO et al., 1971).

In studies investigating the social behavior of rhesus monkeys, DELGADO (1973)
and DELGADO et al. (1976) found that dominant animals in pairs exhibited less aggres-
sive attacks against submissive partners when either chlordiazepoxide (5 mg-kg !
1.m.) was given to dominant animals or diazepam (5 mg-kg ™! i.m.) administered to
dominant and/or submissive monkeys. In both studies these doses of benzodiazepines
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™!), 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~! p.o.), diaze-
pam (0.2 mg-kg 1), cloxazolam (0.2 mg- kg~ '), oxazolam (2 mg-kg~1), and CS 386,
an oxazolobenzodiazepine (0.2 mg-kg~') (KAMIOKA et al., 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 al., 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~*
i.m. per day, MOORE et al., 1976).

Important findings indicating more selective effects of benzodiazepines 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™' 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~ ! p.o.; HOFFMEISTER and WUTTKE, 1969). Marked depressant effects of ni-
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 al. (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~'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 (1 mg-kg~! 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 al. (1979) found no inhibition
of mouse-killing behavior of cats with doses up to 16 mg-kg ™! chlordiazepoxide i.p.
and 4mg-kg~' diazepam ip., 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 al.,
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 ! i.p.) and diazepam (1.25 mg-kg™!), this latter effect persisting after
chronic administration of chlordiazepoxide (LEAF et al., 1975). Antimuricidal effects
of high doses of chlordiazepoxide (50 mg-kg ™! 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, 1975a). KaMEI et al. (1975) found antimuricidal activity of diazepam and
chlordiazepoxide, the ED, values being 4.95 and 34.4 mg-kg ™' i.p., respectively. An
interesting observation was made by MiCczex (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~! i.m.) given to the
dominant rats increased aggressive responses, while a higher dose of the benzo-
diazepine (20 mg-kg™!) suppressed them without reversing the dominance-subordi-
nation relationship. In pairs of aggressive and non-aggressive mice, diazepam
(10 mg-kg™! p.o.) and chlordiazepoxide (50 mg-kg ™! 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
(KRr31AK, 1979). Similarly, in pairs of golden hamsters, a rather high dose of chlordi-
azepoxide (50 mg-kg™! p.o.) reduced aggressivity and increased sociability (POOLE,
1973). Chlordiazepoxide (50 mg- kg ') 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 (1 mg-kg ™' 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 (Mi1CzEK
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 pg-ml ™! added to the aquarium) which had no effect on swim-
ming performance (FIGLER et al., 1975). Chlordiazepoxide either did not affect the ag-
gressive behavior of ants (KosTowsk1, 1966) and scorpions (MERCIER and DESSAIGNE,
1970) or reduced aggressivity in praying mantis only with debilitating doses (MERCIER
et al., 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 al., 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 ™! i.p.), which was
lower than that producing motor impairment (20 mg-kg~?'), 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™! i.p.), medazepam (10 mg-kg™'), and ox-
azepam (15 mg-kg™') induced antiaggressive activity without signs of overt motor
impairment (VALZELLI et al., 1967; VALZELLI and BERNASCONI, 1971), the antiaggress-
ive actions of diazepam (7.5mg-kg™' ip.), nitrazepam (3.75mg-kg™!), N-des-
methyldiazepam (3.75 mg-kg™'), and N-methyl-oxazepam (3.75 mg-kg~!) seemed
to be related to their muscle-relaxant properties (VALZELLI, 1973). DA VANZO et al.
(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
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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™! 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 al., 1970), N-desmethyldiazepam, and oxazepam (GUAITANI et al., 1971), nitraze-
pam and flurazepam (Fox et al., 1972), and prazepam (Fox et al., 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 ™! chlordiazepox-
ide p.o. (ZWIRNER et al., 1975).

IV. Foot-Shock-Induced Aggression in Mice

The aggressive behavior elicited in a pair of mice subjected to mild electric foot shocks
(TepescHI et al., 1959, 1969) is particularly susceptible to the effect of benzo-
diazepines. Chlordiazepoxide (10 mg-kg™' p.o.; HOFFMEISTER and WUTTKE, 1969),
chlordiazepoxide and diazepam (4.2 and 0.9 mg-kg™' i.p. respectively, SOF1A, 1969),
flurazepam (20 mg-kg™' p.o., RANDALL et al., 1969), chlordiazepoxide, diazepam,
oxazepam, and nitrazepam (4.7; 2.1; 4.5; and 1.2 mg- kg™ p.o., respectively; CHRIST-
Mas and MAXWELL, 1970), prazepam (13 mg-kg™* p.o., ROBICHAUD et al., 1970), and
a novel thienodiazepine (2.9 mg-kg ™! p.o.; NAKANISHI et al., 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 EDs, values) are cited in reviews by STERNBACH et
al. (1964), RanpaLL and KApPPELL (1973), RUDZIK et al. (1973), and RANDALL et al.
(1974). In an attempt to explain the antiaggressive effect of benzodiazepines, QUENZER
and FELDMAN (1975b) 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 al., 1974) chlordiazepoxide and caffeine, both potent cAMP phosphodiesterase
inhibitors (BEER et al., 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 of benzodiazepines 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.p.)
was found to markedly depress the vicious behavior of septal rats (SCHALLEK et al.,
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1962; HoroviTz et al., 1963; STARK and HENDERSON, 1966; BEATTIE et al., 1969). How-
ever, chlordiazepoxide (SorF1a, 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 al., 1969) and diazepam (MALICK et al., 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 pg)
suppressed the muricidal behavior of olfactory bulbectomized rats (HARA et al.,
1975a), whereas injections into different areas of the limbic system were inactive
(WATANABE et al., 1979). Reduction of aggressivity was also observed after chlordiaz-
epoxide (ED sy, 9 mg-kg™'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 (EDso,, 20mg-kg™'), diazepam (20mg-kg™?), and nitrazepam
(14.5 mg-kg™") 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 al., 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 al., 1969). The early study perform-
ed by BAXTER (1964) indicated that a subchronic administration of chlordiazepoxide
to cats (10 mg-kg ™' 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
al., 1970). Similar effects with elevation of the “hiss threshold” were observed with
diazepam (4 mg-kg™'i.p.) and oxazepam (12 mg-kg~'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.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 al. (1976)
found that diazepam (1 mg-kg™* 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.p.), which concurrently diminished muscle tone, inhibited the rage reaction elicited
by stimulation of the posterior hypothalamus and the septal area in cats (HERNANDEZ-
PeON 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.p.) abolished the affective response, but increased
the quiet muricidal behavior (PANKsEPP, 1971). Chlordiazepoxide (1-10 mg-kg
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~! 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.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 of DL-Do-
pa (500 mg-kg™'i.v.) was observed after diazepam (2.5 mg-kg~!i.p.), chlordiazep-
oxide (13 mg-kg™'), and oxazepam (8.8 mg-kg™') (YEN et al., 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 DEecst (1973) injected small amounts of diazepam (10-20 pg) 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™?') of the
benzodiazepine, a dose that induced slight ataxia in these cats.

VIII. Induction of Aggressive Behavior

In addition to paradoxically increase existing aggressivity of grouped male mice, daily
intraperitoneal injections of diazepam (4 mg-kg™') and flunitrazepam (2 mg-kg™")
to male rats over 28 days induced aggressive behavior (WUSTER et al., 1980a). Induc-
tion of mouse-killing behavior in rats by chlordiazepoxide (LEAF et al., 1975) could
be blocked by lesions of the amygdala (GAy et al., 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 (BoIssER 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 al., 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 al.,
1976, CHAMBERS et al., 1978). General anesthesia of the rabbit induced by equithesin
was improved by the administration of diazepam as a preanesthetic (HODESSON et al.,
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 al., 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 al., 1976).

2. Ethanol

Several studies have shown an additive or supraadditive influence of benzodiazepines
on the central depressant effect of ethanol (FORNEY et al., 1962; GEBHART et al., 1969;
BOURRINET, 1971; CHAN et al., 1978; ZACKOVA et al., 1978). The relative contribution
of pharmacodynamic and pharmacokinetic mechanisms to this synergism is not yet
clear (HoyuMmpa et al., 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 100-140 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 al., 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 LEw1 (1979).

Various benzodiazepines were reported to enhance the cataleptic effect of different
neuroleptics (KELLER et al., 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 of benzodiazepines on GABAergic
transmission in the substantia nigra (X, X, 1).

4. A°-Tetrahydrocannabinol (4° THC)

The interaction of chlordiazepoxide, ethanol, and phenobarbitone with the effect of
A°-THC in rats was studied using conditioned avoidance responses, locomotor activ-
ity, heart rate, body temperature, and performance in a rotarod test (PRYOR et al,,
1977). Chlordiazepoxide, as well as ethanol and phenobarbitone, enhanced the de-
pressant effect of 4°-THC on most of these parameters. Chlordiazepoxide was the on-
ly agent which failed to enhance the 4°-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. Muscimol

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 al., 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, 1978 a).

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 al. (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
inman (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.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™ naloxone i.p., while the loss of righting reflex induced by bar-
biturates or meprobamate was unaffected (BILLINGSLEY and KUBENA, 1978). Nalox-
one (S5mg-kg™' i.p.) reduced the increase by chlordiazepoxide (4 mg-kg™!) and
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ethanol of operant responding of rats for lateral hypothalamic self-stimulation
(Lorens and SAINATIL, 1978). A small dose of naloxone (0.25 mg-kg™!) reduced the
stimulant effect of diazepam on food intake in satiated rats (STAPLETON et al., 1979).
SouBriE et al. (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 al., 1978) and to induce convulsions (BREUKER et
al., 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; D1 LIBERTI et al., 1975; LARSON et al., 1977). Moreover, physostig-
mine failed to reverse diazepam-induced sedation in patients undergoing dental ex-
traction (GARBER et al., 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 LDs, of fluostigmine in rats about 80-fold
(Rump et al., 1973; Rump and GRUDZINSKA, 1974; GRUDZINSKA et al., 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 al., 1974). Interaction ex-
periments with picrotoxin, thiosemicarbazide, and strychnine suggested that the an-
tagonistic effect of diazepam may involve a GABAergic mechanism (SOUBRIE et al.,
1976b).

4. Nicotine

A high dose of nicotine (120 mg-kg™* i.p.) induced electrocardiographic changes,
convulsions, and death in about 90% of guinea pigs; bromazepam and diazepam
(5 mg-kg~'im.) protected the animals from convulsions, changes in atrioventricular
conduction, and mortality (MARINO et al., 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 al., 1977).

6. Dibutyryl cAMP

The N°,0%-dibutyryl analogue of cCAMP, in a dose-dependent manner, shortened the
duration of “narcosis” in the rat induced by eight structurally different agents, among
them diazepam (CoHN et al., 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 al., 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 ™! i.p.), but not diazepam (1 and 3.2 mg-kg~!
i.p.) potentiated the behavioral response of rats to L-Dopa after pretreatment with a
monoamine oxidase inhibitor (BERENDSON et al., 1976).

II1I. 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
1. 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 (CLUBLEY, 1978); chlordiazepoxide and
diazepam were approximately equipotent, the concentration producing a 50% block
of the compound action potential being 2 x 10~* and 10~ # mol-17*, 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 ™!, 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 103 mol-1~! (MrtoLo-CHIEPPA 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~* mol-17*; 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 3.4x 10~ 3 mol-17! 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 al., 1981). In high concentrations, chlordiazepoxide
(>1073 mol-17') and diazepam (0.5 x 10~ 3 mol -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 (3x107°-10"*mol-17!) 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.

I1. 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~! 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 ™' i.v.) and nitrazepam (2 mg-kg~'i.v.),
but less markedly after diazepam (4 mg-kg ™! i.v., FUKUDA et al., 1974). The spon-
taneous activity in the cervical sympathetic of anesthetized rabbits was reduced by
8 mg-kg ! diazepam and chlordiazepoxide i.v. in about half of the experiments
(CruBLEY and ELLIOT, 1977); the effect, when present, developed slowly and reached
a peak about 60 min after the injection. Diazepam (0.1 mg- kg~ ! 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 al., 1975b).

Diazepam 0.3 mg-kg™' i.v. markedly reduced the hypothalamically evoked dis-
charge in the splanchnic nerve in curarized cats (S1GG 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 ™! 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 al., 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 isolé 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 (P6rRszAsz 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~! of estazolam and ni-
trazepam i.v. (FUKUDA et al., 1974). However, using a similar preparation, SIGG et al.
(1971) and CARROLL et al. (1961) failed to observe any effect of diazepam (3 mg-kg ™!
i.v.) and chlordiazepoxide (20 mg-kg~! i.v.) on nictitating membrane contractions
evoked by hypothalamic stimulation. An attenuation by 1 mg-kg ™! 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
5mg-kg~! 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~' p.o.) abolished the increase of urinary catechol-
amine excretion induced by electric foot shock stress in rats (MICHALOVA et al., 1966).
Also in the rat, 5 mg- kg~ ! midazolam i.v. almost completely prevented the tremend-
ous increase in plasma noradrenaline and adrenaline produced by exposure of the ani-
mals to a 1-min period of inescapable electric foot shock (DA PRADA et al., 1980).

III. Synaptic Transmission in Sympathetic Ganglia

The eyelid contraction in the rat in response to preganglionic cervical stimulation was
unaffected by 5mg-kg™! 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~* were reduced dose-dependently by diaze-
pam in doses higher than 1 mg-kg ™' i.v. (CHAI and WANG, 1966); responses to post-
ganglionic stimulation were unaffected. THEOBALD et al. (1965) found no consistent
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effect of chlordiazepoxide up to 3 mg-kg™! in intact anesthetized cats. Estazolam
(5mg-kg~! 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 al., 1972). No effect of clobazam (10 mg-kg ™! i.p.,
BARZAGHI et al., 1973) or of medazepam (up to 16 mg-kg~! i.v.; RANDALL et al.,
1968) was seen on nictitating membrane contractions evoked by preganglionic
stimulation.

Using ganglionic surface recording, SCHLOSSER et al. (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~® 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 GABA-induced depolarization (SCHLOS-
SER et al., 1977; ScHLOSSER and FRANCO, 1979 a). An inconsistent and extremely weak
potentiation of GABA-induced depolarization of the superfused isolated rat superior
cervical ganglion was observed with 107510 *mol-1"! chlordiazepoxide
(STRAUGHAN, 1977; Bowery and DRrAY, 1978), diazepam, flurazepam, and nitraze-
pam (STRAUGHAN 1977). However, chlordiazepoxide and diazepam consistently, al-
though slightly, attenuated the blocking effect of bicuculline on GABA-induced depo-
larization (STRAUGHAN, 1977; Bowery and DRray, 1978). The atypical, convulsant
benzodiazepine Ro 5-3663 (1 pmol), 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 of the mixed competitive-noncompetitive

type in the isolated rat superior cervical ganglion (SCHAFFNER et al., 1979).
A series of studies were performed with diazepam (=108 mol-17*) 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,
1974 b). EPSPs and IPSPs evoked by isolated single preganglionic stimuli were unaf-
fected (SurIA and CosTA, 1973; SuriA et al., 1975). However, posttetanic potentiation
of EPSPs was inhibited by diazepam (10~ 8 mol - 1~ ') and chlordiazepoxide (10~°
mol - 17 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 E, and E,, 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°
mol - 17! 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 al., 1975¢). 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.
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IV. Dorsal Root Ganglia

Diazepam 10~° mol 17!, 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 celis 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 al., 1980).

V. Conclusions

Direct effects of benzodiazepines 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 of benzodiazepines 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 californica 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 al., 1976), flurazepam, and medazepam in concen-
trations between 10™* and 1073 mol-1~! (HoYER et al., 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 al., 1976), which resulted in a firing pattern rem-
iniscent of a bursting pacemaker cell (HOYER et al., 1976, 1978). In the bursting pace-
maker cell (R15), 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, R14 (MURPHY et al.,
1976). In L3 cells flurazepam (5x 10™* mol-17!) 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
(Hover et al., 1978). 107*-5x 10~ “ mol-1"* reduced the firing rate, induced oscil-
lations of the resting membrane potential, and sometimes induced double discharges
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(Hover 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 (HOvER et al., 1978). The antidromic spike in R2 or R15 cells was markedly
influenced by 10~ mol-17*-10"3 mol -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~# mol 17! to be restricted to the soma spike; Ro 54864, a
benzodiazepine with no central nervous system effects, was ineffective. The conduc-
tion velocity along the axon was reduced under diazepam (10 ~* mol -1~ !) and fluraze-
pam (5x 10~* mol-1~1!), which led to a conduction block after protracted exposure
to flurazepam (HOYER, 1977, MURPHY and KREISMAN, 1977).

The EPSP of R15 cells, evoked by stimulation of the right connective (cholinergic)
input, was reduced after 5 x 10 ™% mol-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 5x10”*mol-17! flurazepam. In the same cell (R15) 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~ mol-17! 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 C1~ (~ —60 mV) and the other with a longer latency and a
reversal potential corresponding to that of K* (~ —80 mV). Flurazepam, medaze-
pam, oxazepam, and chlordiazepoxide at 2.5 x 10™*-5x 10"* mol-1~* blocked the
short latency Cl ™ -dependent acetylcholine hyperpolarization but left the longer laten-
cy response virtually unaffected (HOYER et al., 1976; HOoYERr, 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 (YAROWSKY and CARPENTER,
1978). This C1~-dependent hyperpolarization was reversibly antagonized by 5x 10~
mol - 17! flurazepam, whereas Na *-dependent GABA depolarization was unaffected
(HoYER, personal communication).

Hover etal. (1976, 1978) studied the effects of flurazepam (2.5x 10~ *and 5x 10~ *
mol- 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 of the 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 Ca?*-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 17! flurazepam or 5 mmol-17! 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 al., 1980). No specific *H-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 of benzodiazepines, 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 al., 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 of benzodiazepines 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
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blocked by 2-3 mg-kg~! chlordiazepoxide i.v. (RANDALL, 1960; RANDALL et al.,
1961) and diazepam (0.4 mg-kg~!) (RANDALL et al., 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.

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

The finding that diazepam and nitrazepam (1-10 mg-kg™' p.o., i.p. or i.v.) clearly
diminished muscle tone in unrestrained freely moving cats without inducing somno-
lence or sleep (HERNANDEZ-PEON et al., 1964; HERNANDEZ-PEON and ROJAS-RAMIREZ,
1966; GHELARDUCCI et al., 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 al., 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™*
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 NGar
et al. (1966). In decerebrate unanesthetized cats, they consistently observed that the
marked depressant effect of low doses of diazepam (0.05 mg- kg ™! 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 (NGar et al.,
1966). On the other hand, facilitation and inhibition of the knee jerk induced by stim-
ulation of the mesencephalic and bulbar reticular formation, respectively, were mark-
edly reduced by diazepam (0.1 mg-kg™! 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 interneurons in
spinal animals (TSENG and WANG, 1971b). 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™' iv.), followed by nitrazepam (0.1 mg-kg™'), bromazepam
(0.2 mg-kg™1), and flurazepam (1 mg-kg™*, 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 ™! i.v.) diminished monosynaptic and poly-
synaptic spinal reflexes in intact anesthetized and decerebrate rats, but not in spinal
rats (NAKANIsHI and NoRrris, 1971). Similarly, mono- and polysynaptic reflexes were
reduced by oral administration of diazepam (10 mg-kg~ 1), chlordiazepoxide
(50 mg-kg™!), and medazepam (50 mg-kg~') in decerebrate, but not in spinal rats
(Ko et al., 1972). SCHLOSSER et al. (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 ™' i.v.), whereas a
higher dose (0.1 mg- kg~ !) 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™ ). Conversely, diazepam (0.1 mg-kg ™! i.v.) was less
potent in depressing efferent discharges of the preganglionic splanchnic nerve elicited
by stimulation of the 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. HupsoN 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~! 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~!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 al., 1967; CHANELET and LON-
CHAMPT, 1971; BLuM et al., 1973; PoLcC et al., 1974, MURAYAMA et al., 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~'i.v. in BALTZER and BEIN, 1973; doses of 0.2 mg - kg ™! of nitrazepam,
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diazepam, and estazolam i.v. in CHIBA and NAGAWA, 1973; 0.1 mg-kg ! diazepam
i.v. in PoLc et al., 1974; 0.01-0.05 mg- kg ! diazepam i.v. in TAKANO and STUDENT,
1978). Similar doses of diazepam (0.1 mg-kg ™! i.v.) were necessary to reduce the y-
activity in spinal cats (PoLcC et al., 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 al., 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
of benzodiazepines on these parameters (SWINYARD and CASTELLION, 1966; SCHMIDT
et al., 1967; SCHLOSSER, 1971; STRATTEN and BARNES, 1971; CHANELET and LONG-
CHAMPT, 1971; PoLc, 1978; NisTRI et al., 1980).

4. Presynaptic Inhibition

ScuMIDT 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 ™! increased the two presyn-
aptic inhibitory phenomena, while larger doses (up to 0.5 mg-kg ™! i.v.) 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 al., 1973;
BruMet al., 1973; PoLc et al., 1974; PoLc, unpublished observations; CHIN et al., 1974;
BANNA et al., 1974; HAEFELY et al., 1975b; 1978; MURAYAMA et al., 1972; MURAYAMA
and Suzuki, 1975; Suzukl and MURAYAMA, 1976; PoLZIN and BARNES, 1976; NicoT
et al., 1976; NarrcH1 and LowMAN, 1977; NAFTCHI et al., 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 of benzodiazepines on the spinal cord (STRAT-
TEN and BARNES, 1971; CHiBA and NAGAwaA, 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 ™! diazepami.v.in PoLcet al.,
1974; 1 mg-kg™! 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 al., 1973), and it is reasonable to suggest that this
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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 pm for 5 ms) and recorded from a L, dorsal rootlet as indicated schematically in B. In C
are plotted the amplitude (filled circles) and the time for half-life (oper circles) of DRP 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 al., 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 of a potentiat-
ing effect of benzodiazepines on this inhibition by SCHMIDT et al. (1967) and sub-
sequent investigators appeared in a new light. Indeed, the possibility had to be con-
sidered that the action of benzodiazepines was closely related with GABAergic func-
tion. PoLC et al. (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 al., 1974) or
semicarbazide (BANNA et al., 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 of local microin-
jection of diazepam (0.2-0.8 pl, 3.5 x 10~ 3 mol -17 %) 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 horn (lamina VII), but augmented DRP
only if applied to the dorsal part of the dorsal horn (laminae I, II, and III). These find-
ings are, however, no proof that 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 al. (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
(NarrcHI and LowMAN, 1977; NarrcHi et al., 1979), as well as in patients with incom-
plete cord transections (VERRIER et al., 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 interneurons, 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; PADIEN and BLooM, 1975) or abolished (EvaNs et al., 1977) af-
ter addition of diazepam (0.5 mmol-17*) or chlordiazepoxide (1 mmol-17") to the
bath, DR-DRPs were either unaffected (PADJEN and BLooM, 1975) or prolonged after
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diazepam (PixNER, 1966) and flurazepam (2.5 pmol-17*, NistrRl and CONSTANTI,
1978a,b). If tetrodotoxin (TTX) was given before benzodiazepines to block the
propagated impulse activity, diazepam (0.5 mmol-17!) 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 al., 1977). Also in the isolated hemisected spinal
cord of the frog exposed to TTX, flurazepam (2.5-5 pmol-1~!) 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 pmol-1~1; however, it depressed the effect of GABA with
5 pmol-17* (NisTRI and CONSTANTI, 19782, b). In the frog hemisected spinal cord
bathed in a medium containing high magnesium to block indirect synaptic effects,
chlordiazepoxide (10 ™* mol -1~ ?) selectively enhanced GABA-induced hyperpolariz-
ation of motoneurons without affecting hyperpolarizing responses to f-alanine and
depolarization by glutamate (N1coLL and Woistowicz, 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 Inmature Rat

In this preparation, diazepam (50 pmol-1"') potentiated the responses of mo-
toneurons to I-homocysteate and to a lesser extent to l-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 ™' 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 (CurTs et al., 1976 b). 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 of midazolam. 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
(1 mg-kg™') 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 ™! 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 K Cl-con-
taining microelectrode, which increased the intracellular Cl concentration and
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thereby reversed the usually hyperpolarizing effect of GABA and muscimol into a de-
polarizing one. Iontophoretic application of flurazepam had no GABA-mimetic depo-
larizing action but selectively potentiated the effect of GABA 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 (CONSTANTI et al., 1980; Ni-
STRI et al., 1980).

10. Cultured Spinal Cord

In neurons of chick spinal cord in culture the pressure ejection of chlordiazepoxide
in concentrations up to 10~ * mol -1~ ! did not alter membrane potential or membrane
conductance (CHoI et al., 1977). In a smaller concentration (10~7 mol-17?*) 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-17!) and
blocked by bicuculline (10~ * mol-171). 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 al. (1979) observed a depolarizing response to flurazepam and desen-
sitization to this effect upon repeated iontophoretic application of the drug.

II1. 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 of benzodiazepines 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 subserving 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 al., 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 stabil left 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 of the 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™* diazepam i.v. b), following 1 mg- kg™ ! picrotoxin i.v. after the first dose
of diazepam c), and after a second dose of 1 mg-kg~! 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 cuneothalamic 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 PoLc 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 (PoLc et al., 1974; BANNA et al., 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. PoLc and
HAEFELY (1976), therefore, decided to study the effect of benzodiazepines 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 collat-
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 (PoLc et al., 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 al. (1964), in contrast to, e.g., barbiturates which dose-dependently
depressed the synaptic excitatory transmission in the cuneate nucleus (PoLc and HAE-
FELY, 1976). Unlike muscimol, the most potent GA BA-mimetic drug, benzodiazepines
did not affect the resting excitability of primary afferents and cuneo-thalamic relay
cells (PoLc 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 isolé cats, chlordiazepoxide (2-5 mg-kg ™! i.v.) reduced the
amplitude of potentials evoked in the hippocampus by single shocks applied to the
ipsilateral amygdala (MORILLO et al., 1962). Another study, using unanesthetized cer-
veau isolé and encéphale isolé cats, extended these observations to diazepam
(2mg-kg™! 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 of the
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 ™! flunitrazepam i.v.
Diazepam (0.2 mg-kg™?!), chlordiazepoxide (0.8 mg-kg™!), and medazepam
(5.4 mg-kg™") 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 0.2-0.5mm from the recording electrodes. Clonazepam (1 mg-kg~! 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~?), 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 al.,
1969b). Qualitatively similar effects were found with bromazepam and chlordiazep-
oxide (GUERRERO-FIGUEROA et al., 1973), triflubazam, a 1,5-benzodiazepine (GUER-
RERO-FIGUEROA and GALLANT, 1971) and lorazepam (GUERRERO-FIGUEROA et al.,
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 al. (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 Kitacawa (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 al., 1974). Rather high doses of nitrazepam
(7.5mg-kg ™' i.v.; 20-50 mg-kg ! p.o.) were used by VIETH et al. (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 encéphale isolé cats (HoLM, 1969), somewhat lower
doses of nitrazepam (3 mg-kg ™! 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 al. (1970) in unrestrained cats
with slow intravenous infusion of medazepam. 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 al. (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~!
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~ ! i.p.) medazepam (10 mg-kg™ 1),
and chlordiazepoxide (30 mg-kg~!) in unanesthetized rats (ANDREAS, 1978). Ko-
BAYASHI et al. (1980) investigated the effect of benzodiazepines 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~! physostigmine i.v., 10 mg-kg™! diazepam p.o., and 5-10 mg-kg™*
chlordiazepoxide i.v. The authors suggested that benzodiazepines depressed the gyrus
proreus responses by interacting with cholinergic inhibitory mechanisms.

I1. Hypothalamus and Thalamus

The importance of the hypothalamus as a site of action of benzodiazepines was em-
phasized by MivAke (1965), who found a depression after chlordiazepoxide
(20 mg-kg ! 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 ™! 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 al., 1977). In unrestrained cats
and unanesthetized encéphale isolé rabbits, chlordiazepoxide (10 mg-kg~!i.v.), diaze-
pam (2 mg-kg~! i.v.) and the oxazolobenzodiazepine CS 370 (2 mg-kg~! 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 al., 1972). In unrestrained rabbits a high
dose of chlordiazepoxide (30 mg- kg~ ! 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).

III. 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 bicucuiline, but resistant to strychnine (SCHAFFNER and
HAEFELY, 1975; HAEFELY et al., 1975b, 1978). Various benzodiazepines failed to affect
the striatonigral evoked response, although they very potently prevented the de-
pressant effect of bicuculline (HAEFELY et al., 1978).

IV. Brain Stem Reticular Formation

On the one hand, HERNANDEZ-PEON et al. (1964) and HERNANDEZ-PEON and RojaAs-
RAMIREZ (1966) found a clear-cut reduction by diazepam (5 mg-kg~! i.p.) and ni-
trazepam (1 mg-kg™! 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 ™! 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 al., 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 al., 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 f-wave of the electroretino-
gram of the isolated rabbit retina when applied in a very high concentration (10~3
mol - 17!) (HOMMER, 1968). A high dose of diazepam (4 mg - kg~ ! i.v.) increased the
latency of the visual cortical evoked potentials induced by light flashes (HEiss et al.,
1969) in unanesthetized immobilized cats. In fact, much smaller doses of oxazepam
(1-10 mg-kg~ ! i.v. or i.p.) and clobazam (1.25 mg-kg ™! 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 al., 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~'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 of the 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 ™~ * 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~! 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 neuronally isolated cortex
in decerebrate cats, observed a depression by diazepam (1-2 mg-kg ™! 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~! 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 ™! i.p.), nitrazepam (10 mg-kg™"), or clonazepam (1 mg-kg™?).
The same doses of the benzodiazepines, however, markedly diminished posttetanic
potentiation of the tooth pulp-induced cortical evoked potentials in unanesthetized
rabbits (BansI et al., 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 ™! s.c.) in the
unanesthetized rat (LEEMANN 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™*
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~ '), 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 al. (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 al., 1977). Clonazepam and lorazepam (0.1 mg-kg™?! i.v)
were more potent than diazepam (0.5 mg-kg™! i.v.) and medazepam (20 mg-kg™*!
1.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 of benzodiazepines 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 S-range, i.e., a pattern with
high-frequency waves of high amplitude in the EEG.

In unanesthetized immobilized cats, chlordiazepoxide (1.5 mg-kg™! i.v.) and
diazepam (0.5 mg- kg~ ! i.v.) induced rapid waves in the neocortex and hippocampus,
which were grouped as spindle-like bursts (REQUIN et al., 1963). Virtually the same
effects as after diazepam were found with nitrazepam (0.5 mg- kg~ ! i.v.) in unanesthe-
tized curarized cats (LANOIR et al., 1965); in freely moving cats with chronically im-
planted cortical and subcortical electrodes, nitrazepam (0.5 mg-kg ™' 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 al., 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~ ') and diazepam (5 mg- kg~ ') (SCHALLEK and KUEHN, 1965).
WINTERS and KoTT (1979) studied the effect of various doses of diazepam on EEG
and behavior of freely moving cats with chronically implanted cortical and subcortical
electrodes. Low doses of diazepam (0.2-0.6 mg- kg~ ! 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 ! 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

1
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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 ™! 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 34 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 (3040 mg-kg~! 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™') and diazepam (5-10 mg- kg~ !) 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 al., 1965). In freely moving
rabbits, the EEG during sleep induced by chlordiazepoxide (50 mg-kg™! p.o.) was
characterized by regular periodic bursts of fast 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 ™! p.o.) (SOULAIRAC et al., 1965). Very simi-
lar effects were observed in more recent studies with diazepam, a new 1,4-benzo-
diazepine (1D690; WATANABE et al., 1974) and flurazepam (OHMORI, 1977).
Triazolam (0.2-0.5 mg- kg ™' i.v.) altered the EEG to a “drowsy pattern” (UExI et al.,
1978).

'An interesting phenomenon appeared in a drug interaction study in freely moving
rabbits (ScorTi DE CAROLIS et al., 1969): the potent GABA agonist, muscimol
(2mg-kg™ ' 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™' i.v.) 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™' i.v.) given after muscimol. In
unrestrained rats, nitrazepam (10 mg-kg™! 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 al., 1965). An intraperitoneal injection of
chlordiazepoxide (10 mg- kg~ ') 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 al., 1974). In curarized rats, clonazepam (0.1 mg-kg™!
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 al., 1979). In baboons
restrained in a chair, diazepam (2 mg-kg™' i.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 al., 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™ '), nitrazepam (2 mg-kg~!), and flunitrazepam (1 mg-kg~'). 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 (1020 mg-kg~?! i.v.), medazepam (20 mg-kg™*'), and chlor-
diazepoxide (10-20 mg-kg '), (SCHALLEK et al., 1968; SCHALLEK et al., 1970; SCHAL-
LEK and THOMAS, 1971). In the squirrel monkey after diazepam (1 mg-kg~! p.o.) and
flurazepam (10-20 mg-kg ™! 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~ !), nitrazepam (1 mg - kg ™ !), chlordiazepoxide (15 mg - kg ™ %),
clonazepam (0.1 mg - kg™ '), and flunitrazepam (0.1 mg - kg~ ) enhanced the spindle-
like cortical activity in the f-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™*!), which induced a slowing in the a-band
and increased spindles. Finally, prazepam (up to 2 mg-kg~! 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 mulatta, 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 (16-64 Hz) only with sedative doses (100 mg-kg ™!
p.o.), benzodiazepine derivatives, which produced little sedation with doses (chlordi-
azepoxide, 20 mg-kg ™! p.o.; clonazepam, 0.04 mg-kg ™! i.m.) producing moderate
energy increases at medium frequency (8-32 Hz) bands, and a benzodiazepine deriv-
ative with more sedative properties (chlorazepate, 7.5mg - kg~ ! 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~ ' i.p.) decreased the spectral density in the theta (5-8 Hz)
and o-band, but increased power in the f-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 ™). A simultaneous suppression of the hippocam-
pal theta-rthythm 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™*), diazepam (8 mg-kg™),
and oxazepam (150 mg-kg™'), but not nitrazepam (8 mg-kg~ ') (GOGOLAK et al.,
1969). A similar, but somewhat slower, regular EEG pattern (6-20 Hz) was found af-
ter medazepam (50 mg-kg™' i.v.) and clonazepam (2 mg-kg~'i.v.) in the anterior
cerebellar lobe of unanesthetized curarized rabbits (GOGOLAK et al., 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 al., 1970). In curarized rabbits, strychnine (0.1-0.5 mg-kg ™!
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.v.; GOGOLAK et al., 1974). DE TRUJILLO et al. (1977) recorded the elec-
trical activity of the cerebellar vermis and lumbar spinal cord in unanesthetized immo-
bilized rabbits. Diazepam (1 mg-kg™! 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.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 Moruzz1 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.v.) did not
consistently affect the cortical arousal elicited by stimulation of the mesencephalic re-
ticular formation in unanesthetized encéphale isolé 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 (1.5 mg-kg™' i.v.) and diazepam (0.5 mg-kg™! i.v.) did not alter the
stimulus threshold for cortical EEG arousal in the reticular formation in unanesthe-
tized immobilized cats (REQUIN et al., 1963). Similarly, nitrazepam up to a dose of
4 mg-kg™' 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 al., 1965)
in unanesthetized curarized cats. In the same preparation, doses of clonazepam as low
as 0.08-0.1 mg-kg™! 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 al., 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.p.; HERNANDEZ-PEON and RoJAS-RAMIREZ, 1966). Also
in unrestrained cats, Kipo et al. (1966) found an interesting difference in the action
of chlordiazepoxide (20 mg- kg™* 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.v., p.o., i.p., i.m.) in unanesthe-
tized immobilized cats. In unanesthetized encéphale isolé cats, nitrazepam
(0.5 mg-kg™'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 al., 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™! p.o. (RANDALL
et al., 1969) and medazepam 12 mg-kg™* p.o. (SCHALLEK et al., 1970). The latter
drug, however, elevated the threshold in the amygdala for cortical arousal (SCHALLEK
et al., 1970). Similarly, chlordiazepoxide (1040 mg-kg~! p.o.), diazepam (240
mg-kg™* p.o.), and a new 1,4-benzodiazepine (CS 370, 1040 mg-kg™* p.o.) failed
to affect the cortical arousal to reticular and hypothalamic stimuli in experiments of
MonriI et al. (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 al., 1974). The same authors furthermore observed an elevated threshold
in the hypothalamus and thalamus for hippocampal arousal in cerveau isolé cats after
the same doses (0.25-0.5 mg - kg~ ' 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.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 (3040 mg- kg ~!) 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 (1.25 mg-kg™!) and nitrazepam (0.8 mg-kg™') 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 (CS 370) (2mg-kg™! i.v., 1040 mg-kg™' p.o.), chlordiazepoxide
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(1040 mg-kg™! p.o.), or diazepam (2-40 mg-kg™! p.o.) were found in unanesthe-
tized encéphale isolé rabbits upon the cortical arousal reaction to reticular and hypo-
thalamic stimulation (MoR1 et al., 1972). In unrestrained rabbits, diazepam (0.1-1
mg-kg™'i.p.) and fludiazepam (0.1-1 mg-kg™") as well as flurazepam (0.5 mg-kg ™!
i.v.) elevated the threshold for hippocampal arousal in the hypothalamus (OTSUKA et
al., 1975) and for cortical arousal in reticular formation, hypothalamus, and auditory
system (OHMORYI, 1977), respectively. Similarly, triazolam (0.2-0.5 mg-kg ™' i.v.) sup-
pressed the EEG arousal response to auditory stimuli and electrical stimulation of the
mesencephalic reticular formation and posterior hypothalamus (UEKI et al., 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 al. 1967, with chlordiazepoxide 40 mg-kg ™! i.p.; Sou-
LAIRAC et al., 1965, with nitrazepam 20 mg-kg™! 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.p., TAKAGI et al., 1967).

III. Hippocampal Theta-Rhythm

The regular rhythm of large 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 (34 Hz) during the REM sleep and wakefulness after diazepam
(2mg-kg™' p.o.), nitrazepam (1 mg-kg™* p.o.), and lorazepam (1 mg-kg™* p.o.)
(BORENSTEIN et al., 1973), as well as after flunitrazepam (0.1 mg-kg™! i.p.) in unre-
strained cats (PoLc and HAEFELY, 1975) and with chlordiazepoxide (20 mg-kg™'i.p.)
in unrestrained rats (IWAHARA et al., 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 al., 1973; OHMORI, 1977; WATANABE et al., 1974) as
well as with diazepam and fludiazepam in unrestrained cats (OTsuka et al., 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 al.,
1979).

The theta-rhythm occurring as the hippocampal arousal response to peripheral af-
ferent and brain stimulation was depressed in unanesthetized rabbits by diazepam
(1.25mg-kg™'i.v.) and nitrazepam (0.8 mg-kg™'i.v.) (GOGOLAK and PILLAT, 1965).
In unanesthetized encéphale isolé cats, a disappearance of the theta-rhythm induced
by stimulation of pontine reticular formation was found after 0.5 mg-kg ™! nitraze-
pam i.v. (VIETH et al., 1968). Similarly, in unanesthetized immobilized cats clonaze-
pam (0.08-1 mg-kg™*i.v.) reduced the theta-activity elicited by nociceptive stimula-
tion (VUILLON-CACCIUTTOLO et al., 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.v.) in unanesthetized cerveau isolé cats (FUKUDA et al.,
1974) as well as with diazepam (0.1 mg-kg™"' i.p.) and fludiazepam (0.1 mg-kg~?) in
unrestrained rabbits (OTSUKA et al., 1975), and with nitrazepam (1 mg-kg~'i.p.) and
nimetazepam (1 mg-kg™') in unrestrained cats (OTSUKA et al., 1973). In an attempt
to elucidate the mechanisms underlying the effects of benzodiazepines on the theta-
rhythm, GRAY et al. (1975) found that chlordiazepoxide (4 mg-kg™'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 al. (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.m.) shifted
the hippocampal theta-rhythm to lower frequencies and simultaneously reduced the
cortical arousal reaction during a conditioned avoidance response (BONFITTO et al.,
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 MorUzz1, 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 (3040 mg-kg™!) in restrained rabbits (MONNIER and GRABER,
1962) and by lower intravenous doses (2-5 mg-kg™!) of the same compound in un-
anesthetized cerveau isolé cats (MORILLO et al., 1962). No consistent effect on the cor-
tical recruiting was also observed after chlordiazepoxide (1.5 mg-kg™'i.v.), diazepam
(0.5 mg-kg™?), or clonazepam (0.8-1 mg-kg™') in unanesthetized curarized cats (RE-
QUINetal.,, 1963; VUILLON-CAccIuTTOLO et al., 1970). While diazepam (0.5-1 mg - kg ~*
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 of the 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 (0.5-5 mg-kg™! i.v.) reduced the augmenting response but
slightly enhanced the recruiting response (OHMORI, 1977). However, in restrained rab-
bits diazepam (20 mg-kg ™! p.o.) and an oxazolobenzodiazepine (CS 370) enhanced
the augmenting response without influencing the recruiting response (Mot et al.,
1972).
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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 al., 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.v.) in unanesthetized immobilized cats (ITo and SHIMI-
zu, 1976).

V1. Ponto-geniculo-occipital (PGO) Waves

The effects of benzodiazepines 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 pCPA 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~! 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~ ! i.v.) 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~'i.v.) 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 ™! 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 al., 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™! i.v.), nitrazepam (10 mg-kg™!
1.v.), clonazepam (1 mg-kg ™' i.v.), and flunitrazepam (1 mg-kg~! 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 al., 1954). MORILLO et al. (1962) ob-
served an increase of the threshold for eliciting these behavioral manifestations of
afterdischarges after chlordiazepoxide (10 mg-kg™! i.m.). In freely moving cats
SCHALLEK et al. (1964) found an increase of the threshold for EEG afterdischarges in
the amygdala and their behavioral correlates after chlordiazepoxide (10 mg-kg ™!
p.o.), whereas diazepam (5 mg-kg™' p.o.) and nitrazepam (1 mg-kg~! p.o.) only
shortened the duration of afterdischarges in amygdala and hippocampus. In other
laboratories similar effects of benzodiazepines on afterdischarges in the limbic system
were found. In unanesthetized curarized cats, chlordiazepoxide (3 mg-kg~!i.v.) and
diazepam (0.35 mg-kg ™! i.v.) depressed afterdischarges in the amygdala (REQUIN et
al., 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 ™! p.o. or
i.p.) completely blocked electrographic and behavioral manifestations of seizures
(HERNANDEZ-PEON and Rojas-RAMIREZ, 1966). In unanesthetized immobilized cats,
diazepam (5 mg-kg~!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 ™! chlordiazepoxide i.p. (MIYAKE, 1965). An interesting observation
was made by HERINK et al. (1976), who found that midbrain reticular lesions enhanced
the depressant effect of diazepam (2.5 mg-kg ™' 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~ i.p.) that significantly
shortened the duration of amygdaloid afterdischarges (NAKANISHI et al., 1972). In un-
restrained rats, diazepam and chlordiazepoxide shortened the afterdischarges in the
amygdala induced by local stimulation (KAMEI et al., 1975).

In freely moving cats 1 mg- kg~ ! nimetazepam and nitrazepam i.p. (OTSUKA et al.,
1973) as well as fludiazepam and diazepam (1 mg-kg ™' 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
al., 1975). In the anesthetized rat the bicuculline- and pentetrazole-induced potenti-
ation of the photically evoked afterdischarge in the visual cortex was suppressed by
15mg-kg ! 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 DEecsI (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 ™ ')
produced a slow, high amplitude EEG pattern in cortical and subcortical leads. The
injection of 50 pg 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 pg)
was injected into the amygdala (anterior part), whereas injections into the dorsal hip-
pocampus and the basal amygdaloid nucleus were ineffective (NAGY and DEgcst, 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 of benzodiazepine
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
of benzodiazepines 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 of benzodiazepines 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™!
i.p.). Very similar results were reported by GOGERTY (1973) with flurazepam
(10 mg-kg™'i.p.) and by SCHALLEK et al. (1972, 1973) with single oral doses of chlor-
diazepoxide (10 mg-kg~*), clonazepam (4 mg-kg~?), and flunitrazepam (4 mg-kg~!).

A reduction of REM sleep and an increase of NREM sleep were observed by DoL-
cE and KAEMMERER (1967) after oxazepam (1-10 mg-kg ™! 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-CAcCCIUTTOLO et al. (1970). A slight in-
crease of REM sleep as the only effect was observed by BORENSTEIN et al. (1973) with
diazepam (2 mg-kg™! p.o.).

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

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

A selective depression of NREM sleep occurred with intraperitoneal doses of
diazepam above 1 mg-kg ™' (GRIAUZDE et al., 1979) as well as after oral administra-
tion of diazepam (0.25mg-kg™' p.o.) and chlordiazepoxide (4 mg-kg™' 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™* p.o.), clonazepam (4 mg-kg™*
p.o.), and flunitrazepam (4 mg-kg™* 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 5 mg-kg™') and chlordiazepoxide (total about 0.2 mg-kg™') 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 al., 1968;
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HEINEMANN and Stock, 1973). A very small dose of flunitrazepam (0.001 mg-kg™*
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™!)
had the opposite effect.

The effect of benzodiazepines on disturbed sleep of cats is of particular interest
since many laboratory cats spend much of their 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.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.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.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 S-hydroxyindolacetic acid (5-HIAA) or
homovanillic acid (HVA), respective metabolites of 5S-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™') and nitrazepam (10 mg-kg™")
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. KAwakaAMI et al. (1966) and
GoOLDSTEIN et al. (1967) found an augmentation of REM sleep in freely moving rabbits
after oral administration of chlordiazepoxide (3 mg-kg ™ !) or diazepam (0.2 mg-kg ™ !)
and after intravenous injection of chlordiazepoxide (1 mg-kg™?), respectively. In
another study, diazepam (1 mg-kg™' p.o.), but not nitrazepam (1 mg-kg™! 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
Rosst (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 LoNGoO
(1968) produced a REM sleep-like phenomenon by injection of diazepam
(0.2 mg-kg™") 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™") 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 (10 mg-kg™")
in freely moving rats (SOULAIRAC et al., 1965). In general agreement with this early
report, nitrazepam augmented NREM sleep after acute administration (1.1 mg-kg™*
p.o.; GOGERTY, 1973) and enhanced both REM and NREM sleep after repeated dos-
ing (10 mg-kg™'-d ™' 1.p.; KLYGUL et al., 1976); a rebound decrease of REM sleep
was observed during withdrawal in the latter study. Low doses of nitrazepam
(0.3 mg-kg™* 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™') tended to reduce REM sleep along with the appearance of ataxia
(Loew and SPIEGEL, 1976). A reduction of REM sleep and a slight increase of NREM
sleep were observed after nitrazepam and temazepam in rats (BuoNamict and Rossl,
1979). Estazolam (5 mg-kg ™! 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 al., 1973). If
electric foot shock was used to induce insomnia, oral administration of flunitrazepam
(4mg-kg~!) and of the imidazobenzodiazepine RU 31,158 (8 mg - kg~ !) enhanced
the amount of NREM and REM sleep (PIPER, 1977; JAMES and PIPER, 1978) in freely
moving rats. An interesting observation was made by MONTI et al., (1979a, b), who
found that the combined administration of otherwise noneffective doses of diazepam
(1 mg-kg™'i.p.) and gamma-hydroxybutyrate (12.5 mg-kg™'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.p.), the authors sug-
gested that an activation of GABA mechanisms could underlie the observed additive
effect.

IV. Monkeys

Only few sleep studies with benzodiazepines were performed in monkeys. Moderate
doses of clonazepam (10 mg-kg ™! p.o.), flurazepam (10-20 mg-kg™* p.o.), and fluni-
trazepam (2,5-5 mg-kg™! p.o.) induced sedation without sleep in squirrel monkeys
(SCHALLEK et al., 1973). However, in Cebus monkeys flurazepam (3.75 mg-kg™') and
temazepam (3,75 mg-kg™!) 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™! p.o.) and triazolam (1 mg-kg™' 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™ ') markedly depressed REM sleep and reduced waking time while in-
creasing the amount spent in NREM sleep in rhesus monkeys (DAVID et al., 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 nitrazepam, 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 al.
(1973) and HARA et al. (1975b) found a marked increase of PGO 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™ ' p.o.;
nitrazepam, 0.2 mg-kg~'i.v., and diazepam, 0.4 mg-kg ™! 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 al., 1976a). Since the facilitating effects of chlordiazepoxide (3 mg-kg™*
i.v.) on these pharmacologically produced PGO waves were abolished by lesions of
the septum, medial forebrain bundle, amygdala, or by administration of atropine
(MoNACHON et al., 1973, RUCH-MONACHON et al., 1976 b), it was assumed that a path-
way descending from the forebrain, with an intercalated cholinergic synapse, would
be responsible for the effects of benzodiazepines. 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 (1 mg-kg ™' i.p.) or fludiazepam (0.5 mg-kg™ ' i.p.) on
PGO waves either during REM or NREM sleep, although the multiple unit activity
in the midbrain reticular formation was markedly depressed during both sleep stages.

VI. Conclusions

The effects of benzodiazepines 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 of benzodiazepines 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 of benzodiazepines 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 of benzodiazepines 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 of benzodiazepines 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

Inchloralose-anesthetized cats,a small intravenous dose of nitrazepam (0.15mg-kg ™)
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 ™!) and diazepam (5mg-kg ™ ')
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~!). 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
(5mg-kg~! i.p.) and diazepam (2.5 mg-kg~! i.p.) (UMEMOTO and OLDS, 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 ™! 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, MATTHEWSs 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™! 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 ™! 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
bicuculline-sensitive recurrent inhibition of pyramidal cells was found by TsucHIYA
and FUKUSHIMA (1978) with small doses of diazepam and fludiazepam (0.3 mg-kg ™!
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i.v.), whereas higher doses (1 mg- kg™ 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 al. (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 al. (1979) reported no change of the membrane potential of CA 1 pyra-
midal cells in the presence of diazepam 2x 10~ ¢ mol-17 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 of benzodiazepines 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 ™! 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 (GAHWILER, 1976) and in another investigation
(BoAKES et al., 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 (PiEr1 and
HAEFELY, 1976; LiPPA et al., 1977; MARIANI and DELHAYE-BOUCHAUD, 1978; LipPA et
al., 1979). Depression of Purkinje cell firing in anesthetized rats by iontophoretically
administered flurazepam was antagonized by picrotoxin, but not by bicuculline (L1pPA
et al., 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 of Purkinje cells, which was observed after systemic
or iontophoretic application of benzodiazepines in unanesthetized and anesthetized
cats and rats (CURTIS et al., 1976 b; GELLER et al., 1978; MONTAROLO et al., 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 ™! i.p.) augmented threshold basket cell
inhibition (GELLER et al., 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™! 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
al., 1977; GELLER et al., 1978; OkamMOTO and SAKAIL, 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 (OxAMOTO and SAKAIL, 1979).
Thus, earlier results showing an antagonism between GABA and benzodiazepines on
the Purkinje cell activity (GAHWILER, 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—1mg-kg™' iv.)
potentiated the inhibition of Purkinje cell discharge induced by the stimulation of
the raphé in chloralose-anesthetized cats (BARNES et al., 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; PiEr1, 1978).

II1. 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~ ! i.v.,
ZAKUsoV et al., 1977; Zakusov and KOzHECHKIN, 1978; PHILLIS, 1979), as well as by
chlordiazepoxide, diazepam, and flurazepam applied iontophoretically (KOzZHECHKIN
and OSTROVSKAYA, 1977b; PHILLIS, 1979; LipPA et al., 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 ™! 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™' i.v.) and chlordiazepoxide on GABA-
and adenosine-induced neuronal depression in the cortex was shown in rats and rab-
bits (KozZHECHKIN and OSTROVSKAYA, 1977a; ZAKUSOV et al., 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 ™!
theophylline i.v. (PHILLIS et al., 1979). In unanesthetized curarized rats clonazepam
(2mg-kg™! 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 (AssuMPcAo et al., 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
of flurazepam 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™! 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~'i.v., ZAKUsOV et al., 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 encéphale isolé cats (RAABE and
GuMNiIT, 1977). The finding of a decreased tonic and phasic multiple-unit activity of
cortical pyramidal tract neurons after diazepam (3.5 mg-kg~! i.m.) can probably be
explained in the same way (VELASCO et al., 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,
1971b) and the multiple-unit activity of the limbic midbrain area (OLDS and OLDS,
1969; GUERRERO-FIGUEROA et al., 1973).

The spontaneous activity of single unidentified medullar brainstem neurons was
studied by DRAY and STRAUGHAN (1976) and by BoweRY and DRAyY (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 (DrRAY and STRAUGHAN, 1976). Clonazepam
(0.1 mg-kg~!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 DRrAy, 1978).

A diminished spontaneous activity of identified neurons of the vestibular nucleus
was observed after diazepam (0.2 mg-kg ! 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™?!
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 ™! i.v.)
in unanesthetized curarized cats. Enhancement of the neuronal activity evoked by pic-
rotoxin (0.1 mg-kg ™! i.v.) was suppressed by chlordiazepoxide. In contrast, STEINER
and FeLix (1976a, b) observed in anesthetized cats a reduction by diazepam
(0.5 mg kg~ 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 of benzodiazepines in post-
synaptic inhibition. BARMACK and PETTOROSSI (1980) reported that small intravenous
doses of diazepam (0.02-0.1 mg- kg~ *) 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 raphé nucleus of anesthetized and unanesthetized rats iontophoreti-
cally ejected flurazepam and chlordiazepoxide as well as intravenously administered
diazepam (up to 8 mg-kg™') had no effect upon spontaneous neuronal activity, but
depressed the firing rate after pretreatment with the GABA-transaminase inhibitor,
aminooxyacetic acid (AOAA, 50mg-kg™! iv., 1h 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 raphé 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 ™! diphenylhydantoin i.p. on the spontaneous ac-
tivity of dorsal raphé neurons, but after diphenylhydantoin a depressant effect of
diazepam (0.5 mg-kg~! 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~ *
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~ ! i.v.), and this effect of
bicuculline was reversed by diazepam 0.5 mg - kg~ ! i.v. (FUNG et al., 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
(2x107°mol-17") prolonged the inhibition of spontaneous single cell discharge
evoked by electrical stimulation and iontophoretic GABA, but not depressions pro-
duced by iontophoretic glycine. Picrotoxin (1073 mol-1"!) blocked inhibitions
elicited by electrical stimuli and GABA, glycine inhibitions being unaffected. In the
same preparation flurazepam (10~ mol-17*) 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~ mol-1~1) 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 al. (1969)
observed a reduction of spontaneous and photically elicited firing of retinal neurons
after diazepam (2-5 mg-kg ™' i.v.) in cats, BIGLER (1976) noted a depression by diaze-
pam (2-5mg-kg ' iv.) 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 al., 1973; JoHNSON and LOWNDES, 1974; Liep, 1973;
RuMmp et al.,, 1973) or the finding that pentetrazole profoundly affects the dynamics
of brain ACh (GIARMAN and PEPEU, 1962; LoNGONI et al., 1974; MITCHELL, 1963; BE-
LESLIN et al., 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 of benzodiazepines and in postoperative patients anesthetized
with intravenous benzodiazepines. NAGY and DEgcsI (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 *H-diazepam binding in concentrations up to 10™* mol-1~' [MOHLER and
OKADA, 1977 a; BRAESTRUP and SQUIRES, 1978a; SPETH et al., 1978; see, however,
SPEEG et al. (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 al., 1972, 1974, 1975). HOLMES et
al. (1978) studied a number of benzodiazepines for their effect on human plasma and
red cell cholinesterase activity in vitro. At 1 mmol-17! concentration, compounds
with an alkyl substituent on N1 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™! s.c. on 5 consecutive days did not alter cholines-
terase activity in plasma and red cells (WIEZOREK et al., 1977).

2. ACh Content

The elevation of brain ACh levels by benzodiazepines is well documented. CONSOLO
etal. (1972, 1974) and LADINSKI et al. (1973) reported that diazepam in doses between
5and 40 mg-kg™'i.p., as well as pentobarbitone (55 mg- kg™ "), 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 5mg-kg™! 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-lasting. A similar increase of hemispheric ACh was found in rats and guinea pigs
(ConsoLo et al., 1975). Diazepam had no effect on the level of ACh or choline in rat
atria (CONSOLO et al., 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 ™
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™!
chlordiazepoxide i.p. was found by DoMNO 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 SerHY (1978). Pentobarbitone
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(30 mg-kg™'and 60 mg-kg~!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 ™! and triazolam at 30 mg-kg ™!
increased ACh only in cerebral cortex and striatum. Alprazolam and ketazolam at
100 mg-kg™* 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™ 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 al., 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 7 pmol-kg™! (~2mg-kg™ 1ip.) and muscimol 8.8 pmol-kg™*
(~1mg-kg~'i.v.) decreased the rate of ACh turnover in the midbrain and cortex of
the brain, but not in striatum and hippocampus (ZSILLA et al., 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-1#C) choline (CHENEY et al., 1973).

4. ACh Release

Potassium-induced release of ACh from rat midbrain slices was not affected by chlor-
diazepoxide up to concentrations of 104 mol-17*, 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 of benzo-
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
of benzodiazepines. 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 of benzodiazepines (GHONEIM and MEWALDT, 1977; JONES et al.,
1979a).

II. Dopamine (DA)
1. Dopamine Receptors

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

2. Dopamine Uptake

Uptake of *H-DA into slices of the tuberculum olfactorium was moderately inhibited
by diazepam in concentrations of 1077-107° mol-17* (FUXE et al., 1975).

3. Dopamine Release

Release of *H-DA, previously taken up by pieces of rat striatum, in response to KCl
(15 mmol-17") was enhanced by about 50% by diazepam (10™° mol-17?), while the
basal, unstimulated release was unaffected (MARTIN and MITCHELL, 1979). GABA did
not enhance stimulated *H-DA release. Although this finding made an involvement
of GABA in the effect of diazepam unlikely, bicuculline (10 ™% mol-17*), but not pic-
rotoxin (107° mol-17"), 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 al., 1975; FENESsY and LEg, 1972; TAYLOR,
1969; TAYLOR and LAVERTY, 1973; PUGSLEY and LIPPMANN, 1975, 1976), slightly ele-
vated (CorrODI et al., 1967; FENEssy and LEE, 1972; Rastoal et al., 1976), or reduced
(Rasroar et al., 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 a-methyltyrosine) either biochemically or by fluo-
rescence microscopy, CORRODI et al. (1971) and LIDBRINK (1972) observed a small but
significant decrease of DA 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-



138 'W. HAEFELY et al.

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 al., 1973); meprobamate (200 mg-kg™*) 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 a-methyltyrosine-induced de-
crease of DA in various rat brain areas was also found by SHIBUYA et al. (1976) after
diazepam, triazolam, and prazepam at 10 mg-kg ™! 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 ™! (Fuxg et al., 1975). In contrast, the decline of DA 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 a-methyltyrosine-induced decline of DA
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 >H-DA in brain areas
after its intracerebroventricular injection. Chlordiazepoxide (10 mg-kg™') retarded
the disappearance of *H-DA in cerebellum and striatum and increased the level of *H-
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~!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 >H-DA in the caudate
of encéphale isolé cats after biosynthesis from *H-L-tyrosine using a push-pull cannu-
la. Picrotoxin 2.5 mg-kg ™! increased the spontaneous release of 3H-DA; diazepam
(10 mg- kg™ "), which by itself did not affect the release, blocked the stimulating effect
of picrotoxin.

Homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) as me-
tabolites of DA were used to study the effect of benzodiazepines on DA turnover. The
earliest indication for a reduced turnover of DA after benzodiazepines was the finding
by DA PrADA and PLETSCHER (1966) that diazepam (10 mg-kg ™' 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 °C,
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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HVA, 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 al. (1975) 30 min after an intravenous injection
of diazepam 5 mg-kg~!. Administration of diazepam and bromazepam for 22 days
at a daily dose of 10 mg-kg™! 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 al., 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™*
s.c.) decreased spontaneous locomotor activity by about 70% and reduced striatal
HVA by 28%, whereas striatal DOPAC was increased by 32% (RAsTOGI et al., 1977,
1978). Clobazam, a 1,5-benzodiazepine, did not alter DA, HVA, or DOPAC, but de-
creased locomotor activity by 22%. HVA and DOPAC were found unaltered after
diazepam and the thienodiazepine, Y-7131 (SETOGUCHI et al., 1978). KELLER et al.
(1976) observed a 15% decrease in rat whole brain HVA after diazepam, chlordiaz-
epoxide, flunitrazepam, and clonazepam (10 mg-kg™* i.p.). The most marked effects
of benzodiazepines on DA turnover were, however, found when DA turnover was ac-
celerated by neuroleptics. The neuroleptic-induced increase of HVA in the rat brain
was markedly attenuated by the administration of benzodiazepines prior to the
neuroleptics (KELLER et al., 1976). Picrotoxin, at a dose which did not affect the HVA
level by itself, reduced the effect of diazepam on haloperidol-induced elevation of
HVA. The partial reversal of neuroleptic-induced rise of HVA by diazepam was seen
in limbic structures as well as in the striatum. Various benzodiazepines potentiated the
cataleptic effect of neuroleptics. The interactions of benzodiazepines with neuroleptics
were mimicked by aminooxyacetic acid (AOAA), an inhibitor of GABA catabolism.
FADDA et al. (1978) reported that diazepam at 2 mg-kg™!, a dose which by itself did
not affect rat brain DOPAC levels, prevented the increase of DOPAC induced in fron-
tal cortex and nucleus accumbens by electric footshock stress, pentobarbitone
(25 mg-kg™') 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 al., 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™'ip.) failed to alter the concentration of HVA in the cisternal cerebrospi-
nal fluid (GRIAUZDE et al., 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 al., 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.p. to
rats caused a decrease in DOPA accumulation. With 1 mg-kg ™! this decrease was sig-
nificant only in the limbic forebrain; 3 and 10 mg- kg ™! 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™!
tended to be more effective than 10 mg-kg™' in reducing DOPA formation in DA-
rich limbic areas and striatum. Doses higher than 10 mg-kg™! were not tested, al-
though the difference in the effect of 3 and 10 mg-kg ™! 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™'. Diazepam 3 mg-kg™* reduced the accelerating
effect of GABA 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 of DA turnovers, LAVIELLE et al. (1978) found that mild electric foot shock
produced a marked increase of the 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 10-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™! i.p.)
and chlordiazepoxide (10 mg-kg™' i.p.), which did not significantly alter the DO-
PAC/DA 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.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.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 1 mg-kg™! (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.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 ™! 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 encéphale isolé rats; a 50% decrease was achieved between
0.3and 0.75mg - kg~ !iv.

7. Conclusions

There is strong evidence that benzodiazepines reduce the turnover of DA 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 of DA 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 of DA 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 of benzodiazepines 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 *H-NA into synapto-
somal fractions of rat brain (CORRODI et al., 1971). A lack of uptake inhibition was
also found by LipBRINK 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™* failed to significantly alter the uptake of intracere-
broventricularly injected *H-NA (NAKAMURA and THOENEN, 1972). Benzodiazepines
were very weak inhibitors of the uptake of *#C-NA by isolated membranes of bovine
adrenal medulla (PLETSCHER, 1977); the IC5, were 7x 107° mol-17* and 5x 1074
mol-17" for diazepam and chlordiazepoxide, respectively. TAYLOR and LAVERTY
(1969, 1973) found the uptake or *H-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 of NA 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 of benzodiazepines on endogenous NA levels, Mog
et al. (1962) found no significant changes of the NA content of the brain of rabbits
given a single intraperitoneal injection of chlordiazepoxide 100 mg- kg ™! or daily in-
Jections of 25 mg-kg™* 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 ™' 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 ™' diazepam i.v.
(Consovro et al., 1975). Of six benzodiazepines administered in doses corresponding
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to the EDs, 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™! diazepam or a 7-day treatment with
25mg-kg™ ' or 50 mg-kg™! did not result in any significant change of the NA 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 NAkaAMURA and THOENEN (1972) after
diazepam 1 mg-kg™' i.p. Chlordiazepoxide 20 mg-kg™! 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.p. retarded
the depletion of NA in the diencephalon induced by foot shock stress (SETOGUCHI et
al., 1978). An increase of the NA content of the hippocampus, hypothalamus, and
pons-medulla was observed by RASTOGI et al. (1977) with a single dose of diazepam
10 mg-kg ™' 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™"* s.c. also
increased the NA content (RASTOGI et al., 1978 a). Daily administration to rats of
diazepam and bromazepam for 22 days with 10 mg- kg™ 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-
Gl et al., 1976); a withdrawal period of 48 h increased spontaneous locomotor activity
and reduced NA levels by 10%—40%. Diazepam (1 mg-kg™' i.p.) prevented the de-
crease of brain NA level in rats submitted to craniocervical surgery (whiplash)
(BOISMARE et al., 1978).

4. Noradrenaline Turnover

The decline of NA levels after inhibition of tyrosine hydroxylase with a-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, COrRroDI1 et al. (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 10 mg-kg ™! i.p. Diazepam (10 mg-kg™") attenuated the in-
crease of NA turnover induced by piperoxane, which is thought to block NA autore-
ceptors (FUXE et al., 1975). The same dose decreased the time course of NA 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 a-methyl-tyrosine-induced
decline of NA in the whole brain of unstressed rats by chlordiazepoxide (20 mg-kg™*
i.p.); 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 rats 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™"),
diazepam (5 mg-kg™"), but not flurazepam (10 mg-kg™?") significantly attenuated
the decrease of NA induced by a-methyl-tyrosine in the whole brain (DoMINIC et al.,
1975). Three different barbiturates decreased the turnover of NA in the cerebral cor-
tex of rats, but not in the hypothalamus (LIDBRINK, 1972; LIDBRINK et al., 1973). Mep-
robamate (200 mg - kg™ ) 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 *H-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.p.) prolonged the half-life of injected *H-NA in the
brain stem of rats (NAKAMURA and THOENEN, 1972). Chlordiazepoxide (10 mg-kg™")
increased the level of *H-NA in cerebellum, thalamus-midbrain, and cerebral cortex
(PUGSsLEY and LipPMANN, 1975, 1976); the stress-induced accelerated decline of 3H-
NA in these regions was prevented by the drug. Wise et al. (1972) and STEIN et al.
(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.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~ ! p.o.) on the fate of intra-
cisternally injected *H-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 *H-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 al. (1975) in the brain of rats injected intravenously with diazepam 5 mg-kg ™ *.
RasToGI et al. (1978 a) reported a decrease of the MOPEG level after bromazepam
(10 mg-kg™"). Similar results were obtained by SETOGUCHI et al. (1978) with the
thienodiazepine, Y-7131, but not with diazepam (25 mg-kg ' 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.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 al. (1973) and HAEFELY et al. (1975a, 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~ !. Whether this
was due to the anesthetic state of the animals studied and whether physiologic activa-
tion of these 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 encéphale isolé
rats after i.v. injections of midazolam and chlordiazepoxide; locus coeruleus neurons
were less sensitive to these benzodiazepines than neurons in the substantia nigra and
the dorsal raphé nucleus.

6. Benzodiazepine Actions and Destruction of Noradrenaline Neurons

The depressant effect of benzodiazepines 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 (Grav et al., 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 of NA 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 al., 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 ™! diazepam or for
7 days with daily doses of 25 or 50 mg-kg™! 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). B-Adrenergic agonists release catecholamines from incubated rat
adrenals, an effect which is accompanied by an increase of cCAMP and enhanced by
inhibitors of cCAMP phosphodiesterase (GUTMAN and BOONYAVIROY, 1979). cAMP
has also been postulated to be an essential step in the induction of tyrosine hy-
droxylase (GuDOTTI 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 *H-phenylethylamine from *H-L-phenylalanine in the brain of mice
was markedly reduced by diazepam (75 mg - kg ~!) and chlordiazepoxide (75 mg - kg~ !)
(HAvDALA et al,, 1977).

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

Diazepam did not inhibit the stereospecific binding of b-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 **C-5-HT administered intracisternally in rats
(CHasg et al., 1970). In synaptosomes from the brain of rats administered a daily dose
of 10 mg-kg ™! diazepam s.c. on 22 consecutive days, the uptake of *H-5-HT was en-
hanced by 31% (RAsToGI et al., 1978 b). After a 48-h withdrawal period, the synapto-
somal uptake of *H-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
107> mol 17! and medazepam 10 * mol-1~! (LINGJAERDE, 1973). Clonazepam in-
hibited the uptake of *H-5-HT by mouse brain synaptosomes by 23% at 10~ 5 and
by 43% at 10"*mol-17', but at 8 mg-kg™* ip. 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-17* chlordiazepox-
ide reduced their 5-HT content to nearly 50% (PLETSCHER et al., 1967). Spontaneous
release of 1*C-5-HT from isolated human platelets was slightly inhibited by chlordi-
azepoxide 3x 10"* mol 17! and medazepam 1075-10"* mol-1"!. At 1 mmol-1~!
the drugs enhanced the spontaneous efflux of '*C-5-HT (LINGJAERDE, 1973).

The potassium-induced release of *H-5-HT from preloaded slices of rat amygdala,
but not from hippocampal slices, was decreased by flurazepam 10~ 7-10"° mol-17!
whereas the spontaneous efflux was enhanced (JAMEs et al., 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 *H-5-HT from
preloaded mouse brain synaptosomes was increased by 24% and 50% with 103 and
10~* mol-17! clonazepam, 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 ™! i.p.)
were found to significantly increase whole-brain 5-HT content (BOURGOIN et al.,
1975). Elevated levels of 5-HT in the rat brain and the spinal cord were also observed
by FERNSTROM et al. (1974) between 1 and 2 h after 5-20 mg kg~ ! diazepam i.p. A
single dose of diazepam and clobazam (10 mg-kg ! s.c.) increased the 5-HT content
of rat hippocampus, hypothalamus, and midbrain (RASTOGI et al., 1977, 1978b). Six
hours after the last of 22 daily injections of diazepam (10 mg-kg ™! 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 al., 1977). An
identical treatment increased the 5S-HT content of whole-brain synaptosomes by 50%
(RASTOGI et al., 1978 b; RasToGI and SINGHAL, 1978); after 48 h of withdrawal the
5-HT content was reduced. In contrast to the above authors, CoNsoLo et al. (1975)
did not find any changes in the whole rat brain 5-HT after diazepam (5 mg-kg™i.v.),
and clonazepam (4 mg-kg ™! i.p.) also failed to alter the 5-HT content (JENNER et al.,
1978, CHUNG HWANG and VAN WOERT, 1979). FENESSEY and LEE (1972) found only
clonazepam out of six benzodiazepines active in elevating mouse whole-brain 5-HT
at doses corresponding to ED s, in a rotarod test. JENNER et al. (1975) and CHADWICK
et al. (1978), also working on the mouse, observed an elevation of whole-brain 5-HT
by about 40% after acute administration of clonazepam (4 mg-kg™!) and of diaze-
pam (32mg-kg™ '), whereas CHUNG HWANG and VAN WOERT (1979) found 5-HT un-
affected after 4 mg-kg ™! diazepam i.p. After eight daily doses of 4 mg- kg~ ! clonaze-
pam i.p. the 5-HT level was normal (JENNER et al., 1975). In guinea pigs given clonaze-
pam in doses between 5 and 20 mg-kg~! i.p. the whole brain 5-HT content was al-
most doubled after 3 hours (WEINER et al., 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~ !) and chlordiazepoxide (50 mg-kg~!) 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~ ! 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~'). The 5-HIAA levels were even higher after
a withdrawal period of 3 days, although, at that time, the 5S-HT content had fallen be-
low control values. RASTOGI et al. (1977, 1978 b) reported on elevated 5S-HIAA in the
hippocampus, hypothalamus, and midbrain after single doses of diazepam
(10 mg- kg~ !s.c.), clobazam and bromazepam. The same authors obtained similar in-
creases in 5S-HIAA in these three areas after 22 consecutive daily doses of diazepam
(10 mg-kg ! s.c.). An increase of rat brain 5-HIAA was obtained by JENNER et al.
(1975, 1978) with 4 mg-kg ™! 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™*
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 of benzodiazepines on the efflux 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~ ! 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™' and that of PUGSLEY and LiPPMANN (1975) using 20 mg-kg ™!
chlordiazepoxide i.p.

SETOGUCHI 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
S-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 S-HIAA (FENNESSY and LEg, 1972); the doses corresponded to the EDs,,
in a rotarod test. CHADWICK et al. (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™') and diazepam (32 mg-kg™'). 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 ™!, 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™!), but significantly in-
creased after diazepam (32 mg-kg™' i.p.). In cats with a permanent cannula in the
cisterna magna, diazepam (0.3-1.5 mg-kg ™' i.p.) did not change the concentration of
5-HIAA in the cisternal cerebrospinal fluid (GRIAUZDE et al., 1979).

Fate of Intracerebroventricularly Injected **C-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 al. (1970) reported that
diazepam markedly retarded the decline of #C-5-HT and !#C-5-HIAA in the rat
brain; in addition the efflux of intracisternally injected '*C-5-HIAA was retarded.
Very similar results were obtained by LiPPMANN and PUGSLEY (1974) and PUGSLEY
and LippPMANN (1975, 1976) with 20 mg - kg ™! chlordiazepoxide i.p. STEIN et al. (1973)
injected rats with chronically indwelling cannulas in the lateral ventricle once or daily
on 6 consecutive days with 20 mg-kg ™! oxazepam i.p. *C-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 *C-5-HT and !#C-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 of a single dose and of multiple
doses of chlordiazepoxide, given at various intervals, on the fate of intracisternally in-
jected *C-5-HT in rats. Whereas a single oral dose of 10 mg-kg ™! chlordiazepoxide
produced no significant effect, two and three identical doses, administered either on
consecutive days or at intervals of several days consistently increased the *#*C-5-HT
level in the whole brain, suggesting a reduced utilization of 5-HT. In mice, fludiaze-
pam retarded the disappearance of intracerebrally injected '#C-5-HT and !*C-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-
Chlorophenylalanine 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.p.) reduced the 5-HT depletion induced by p-
chlorophenylalanine (JENNER et al., 1978). Using another inhibitor of tryptophan hy-
droxylase, a-propyldopacetamide (H 22/54), LIDBRINK et al. (1973, 1974) found that
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chlordiazepoxide in doses above 10mg-kg™' and diazepam in doses above
25 mg- kg~ ! 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 (L1pe-
MANN and PUGSLEY, 1974).

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

Accumulation of 5-HT and Decline of 5-HIAA After M AO 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 al. (1975)
studied the effect of chlordiazepoxide, oxazepam, temazepam, and nitrazepam
(1 mg-kg™* 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 of 5-HTP after Inhibition of Decarboxylase. Accumulation of endog-
enous S-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 al. (1978) not to affect S-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 ™! i.p. Very similar results were obtained
by SANER and PLETSCHER (1979) with diazepam, but not with phenobarbitone
(100 mg- kg™ "); the results were even more marked in reserpinized rats. The inhibitor
of GABA transaminase, aminooxyacetic acid (AOAA, 25 mg-kg~'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.p.) and bicuculline (1 mg-kg~'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™! diazepam and bromazepam s.c. in-
creased brain tryptophan concentration by 30% (AGARWAL et al., 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 al.,
1978 b). A marked increase of brain tryptophan was also observed by BOURGOIN et
al. (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 >*H-tryptophan to rat serum albumin was
inhibited by chlordiazepoxide and diazepam and, to a lesser degree, by oxazepam.
While DomiNic et al. (1975) failed to find changes in brain tryptophan of mice after
chlordiazepoxide, diazepam, and flurazepam, CHADWICK et al. (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 al. (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" mol-171

7. Efflux of S-HIAA from the Brain

Diazepam inhibited the efflux from the brain of intracisternally injected '*C-5-HIAA
(CHASE et al., 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 al. (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 S-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™*
(NAKAMURA and FUKUSHIMA, 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™* chlordiazepox-
ide i.p., but the drug inhibited the occurrence of head twitches with an EDs, of
36 mg-kg™! s.c. (CORNE et al., 1963). CHADWICK et al. (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, S-HTP pro-
duces a characteristic myoclonic bouncing stereotypy progressing to discontinuous
jerking movements of the entire body (WEINER et al., 1977). Clonazepam, in doses up
to 20 mg-kg ™', did not modify the effect of 5-HTP.

9. Physicochemical Interaction Between S-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 5S-HT Neurons

The spontaneous firing rate of single cells in the dorsal raphé nucleus, an important
site of origin for 5-HT neurons, was substantially decreased by doses of chlordiazep-
oxide below 1 mg-kg™' i.v. in rats anesthetized with chloralhydrate (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™'), chlordiazepoxide (up to 12mg-kg™'), and flurazepam (up to
30 mg-kg™!), did not significantly affect the firing rate. However, diazepam
1 mg- kg™ '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 raphé 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 raphé unit activity, an effect
which was reversed by picrotoxin. In the dorsal raphé nucleus of unanaesthetized
encéphale isolé 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-
thetic 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 raphé
(MassaARI et al., 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 raphé 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 GABA.
LAURENT (personal communication) found a dose-related depression of the spon-
taneous firing of raphé dorsalis neurons in encéphale isolé 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 of benzodiazepines on central 5-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 al., 1973, 1975, 1977, WARBURTON, 1974; TyEet al., 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,
THiEBOT et al. (19804a, b) obtained a reduction of punishment-suppressed behavior by
local injections of chlordiazepoxide and GABA, but not of muscimol into the nucleus
raphé 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™"' 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-
5umol-17' (NisTR1 and ConsTaNTI, 1978a,b). Likewise, flurazepam (50—
100 ymol-17') 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,), probably has more pronounced
membrane stabilizing (Na* channel depressant) effects than congeners, its relatively
potent glutamate-antagonistic action may not be representative of benzodiazepines 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-17! on glutamate-induced depolarization of motoneurons in
the frog hemisected spinal cord (N1cOLL and Wostowicz, 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 107° mol-17* did not affect uptake and K *-in-
duced release of 1*C-glycine in rat spinal cord synaptosomes (NELSON-KRAUSE and
Howarp, 1976).

2. Glycine Content

Ross et al. (1978) reported that diazepam (5 mg- kg™ 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 *H-strychnine binding to rat
spinal cord membrane fraction (YOUNG et al., 1974; SNYDER and ENNA, 1975; SNYDER
et al., 1977). The most potent benzodiazepines tested, flunitrazepam and bromaze-
pam, were active with a IC5, of 19 pmol-17*, 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 of benzodiazepines in displacing specific *H-
strychnine binding was considered to correlate significantly with the rank order of
pharmacologic potency in man and animals (SNYDER and ENNA, 1975; SNYDER et al.,
1977), an opinion not shared by many pharmacologists. As an example, HUNT and
RAYNAUD (1977) pointed to the small differences in the relative displacing potencies
in the *H-strychnine binding assay of benzodiazepines 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 *H-strychnine binding in vitro are well above those occurring in
the animal central nervous system after reasonable pharmacologic doses.

CUrTIS et al. (1976 a) 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. (1976 a) 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 decarboxylase inhibitors. Studying single neurons in the dorsal raphé 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 al., 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 GABA 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 of benzodiazepine-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-
SK1, 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; NarTcHI and LowMAaN, 1977; NAFTcHI et al., 1979;
CHiNetal., 1974; PoLc et al., 1974; NicoT et al., 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 al. (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 GABA biosynthesis has been blocked (PoLcC et al., 1974; BANNA et al., 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
(CHor et al., 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 (N1sTR1 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 (feedforward) inhibition of
principal neurons, mediated by GABAergic interneurons, was found to be enhanced
by benzodiazepines (RAABE and GuUMNIT, 1977, ZAKusov et al., 1977, NESTOROS,
1979, Fig. 3), confirming previous results of ZAkuUsov 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 al., 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~ °-107% mol-17!) enhanced pic-
rotoxin-sensitive recurrent inhibition of tuberal hypothalamic cells induced by focal
electrical stimulation (GELLER, 1978; GELLER et al., 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 al., 1976 a;
GELLER et al., 1978; MONTAROLO et al., 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 peristimulus 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 / 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 of Purkinje cells (HAEFELY et al., 1975b; Piert and HAEFELY, 1976; MARIANE
and DELHAYE-BoUCHAUD, 1978). They also explain why cGMP levels in the cerebellar
cortex, which seem to be an index of the activity of Purkinje cells, are reduced by ben-
zodiazepines (CostA et al., 1975b; GumoTTi, 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 al., 1978). This depressant effect of bicu-
culline was dose-dependently prevented by various benzodiazepines. The spontaneous
multi-unit activity of Deiters’ nucleus in cats was dose dependently reduced by chlor-
diazepoxide (EDs, 0.8 mg-kg™! i.v.) (LLOYD et al., 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 al.,
1975b, 1978). While various benzodiazepines had no significant effect on the
striatonigral evoked potential itself, they very potently prevented the depressant effect
of GABA antagonists on this potential. 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 of nigral 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.I1.5). The existence in the substantia nigra of GABAergic syn-
apses that subserve other functions than inhibition of dopaminergic neurons is be-
coming increasingly evident. Intranigral 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 al.,
1975a, 1976; RUCH-MONACHON et al., 1976a, b, c).

Serotoninergic Dorsalis Raphé Cells.In agreement with the postulated GABAergic
input to the dorsal raphé nucleus, GABA depressed the raphé 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 raphé system is probably responsible for the reduction of 5-HT turn-
over being proposed to account for the anxiolytic action of benzodiazepines (STEIN
et al., 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 of GABAergic 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 of benzodiazepines 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 of benzodiazepines (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 pmol-17* diaze-
pam,; the same concentrations inhibited the Ca? *-dependent K *-induced release (OL-
SEN et al., 1977, 1978 b). Barbiturates were ineffective on both types of release. NEL-
SON-KRAUSE and HowaRD (1976) did not observe any effect of 107° mol-17! diaze-
pam on K *-induced release of '*C-GABA from rat cerebral cortex synaptosomes.
MitcHELL and MARTIN (1978) used a rather low concentration of K * in the superfus-
ing fluid (15 mmol-17") to stimulate the release of *H-GABA from preloaded small
pieces of rat frontal cortex. At 107 ¢ mol-17* diazepam and flurazepam enhanced the
K *-stimulated release by 31% and 38%, respectively; at 1074 mol-17! both benzo-
diazepines markedly reduced the evoked release. Neither compound affected the rest-
ing release of *H-GABA. Surprisingly, the K *-stimulated release of *H-GABA from
striatal tissue was not affected by diazepam 10~ ° mol-17* (MARTIN and MITCHELL,
1979). The high-potassium (24 mmol-1~")-induced release of *H-GABA from
preloaded slices of rat spinal cord was enhanced by diazepam in concentrations be-
tween 0.5 and 3 pmol-17?, unaffected by diazepam 10 pmol-17", and depressed by
diazepam 100 pmol-17! (MATSUMOTO et al., 1979). SCHACHT and BACKER (1979) stud-
ied the effect of diazepam and clobazam on the release of *H-GABA evoked by elec-
tric field stimulation from preloaded rat brain cortex slices. In the concentrations of
10”7 and 107¢ mol - 17!, 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 autoreceptors of GABAergic neurons.

The presently available data on GABA release do not allow a definitive conclusion
to be drawn on a possible effect of benzodiazepines. 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 of benzodiazepines 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 of benzodiazepines
should be examined on the release from a distinct GABAergic pathway in vivo.

3. GABA Uptake

Uptake of 3SH-GABA into slices and homogenates of rat cerebral cortex was not in-
hibited by chlordiazepoxide or diazepam at 0.3 mmol- 17" (IVERSEN and JOHNSTON,
1971). Whereas NELSON-KRAUSE and HOWARD (1976) did not find an effect of diaze-
pam 107 mol 17! on the uptake of **C-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 GABA 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.p. increased the GABA content of the forebrain of
mice by about 20% (Saap, 1972). Similar results were obtained by HAEFELY et al.
(1975D) in the whole brain of mice, although the dose necessary for a significant
(17%) increase was 30 mg-kg™'. In the rat whole brain, the same authors found a sig-
nificant 4% increase after 30 mg-kg™'. 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 ™' diazepam (HAEFELY et al., 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 ™! 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 ™' 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 GABA in mice was studied by HAEFELY et al. (1975b) using
the ratio specific activity of !*C-glutamate/specific activity of '*C-GABA at different
times after a single dose of 30 mg-kg ™' diazepam i.p. and 15 min after a subcutaneous
injection of a tracer dose of 2-'*C-glucose. The ratio was significantly reduced 30 and
60 min after diazepam, indicating a reduced formation of **C-GABA. Similar find-
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ings were observed in the rat by SEMIGINOVOSKY et al. (1976). Mao et al. (1977) mea-
sured the formation of *3C-GABA in the rat brain from !3C-glucose infused intrave-
nously. Diazepam 1 mg-kg™* reduced the turnover rate in the caudate and nucleus
accumbens, but not in the globus pallidus. A similar effect was seen after ] mg-kg™!
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 ™!
diazepam (PoLc et al., 1974). LOscHER and FRey (1977) found a reversal by
1.2 mg-kg ™! diazepam of the GABA-depleting effect of isoniazid in the mouse brain.
Similar observations had been reported by Saap (1972).

The increase of whole brain GABA in rats given aminooxyacetic acid was attenu-
ated by 25 mg-kg™* diazepam i.p. (FUXE et al., 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.p. produced a dose-de-
pendent decrease of GABA 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 *H-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

PerICIC et al. (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™* diazepam (LOSCHER and
Frey, 1977).

In mouse brain homogenate, chlordiazepoxide at 0.1 pmol-17 ! inhibited the activ-
ity of GABA transaminase by 10%, whereas clonazepam and diazepam were inactive
up to 5 umol 17! (SAWAYA et al., 1975). CHAN-PALAY et al. (1979) obtained immuno-
cytochemical evidence for an increase of GABA transaminase activity in the rat cer-
ebellum after diazepam 25 mg-kg ™' i.p. The activity of succinic semialdehyde dehy-
drogenase was inhibited 30%-45% by diazepam in concentrations of 0.01-5 pmol -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 al., 1976). To determine the origin of the increased urinary GABA, rats were in-
jected intracisternally with *H-GABA. Animals given 10 mg-kg™' diazepam i.p. ex-
creted 2-3 times more labeled GABA than controls. No effect on the excretion of in-
tracisternally injected *H-glycine was found.



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 161

8. Interaction of Benzodiazepines with GABA

Absence of GABA mimetic Activity. Specific binding of *H (4 )-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 "* mol-17! (MOHLER and OKADA, 1977¢). Inhibition of *H-muscimol binding
by diazepam was also weak or absent (IC5,:107° mol-17', BEAUMONT et al., 1978).
Binding of *H-GABA to mouse brain synaptosomes was not significantly inhibited
by diazepam 10~ * mol-1~* (OLSEN et al., 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 GABA 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.v.) or low doses of muscimol
(1 mg-kg™'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 al., 1974; HAEFELY et al., 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 of motoneurons, in contrast to bar-
biturates (N1CcOLL and Wortowicz, 1980). Intracellular recording from rat spinal
ganglia cell bodies revealed no consistent effect of 107¢ and 105 mol-17! diazepam
on resting membrane potential and conductance (LAMOUR, 1979, DESARMENIEN et al.,
1980). In the isolated rat superior cervical ganglion, GABA and other GABA mimet-
ics produce a depolarization; chlordiazepoxide up to 2 mmol-17! failed to depolarize
the ganglion, while pentobarbitone had !/,,, 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 1 pmol 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 GABA 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~
and 107°mol-17" 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 al. (1978 b) 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 GABA-stimulated Cl~ uptake
by 35% at 10™*mol 17",

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 of benzodiazepines at the GABA
recognition site (STEINER and FELIX, 1976 a, b; GAHWILER, 1976) can be excluded with
certainty.

Modification of GABA 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 umol-1~" chlordiazepoxide failed to alter the dose-response curve of
GABA for depolarization (Bowery und DrAY, 1978; DrRAY 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 ED;,. No po-
tentiation of the depolarizing effect of GABA in isolated lobster muscle was observed
with flurazepam (NiSTRI and CONSTANTI, 1978b). In rat spinal ganglion cells, 10~¢
and 107°mol-17! 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 al., 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
GABA 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 (Cuot et al., 1977). The active concentrations of chlordiazepoxide were 10~ 7
10"*mol-17%; 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 NB,, neuroblastoma cells, which contain binding sites for GA-
BA and benzodiazepines as well as “gabamodulin”, diazepam (10~ ° mol-17?) en-
hanced the increase in chloride flux elicited by threshold concentrations of GABA and
muscimol (BARALDI et al., 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, 1977 a). Similar results were obtained with
systemically administered diazepam (K0zHECHKIN and OSTROVSKAYA, 1977b), and
with iontophoresed flurazepam in cats (NESTOROS and NISTRI, 1979).

In the frog hemisected spinal cord, flurazepam in low concentration (2.5 umol - 17 1)
shifted the concentration-response curve of GABA for depolarization of dorsal
roots to the left (N1sTRI and CONSTANTI, 1978a, b). When doubling the concentration
of flurazepam, 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*t 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 Na* and Cl1~
conductance increases. It should be recalled that flurazepam contains the same side
chain on N, as procaine and may, therefore, not be totally representative for the ben-
zodiazepine class. Also in the hemisected frog spinal cord NicoLL and WoiTowicz
(1980) observed a selective enhancement of GABA-induced hyperpolarization of mo-
toneurons by chlordiazepoxide 0.1 umol - 17 *; 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.p. diazepam, while inhibitory responses to noradrenaline or glycine
were unaffected (GELLER et al., 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 107 mol -1~ ! diazepam and flurazepam, while the responses to glycine were
unaffected (GELLER et al., 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 al., 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 of benzodiazepines 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 (FrRaNCO and SCHLOSSER, 1978; SCHAFFNER et al., 1979; GELLER, 1979;
ScHLOSSER and FRANCO, 1976 b; 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 of benzodiazepines on presyn-
aptic inhibition in the spinal cord (PoLc et al., 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 (SCHAFE-
NER and HAEFELY, 1975; HAEFELY et al., 1975b, 1978) and Deiters’ nucleus (HAEFELY
et al.,, 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 pmol-17") 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. BOowery and
DRrAY (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 *H (+) bicuculline methio-
dide in brain tissue (MOHLER and OKADA, 1977¢). 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
c¢GMP 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 al., 1978; GuipoTTI et al., 1978; TOFFANO et al.,
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 al., 1978 a; GUIDOTTI et al., 1978; HORNG and WONG,
1979; GREENLEE et al., 1978). *H-GABA binds to freshly prepared crude synaptic
membrane preparations with a relatively low affinity (K, around 0.2 umol-17%).
Freeze-thawing and/or treatment with the detergent Triton X-100 alters the kinetic
properties of SH-GABA binding; in addition to the low-affinity component, a second
one with a higher affinity is unmasked (K ;, around 0.02 umol-17") 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 al., 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 (ToFrFaNoO et al., 1979, 1980). Inhibi-
tion of high-affinity *H-GABA 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 *H-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 of fresh untreated membranes. There was a com-
petitive antagonism between endogenous inhibitor and benzodiazepines for their ef-
fect on high-affinity binding of *H-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 *H-diazepam binding. Indeed, both the
maximal number of binding sites (B max) and the affinity (K ) were greater in deter-
gent-treated membranes. Addition of the purified endogenous inhibitor competitively
inhibited *H-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 SH-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 *H-
diazepam and H-GABA were investigated (BARALDI et al., 1978). As in brain mem-
branes, two populations of GABA receptors, differing in their K, 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 *H-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
TorrANO et al. (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 al., 1978 b). A clarification of the nature of “gabamodulin” is ur-
gently needed. Moreover, the enhancement of GABA 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 Nucleotides

Very low doses of diazepam (0.01-1 mg- kg ™' 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 of clonazepam (PALMER et al., 1979). However, SKOLNICK et al. (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 pmol-17") after the injection of 1 mg-kg™' were too small to inhibit adenosine
uptake. In a subsequent study, PHILLIS et al. (1979) observed that theophylline (50—
100 mg-kg ' i.v.) antagonized the depressant effect of both adenosine and fluraze-
pam (applied microiontophoretically) on single neurons in the rat cerebral cortex.
Diazepam (10~ ¢ and 10™° mol-17") 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 al. (1980) and
PHILLIS et al. (1980) reinvestigated the effect of diazepam and flurazepam on *H-
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~ ® and 10”7 mol-17!, respectively.
The concentration-effect curve for this inhibition was very flat. Flurazepam was con-
siderably less potent than diazepam as an inhibitor of *H-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 CNS 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 al., 1981).

XII. Enkephalins

Duka et al. (1979 b) injected rats intravenously with doses of diazepam ranging from
0.1 to 2.5 mg-kg™'. 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 pmol-17!) 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 al., 1980). When diazepam (4 mg-kg ™' i.p.)
and flunitrazepam (2 mg- kg ™' 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 (WUSTER et al., 1980 a). 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 al., 1978).

Preliminary experiments by DUKA et al. (1979b) suggested that diazepam (10~¢
mol -1 1) did not affect the basal release of met-enkephalin from striatal slices. The
interaction of opiate antagonists with some effects of benzodiazepines was mentioned
in Chap.J,I. Diazepam (2.5 mg-kg™') produced a moderate increase of pain thresh-
old (vocalization) in rats (WUSTER et al., 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.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 al., 1979) and 5-HT turnover (FILE and VELLUCCI,
1978).

XIV. Prostaglandins

ALLY et al. (1978) observed that chlordiazepoxide and diazepam (ICs,, 890 and
55 umol-171) 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, formation.
The authors postulated that the benzodiazepines acted as competitive antagonists of
thromboxane A, 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 of PGF,,, PGE, and TXB,-like immunoreactive material in the brains of mice
killed at the time of occurrence of seizures (STEINHAUER et al., 1979). Diazepam,
10 mg-kg~'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.p. Indomethacin blocked the increase in prostaglandins but was un-
able to prevent the seizures.

In contrast to diphenylhydantoin, 8.5 mg-kg ™' 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 of benzodiazepines 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 of benzodiazepines 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 of benzodiazepines with other peptides (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 of benzodiazepines 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 GABA 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 al., 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 al., 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 (StMMONDS, 1980).
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Y. Benzodiazepines and Cyclic Nucleotides
I. Cyclic 3',5'-Adenosine Monophosphate (cAMP)

Diazepam and clonazepam (7 mg-kg ™! 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 al., 1976) and the mouse (LusT et al., 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 ™! s.c.) was completely prevented by the
two benzodiazepines (PALMER et al., 1979). In isolated bullfrog sympathetic ganglion,
diazepam (0.1 mmol-1" ') markedly increased the basal content of cAMP; diazepam
was more potent in this respect than theophylline and papaverine (SmitH et al., 1979).
In in vitro studies with mouse cerebral cortex, diazepam and clonazepam
(0.6 mmol-17!) 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 al., 1979). In slices of guinea-pig cerebral cortex, diazepam, des-
methyldiazepam, methyloxazepam, oxazepam, and chlordiazepoxide increased the
basal level of cCAMP at concentrations of 0.2 mmol-17* and 0.5 mmol -1~ (SCHULTZ,
1974). All these compounds also enhanced the cAMP elevation induced by histamine
and by the combination of histamine plus noradrenaline. The calculated ECs, for
diazepam was 50 pmol 17! in the case of histamine stimulation and 16 umol-17* 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 K, 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 (TRAVERSA and NEW-
MAN, 1979). The pharmacologically more active d-isomer at 0.1 mmol-1~! doubled
the cCAMP content in the absence of adenosine, whereas the /-isomer and the racemate
were inactive. The racemate and the /-isomer, however, greatly reduced the cAMP in-
crease induced by adenosine. The d-isomer was more potent than the /-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-1"" enhanced the accumulation of cAMP induced by PGE, (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 al. (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
5mg-kg ! 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 PGE;-mediated inhibition of ADP-induced aggregation (HEsS
etal., 1975). At | mmol 17" 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 (ICs, of 33 and 110 pmol - 17!, respectively), while on the cat heart
enzyme 60 pmol-17"' diazepam was required for 50% inhibition, and chlordiazepox-
ide proved inactive at 1 mmol-1~' (WEINRYB et al., 1972). For comparison the IC,
values for theophylline were 120 umol-17" in the brain and 50 pmol-17" 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 al., 1974) and by various drugs (CosTA
etal., 19754, 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 al., 1975a, b; BiGGIo et al.,
19771, 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 al., 1975; OPMEER et al., 1976; MAILMAN et al., 1978), but also
after nonstressful locomotor activity (MEYERHOFF et al., 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 (Mo et al., 1975a, b; CosTA et al.,
1975a, b, 1976, 1978; SpaNoO et al., 1975; OPMEER et al., 1976; NAIK et al., 1976; Gui-



General Pharmacology and Neuropharmacology of Benzodiazepine Derivatives 173

DOTTI, 1978; LusT et al., 1978; MAILMAN et al., 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 al., 1977a; CoSTA et
al., 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 (Mo et
al., 1975¢). 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 (BI1GGIO et al., 1977b, ¢). Diazepam inhibited the rise of cerebellar
c¢GMP induced by apomorphine (BIGGIO et al., 1976; BURKARD et al., 1976a, b) and
amphetamine (GUMULKA et al., 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™* 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 al.,
1975; Govoni et al., 1976). Diazepam also lowered the cGMP content of the deep cer-
ebellar nuclei (BIGGIO et al., 1977b), 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 al.,
1975a).

The relative potency of various benzodiazepines in reducing rat cerebellar cGMP
level corresponded nicely with their potencies as sedatives and anxiolytics (GOVONI et
al., 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
(Cosrta et al., 1975a, b; GuiporTi, 1978). However, immunocytochemical studies in
the cerebellum have shown a preferential localization 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 al., 1975b).

In tissue slices of rat substantia nigra, GABA (0.5 mmol-1"1) as well as chlordi-
azepoxide (3 mmol-17") reduced the level of cGMP (WADDINGTON and LONGDEN,
1977). In the isolated sympathetic ganglion, diazepam (0.1 mmol-17") elevated the
basal content of cGMP (SMITH et al., 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

Using methods developed earlier for the demonstration of specific binding sites for
neurotransmitters and their antagonists in cell-free systems, SQUIRES and BRAESTRUP
(1977), BraesTrRUP and SQUIRES (1977), MOHLER and OkADA (19774, b), and Bos-
MANN et al. (1977) first demonstrated with *H-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 of benzodiazepines. 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 al.,
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 *H-diazepam or *H-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 *H-diazepam were incubated with crude synaptosomal preparations in the absence (total
binding) and presence of 1 uM flunitrazepam (nonspecific binding). Specific binding is obtained
by subtracting nonspecific from total binding. (Courtesy of Dr. H. MOHLER)

8 nmol-17". This high affinity permits a high degree of receptor occupation to be
reached at the concentrations of benzodiazepines 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 *H-diazepam or *H-flunitrazepam. A good cor-
relation was found between their displacing potencies in the radioligand 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 *H-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 al., 1977;
MOHLER and OKADA, 1977 a, 1978; BRAESTRUP and SQUIRES, 1978 a; MACKERER et al.,
1978; MULLER et al., 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, 1977a, 1978; WADDINGTON and OWEN, 1978). Only the en-
antiomers of oxazepam were reported to lack stereospecific displacement of *H-
diazepam in membranes from rat spinal cord (MULLER et al., 1978a).
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2. Specificity

In the in vitro benzodiazepine binding assay using brain membrane preparations at
0 °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-1"! *H-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 *H-diazepam and *H-flunitrazepam
binding with K;-values in the 10-1,000 nmol-17* range (L1PPA et al., 1979; SQUIRES
et al., 1979b, 1980; KLEPNER et al., 1979), the anxiolytic and hypnotic zopiclone (K;
30 nmol 17! in 3H-diazepam binding; BLANCHARD et al., 1979), and the inhibitor of
adenosine uptake, dipyridamole (K; 300 nmol-17*) (DAVIES et al., 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 al. (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 al., 1980a). 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 *H-
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 *H-flunitrazepam
binding and the reduction of reversible *H-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 al., 1979), Lubrol (TALLMAN et al., 1980 b; Yousur
etal., 1979) and Triton X-100 (CHIU and ROSENBERG, 1979) as detergents. Binding re-
covery in the former case was about 50% and the K, value for flunitrazepam
(1.5 nmol-17") 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 >H-diazepam binding was
also present with the solubilized receptor preparation, however, GABA did not in-
crease binding of *H-diazepam to the solubilized receptors (YOUsUFI et al., 1979).

II. 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 al., 1977, MOHLER and OKADA, 1977a, 1978b;
MACKERER et al., 1978; MULLER et al., 1978 a; SPETH et al., 1978; PLACHETA and K ARO-
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 *H-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 KuUHAR (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 al., 1979; OsBORNE, 1980; BORBE et al.,
1980; PAUL et al., 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-pum section due to the addition of 1 pM clonazepam. Cryostat sections of tissue
were thaw-mounted onto gelatin-coated slides and dipped into 1 pM 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 al., 1979; STRITTMATTER et al., 1979b). Of several
cultured cell lines of neural origin, the rat C4 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
K, for chlordiazepoxide was determined to be 2.5x 107° mol-17* by SOLLENNE and
MEANS (1979). The sites are rather specific for benzodiazepines and L-tryptophan
(MULLER and WOLLERT, 19754, b; BALL et al., 1979; FEHSKE et al., 1979). A high af-
finity of flunitrazepam for melanin-containing cells in the retina has been found
(KunN, 1980).These binding sites have not yet been characterized.

II1. 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-
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diazepine receptors. Thermal inactivation of 3H-flunitrazepam binding sites at 60 °C
in 50 mmol-17! 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 radioligands in the presence of high concentrations
of the respective unlabeled benzodiazepine (1 pmol-17*) showed a biphasic dissoci-
ation at 0 °C with components having half-lives of 2 and 9 min. Dissociation of *H-
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 *H-flunitrazepam binding was indicative of two ben-
zodiazepine binding sites. Further evidence for two populations of benzodiazepine 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
al., 1979b). This protective property of GABA and muscimol is shared by the GABA
mimetics, f-guanidino-propionic acid, f-alanine, and imidazole acetic acid. Surpris-
ingly, however, the GABA mimetics, THIP and isoguvacine, failed to protect from
heat inactivation. SQUIRES et al. (1979 ¢, 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 al. (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 GABA 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 *H-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 *H-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, ), except in
the spinal cord, where this band was very weakly labeled. The Ps, benzodiazepine re-
ceptor seems to be identical with that described by MOHLER et al. (1980a). Extracere-
bellar brain regions contain several other labeled protein bands in addition to P, with
apparent molecular weights of 53,000 (Ps3), 55,000 (P55), and 59,000 (P5,). The most
prominent of these, P55, was most highly labeled in hippocampal membranes.



180 W. HAEFELY et al.

Whereas diazepam inhibited irreversible binding of 3H-flunitrazepam to Py, in cere-
bellum and to Ps; and P in hippocampus to the same extent, the triazolopyridazine,
CL 218,872, prevented irreversible binding to P5; more strongly than to Pss. Su-
PAVILAI and KAROBATH (1980) determined different K ;, values for *H-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
rateat whichligands 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 *H-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 al., 1979 a), whereas nonspecific
binding is not temperature dependent (MOHLER and OKADA, 1977b). Arrhenius plots
of the temperature dependence of *H-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
0 °C. 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 (1978b), who
found that the rate of dissociation of 3H-diazepam was much more rapid than that
of *H-flunitrazepam and that in centrifugation assays the binding of *H-diazepam
was considerably less sensitive to temperature than in the usual filtration assays. The
temperature dependence of *H-diazepam binding was also found with solubilized re-
ceptor proteins from cortical membranes (TALLMAN et al., 1980b; YouUsUF et al.,
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 al., 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. Tons

Early studies did not reveal significant effects of ionic changes on specific *H-diaze-
pam binding (MOHLER and OxkaADA, 1977b). BosMANN et al. (1977) observed that
10 mmol-17! EDTA 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 synaptic membrane preparations from the whole brain and spinal cord of rats
found a very slight enhancement of *H-diazepam binding with various monovalent
cations (except cesium) and a slight inhibition with monovalent anions. However,
binding was markedly enhanced by divalent cations, Ni?* being the most effective.
This increased binding was due exclusively to an enhanced affinity. Costa et al. (1979)
observed that of 18 anions tested, only five produced a concentration-dependent en-
hancement of *H-diazepam binding at 0 °C, namely iodide, bromide, chloride, thio-
cyanate, and nitrate. This effect was absent at 37 °C. The enhanced binding at 0 °C
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 *H-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 al. (1979) and RODBARD et al. (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 al.
(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 al.,
1979) indicated that the benzodiazepine receptor may be a protein. From enzymatic
inactivation studies, BosMANN et al. (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 °C for 7 days showed no loss of activity (BRAESTRUP and
SQuIRES, 1977). Incubating preparations at 50 °C-60 °C initially increased specific
binding and then inactivated the receptor with a half-life of 3 h and 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 al. (19804a) succeeded in covalently binding *H-flunitrazepam to the
benzodiazepine receptor by photoaffinity labeling. P, fractions incubated with 3H-
flunitrazepam and brain tissue slices of rats injected intravenously with the radioli-
gand were illuminated with near-UV light. The *H-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, 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 al. (1980 b) and LANG et al. (1979). At present, it can only be speculated
as to the part played by the protein identified by MOHLER et al. (1980a) 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 al. (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 al. (1978, 1979 b) described high-affinity binding sites of diazepam in fresh
membranes prepared from both NG, neuroblastoma and Cg4 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 *H-diazepam binding differ considerably (BARALDI et al., 1979 a). HENN
and HENKE (1978) found more *H-diazepam binding in fractions from bovine cerebral
cortex containing astroglial cells than in fractions enriched with nerve endings. SYAPIN
and SKOLNICK (1979) compared *H-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 *H-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. Dupal and YAVIN (1979) studied *H-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 *H-diaze-
pam binding sites in the cerebellar cortex of mutant “nervous” mice was identical with
that in normal littermates 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 al., 1978 a). Similar findings in adult “nervous” mice were reported
by SeeTH and YAMAMURA (1979), SKOLNICK et al. (1979a), and BRAESTRUP et al.
(1979b). An almost 50% reduction of *H-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., 1979b) or higher by 44% and 25% than in normal control mice (SPETH
and YAMAMURA, 1979). The K, values for *H-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, *H-flunitrazepam and 3*H-
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 al., 1978, 1979; MOHLER and OkADA, 1978). K |, was increased about two-
fold and B,,,, decreased by 40% in putamen. K ;, was unaltered in frontal cortex and
cerebellum, but B,,,, 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 interneurons but rather a proliferation of glial elements,
the moderate decrease of benzodiazepine 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 *H-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 *H-diazepam binding sites and the content of gabamo-
dulin; the specific *H-GABA binding sites were unaffected but the K p for GABA de-
creased (BIGGIO et al., 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.
(19804, b, 1981). It consists of covalently binding *H-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
*H-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.
Itis, 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
*H-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 al., 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 al.
(1980) described a saturable binding of *H-flunitrazepam to brain cell nuclei in vivo
and in vitro. The K, for this nuclear binding was, however, 25 times higher than for
binding to synaptosomal membranes.

Specific low-affinity binding of *H-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 al. (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 glutinosa), which belongs to the ge-
nus Cyclostomata, specific *H-diazepam binding sites were found in the central ner-
vous system. The K, 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 *H-diazepam
binding was also not detected in leech ganglia (CORRADETTI et al., 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 K . Very similar findings on the ontogenetic development of
benzodiazepine receptors were reported by CANDY and MARTIN (1979) and PALACIOS
et al. (1979). Interestingly, the enhancement of *H-flunitrazepam binding by anions
and muscimol was the same at all ages (PALACIOS et al., 1979). Comparing *H-fluni-
trazepam binding to brain membranes of 2-month- and 14-month-old rats, HAEFELY
et al. (1980) found no differences in K, and B,,,,.
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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 *H-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
K is approximately 10 times higher at 37 °C than at 0 °C.

CHANG and SNYDER (1978) injected *H-diazepam or *H-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 *H-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 h and 13% at 24 h. Already after | h,
only 30% of the total activity represented unmetabolized *H-flunitrazepam. The pro-
portion of unmetabolized drug was greater in the particulate than in the soluble frac-
tion. When various pharmacologic doses of four unlabelled benzodiazepines were ad-
ministered 30 min before the injection of *H-flunitrazepam, the soluble radioactivity
was unaltered; however, the bound activity was dose dependently reduced. IDs,
(doses producing a 50% reduction of bound *H-flunitrazepam) were 0.7 umol - kg ™!
for clonazepam, approximately 1.8 pmol- kg ™! for flunitrazepam and diazepam, and
83 umol-kg™' for chlordiazepoxide. The concentrations of unlabelled benzo-
diazepines in the brain after pharmacologic doses were considerably higher than the
concentrations producing 50% inhibition of *H-flunitrazepam binding in membrane
preparations an 0°C, namely 2.56 pmol-kg™' brain after 3.5 umol-kg™*
(0.9 mg-kg™") 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 al. (1978, 1979) found that binding of *H-diazepam to rat forebrain
after intravenous injections remained constant up to 60 min after homogenization,
whereas homogenization in 3 pmol-1~! 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 *H-diazepam, more than 75% of the specific
binding of *H-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, *H-diazepam bound to liver,
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kidney, and abdominal skeletal muscle; however, no stereospecific displacement oc-
curred in these peripheral tissues (SKOLNICK et al., 1979¢). *H-Diazepam binding was
always studied in tissues obtained 1 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 al., 1979c¢).

Lippa et al. (1978 b) injected rats with various doses of diazepam and determined
the amount of specifically bound *H-diazepam in crude P, 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 *H-diazepam binding were 2—-
Smg-kg™! p.o.

TALLMAN et al. (1979) used *H-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 107! mol-17* 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 *H-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 *H-diazepam.

Duka et al. (1979 a) used *H-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 al. (1979 a) measured the highest radioactivity in hippocampus
and cerebral cortex 5 min after the intravenous injection of a tracer dose of *H-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 *H-flunitrazepam accumulation in the brain. This reduction
was saturable; e.g., increasing the doses of cold flunitrazepam over 3 mg-kg ™' 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 *H-
flunitrazepam. An excellent correlation between the IDs, for reduction of 3H-fluni-
trazepam accumulation and EDj, for inhibition of pentetrazole-induced seizures was
found for clonazepam, Ro 11-6896, flunitrazepam, diazepam, and chlordiazepoxide.
The concentrations of *H-flunitrazepam after administration of receptor-saturating
doses of nonlabeled 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 >H-flunitrazepam in the
various regions, reflecting the differences in the density of benzodiazepine receptors.
The stereospecificity of inhibition of the *H-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 *H-fluni-
trazepam when given simultaneously with or shortly before the radioligand, 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-17" 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 SCHLOEGL, 1979). PAUL et al. (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™")
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 ™! of pente-
trazole. The conclusions of PAUL et al. (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 !*C-flunitrazepam and positron emission tomography, COMAR et al. (1979)
could visualize the binding of the label in the brain of baboons under anesthesia and
the displacement of ! ! C-flunitrazepam by a subsequent injection of nonlabeled loraze-
pam. This is probably the first direct demonstration in a nontraumatic 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 ™! diaze-
pam or 30 mg-kg™' 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 *H-diazepam binding. However, a so far un-
explained decrease of *H-GABA binding sites in the striatum and decrease of 3H-
quinuclidinylbenzilate (QNB) binding sites in the cerebellum was observed (MOHLER
et al., 1978a).

BRAESTRUP et al. (1979 a) treated rats for 8 weeks with extremely high daily doses
of diazepam (90 mg-kg™') and lorazepam (60 mg-kg™!). There was no consistent
change 5-11 days after withdrawal, in either the number of binding sites or the appar-
ent affinity for *H-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 of benzodiazepines could
not be attributed to changes in brain benzodiazepine receptors. Slightly different re-
sults were reported by CHru 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™!) for 7-10 days; they found a 15% decrease of the maximal
binding capacity of the cerebral cortex for >H-diazepam without changes in the affin-
ity constant.

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

Results very different from these were obtained by SPETH et al. (1979¢) 1 h after
the injection of a single dose of diazepam (50 mg-kg™' i.p.) in rats. The density of
[*H]-flunitrazepam binding sites (B,,,) 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 *H-diazepam in mem-
branes of the cerebral cortex (LIPPA et al., 1978 b; 1979). A smaller effect on *H-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 al.
(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 K, and B,,,, for *H-diazepam binding was found in
the brain of rats stressed by forced swimming (LE FUR et al., 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 al., 1979¢). Fifteen to 30 min after maximal electroshock sei-
zures, lasting for less than 1 min after a 1s~! stimulation with alternative current, the
number of H-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 *H-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. CRross et al. (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 *H-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 al., 1980).

The number of *H-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 al., 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 *H-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, >H-diazepam binding was significantly increased in the frontal cortex (LIPPA
et al., 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). L1ppa 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
(K p) 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 al., 1979).

PODDAR et al. (1980) measured *H-diazepam binding in several brain areas of
hamsters which were killed after various periods of sleep or wakefulness. Immediately
after sleep, the binding of *H-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 al. (1979) found three peaks in brain ex-
tracts which inhibited *H-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 *H-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 al., 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 al. (1978, 19791, c, d) and by MARANGOS et al. (1978, 1979 a). This group of inves-
tigators arrived at the conclusion that only purine derivatives, but not pyrimidines,
interacted with *H-diazepam binding (MARANGOS et al., 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 al., 1979 d). 7-Methyl-inosine was ineffective in in-
hibiting *H-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 *H-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 ILWAIN, 1972;
Sunetal., 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 *H-diazepam
binding with a K; value of 1.3 mmol-17'. 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 *H-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 (IC;, 1 mmol-17*), theobromine
being much less potent.

DAVIEs et al. (1980), in a study of a series of purines in the *H-diazepam binding
assay, found 1-methylisoguanosine to be the most potent in displacing *H-diazepam.
This compound, which had been isolated from a marine sponge, produces some cen-
tral nervous effects which resemble those of benzodiazepines. MACDONALD et al.
(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 *H-diazepam binding was reported by COLELLO et al. (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 *H-diazepam and *H-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.

Using 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 al., 1979). Subsequent
purification revealed the active component to be ethyl-S-carboline-3-carboxylate
(NIELSEN et al., 1980). This f-carboline has a high affinity for the benzodiazepine bind-
ing sites (half maximal binding at about 1 nmol-17%). 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 B-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 al. (1979 b) found L-trypto-
phan to be the most potent inhibitor of *H-flunitrazepam binding, although the ID5,
of 5 mmol-17" is still very high. These authors also studied a number of tryptophan-
containing dipeptides; L-tryptophanyl-glycine with an IDs, of 80 pmol-1~* 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.

PopDAR 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 *H-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 GABA 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 al., 1978; MUL-
LER et al., 1978 a; TALLMAN et al., 1978; WASTEK et al., 1978; KAROBATH and SPERK,
1979; KAROBATH et al., 1979 a, 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 (WASTEK et al., 1978). An ECs, of 1.6 pumol-17! was determined for GABA and
of 0.5 umol-17* 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 Dupat (1979), who observed that supernatants from washes of crude membrane
preparations of the rat brain increased the binding of >H-diazepam and that this effect
of the supernatant was due to GABA. Several GABA mimetics had effects similar to
GABA, in particular muscimol, 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 al., 1979 a). Bicuculline, but not picro-
toxin, inhibited the enhancing effect of GABA mimetic agents and slightly decreased
the basal affinity of membranes to the radiolabeled 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 of muscimol
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 al. (1979c¢) to postulate that the GABA recognition site,
through which GABA mimetics modulate the affinity of the 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 *H-GABA binding (KAROBATH
et al., 1979b; MAURER, 1979 a). 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 GABA
(KAROBATH and LIPPITSCH, 1979; BRAESTRUP et al., 1979¢, 1980; KAROBATH et al.,
1980, 1981).

A modulation of benzodiazepine binding by GABAergic stimulation has also been
observed in vivo. GALLAGER et al. (1978) treated rats with aminooxyacetic acid
(AOAA) to increase the level of endogenous GABA; this treatment enhanced the
binding of *H-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 *H-
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 GABA biosynthesis by thiosemicarbazide had no significant effect
on 3H-diazepam binding in vitro. Pentobarbitone (25 mg-kg™") was also ineffective.
ROSENBERG and CHIU (1979 b) obtained different results with AOAA. Acute elevation
of GABA levels in rats by a single injection of 40 mg-kg™' AOAA i.p. had no effect
on the binding characteristics of *H-diazepam. Chronic elevation of brain GABA
levels by two daily injections 10 mg-kg ™! 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 al., 1980Db).

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 *H-Diazepam Binding by Other Compounds

BEER et al. (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 K, for diazepam.
Although these compounds are not GABA mimetics, their stimulant effect on >H-
diazepam binding was blocked by (+ )-bicuculline (WiLLIAMS and RISLEY, 1979). The
enhancement of *H-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 105 mol-17! these
compounds inhibited *H-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 cCAMP were also studied, but proved to be ineffective on *H-diazepam binding
(WiLLiIAMS 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 al. (1979) to enhance H-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 *H-diazepam binding to specific membranes of rat cerebral cortex with
a K, of 0.9 pmol-17* and that the affinity of diphenylhydantoin for the benzo-
diazepine receptor was increased by GABA and muscimol. Similar results were found
by MiMaKI et al. (1980); in addition, chronic treatment of rats with daily doses of
200 mg-kg ! diphenylhydantoin for 28 days resulted in a decrease of *H-flunitraze-
pam binding sites in cerebral and cerebellar cortex.

A novel macrocyclic lactone disaccharide anthelminthic, avermectin B,,, 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 B,, is reported to affect chloride chan-
nels in invertebrates.

The purine derivative, EMD 28,422 (N°¢-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 al., 1980a). The increased binding
was due to an increase of binding sites (by 10-25%) rather than to a decrease of the
apparent K. 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 al. (1980b) reported that pentobarbitone in subanesthetic concen-
trations (10-50 pmol - 17 !) potentiated the enhanced *H-diazepam binding in vitro in-
duced by GABA and, in anesthetic concentrations (100 pmol-17"), enhanced *H-
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 C1~ 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 al., 1980). BiGGio et al. (1980 a, 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. TALL-
MAN et al. (1980 b), MALLORGA et al. (1979), and STRITTMATTER et al. (1979 b) 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 *H-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 of benzodiazepines 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 f-adrenergic receptors (STRITTMATTER et al., 1979a). 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 of benzodiazepine-receptor complexes
assume a localization of these receptors in the postsynaptic membrane of the GA-
BAergic synapse. LEE et al. (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, 1980 a, b; HAEFELY et al., 1975b, 1978, 1979 a, b). This action
is initiated by the combination of benzodiazepines 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 *H-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 [1,5-a]
[1,4] benzodiazepine-3-carboxylate (HUNKELER et al., 1981), is undergoing clinical
trials. Briefly, this compound prevents or blocks characteristic benzodiazepine effects,
such as muscle relaxation, anticonvulsant activity, decrease of locomotor activity, en-
hancement of presynaptic inhibition in the spinal cord, anticonflict activity, reduction
of multiunit activity in raphé 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, €.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 107> mol -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 (1) 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 of benzodiazepine 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 of benzodiazepines;
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 of benzodiazepines 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

Therapeutic 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
(HaEereLY 1977, 19784, b, ¢, 1979, 19804a, b; HAEFELY et al., 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 of benzodiazepines, 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:

Receptor Synapse Primary Secondary Whole
(primary effector effector organism
target) neurons neurons

Psychic
(behavioral)
changes

Benzo- Enhanced Depression of  Changes in the Changes in the

diazepine GABAergic _ spontaneous activity of neuronal

receptor neurotrans- and evoked neurons activity of the
activation mission activity of dependent on ~ CNS (e.g, in
various primary paroxysmal
neurons with effector activity)
GABAergic neurons
input
Changes in
autonomic
functions
(neurally or
hormonally
mediated)

Molecular Synaptic neuron pool Complex

(central) psychic and
somatic

domain
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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 of the 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 photoaffinity 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 of benzodiazepines 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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