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Preface

The description of the pharmacology of psychotomimetics, cannabis, and alcohol in
this third volume concludes the discussion on psychotropic agents.

As psychomotor stimulants these groups of psychotropic agents are of little or no
therapeutic relevance, but since they are used in a nonmedical manner, or are even
considered by some groups of the population as social commodities, their behavioral
effects and psychopharmacological properties are not the concern of the pharmacol-
ogist alone. The same is true of psychotomimetics, as well as cannabis and its
components. Psychotomimetics have a social history going back many hundreds of
years and are among the most potent psychotropic agents known to man.

The closing description of psychopharmacology also deals with the psychotropic
effects of a number of drugs not primarily considered to be psychotropic. Their
psychotropic effects are either an inherent constituent of their therapeutic profile, as is
the case with opiates, hypnotics, and caffeine, or they may occur indirectly as side
effects or accompanying effects during therapy. This applies to f-adrenoreceptor
antagonists and anticholinergics.

The editors are also aware that a description of psychotropic agents would not
have been complete without discussing the medical, ethical, and legal aspects of the
development, clinical testing, and use of such drugs.

Conscious of the fact that it is almost impossible to describe and discuss
psychopharmacology completely, the editors express the hope that those topics of
major importance have been included. It would not have been possible to compile the
three volumes on psychotropic agents without the cooperation of numerous scientists
from all over the world. Therfore, the editors would like to express their gratitude to all
those who cooperated in making it possible to publish those three volumes.

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

Chemistry of Psychotomimetics

A.T. SHULGIN

A. Introduction

A presentation and discussion of the psychotomimetic drugs in a handbook concern-
ed with psychotropic agents must, at the onset, emphasize the several properties that
make this class of materials unique.

Most psychotropic drugs are intended to be either curative or cosmetic. They may
be used to reverse a pathologic mental state, or they may be intended to alleviate a
persistent symptom which, in turn, might then allow some normal repair process to
take effect. In either case, treatment is provided a patient who shows some psycholog-
ical inadequacy with the intent of normalization. The psychotomimetics, on the other
hand, are generally studied in subjects who have good psychological balance. To the
extent that the effects are considered disruptive, the rationale of research is the gen-
eration of an intoxication that bears some superficial resemblance to a psychosis.
When such a transient and reversible “model psychosis” is produced, biochemical and
psychological changes can both be observed. But to the extent that the effects are con-
sidered constructive, there are benefits to be found in the areas of insight, changes of
motivation, self-analysis, entertainment, and even simply escape. These results may
be effected through a process of disorganization and reorganization, by a sensory
elaboration such as visual or auditory enhancement, or by intense reverie or fantasy.
There has been only limited experimentation with these drugs in the treatment of
pathologic states, and so there has been little recognition of any potential medical util-
ity. This limitation, along with a generalized abuse potential inherent in such drugs,
has led to severe legal classifications which have, paradoxically, further restricted hu-
man experimentation. This latter point is exacerbated by another unique property.
The effects that are observed such as changes in interpretation, in insight, and in com-
municability, can be assayed only in man. At the present time, no assays or behavioral
tests in animals exist that allow satisfactory prediction of the qualitative nature of a
new and unexplored psychotomimetic drug.

Thus, this group of drugs stands apart from the remainder of the psychotropic
drugs and must be discussed in terms other than those of neuropathy, pathology, and
related clinical presentations. Rather, a generalized chemical subdivision will be made
predicated upon structure and grouped with reference to the principal neurotransmit-
ters. Functional relationships with these endogenous factors are still controversial.

I. Terminology

A number of names are currently in use to identify this group of drugs. “Psychotomi-
metic,” the adjective used in this chapter, literally means psychosis-imitating. In the



4 A.T. SHULGIN

early work with these materials, it was believed that they led to an authentic psychotic
state and might be of value in the search for endogenous psychotoxins or in biochem-
ical unbalances that might he correlated with such mental states. To a clinician who
interacts with mentally ill patients, these experiences might increase both understand-
ing and compassion if he were to experience within himself the “psychotomimetic”
syndrome. This concept fell into complete disrepute a decade ago, but today it has a
balanced acceptability. The name remains neutral and medically unbiased and will be
used in this chapter. The term “hallucinogen” is widely used, but it implies that the
generation of hallucinations is a general property and, in fact, synthetic imagery of
undocumentable origins is a rare property of these drugs. A third term, also widely
used, is “psychedelic”’, which was coined in the mid-1960s to indicate mind-manifest-
ing or mind-expanding properties. The term, however, has become associated with the
broad and occasionally irresponsible popular use of these drugs. It is rarely seen in
the medical and scientific literature due to the connotation of both condoning and en-
couraging paramedical use. The term “psychodysleptic” has been routinely employed
in Europe for drugs of this classification to emphasize similarities to the psycholeptics
(mood depressants) and psychoanaleptics (mood stimulators). A host of other terms
proposed over the years (e.g., phantastica, delirients, schizogens, eidetikas, etc.) have
historic interest but have never found wide acceptance.

II. Methods of Assay

Three broad areas of scientific discipline have been employed to rank and to attempt
to explain the quantitative nature of the psychotomimetic drugs. The molecular struc-
tures of the active drugs themselves have been dissected and interpreted in completely
physical terms; the materials have been titrated in animal models in a search for be-
havioral correlates that might relate to human activity; and most precisely, they have
been studied in clinical experiments using humans.

The physical approach to explanations of biologic activity has been exclusively
concerned with the geometry and measurable properties of the chemicals themselves.
Intramolecular hydrogen bonding is a measurable property that can explain stabiliza-
tion of unusual conformations (SMYTHIES et al., 1970), and it is widely felt that in the
case of bifunctional molecules, the establishment of parameters, such as the separa-
tion of charged sites, might allow some definition of sites of action (KELLEY and
ADAMSON, 1973). The natural molecular configuration of psychotomimetics can be
determined using X-ray crystallography (BAKER et al., 1973), but these data are ob-
tained from solid samples, whereas these drugs are, by definition, only active in solu-
tion. Computer calculations of orbital charge densities and charge distributions (SNyY-
DER and MERRIL, 1965) have been correlated with potency, as have empirical measure-
ments such as partition coefficients (BARFKNECHT et al., 1975) and strengths of charge
transfer complexes (SUNG and PARKER, 1972). Such properties are, in general, simple
to measure or calculate precisely, but successful generalizations have been restricted
to studies of small classes of closely related drugs. There has been no successful extra-
polation to new chemicals.

Biologic titration in animal models has given a wider correlation, but one which
still lacks behavioral logic. In vitro experiments have concentrated largely on inter-
actions of selected psychotomimetics with neurotransmitters. Their agonist or antag-
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onist action on serotoninergic, dopaminergic, or cholinergic preparations often corre-
lates closely with their relative potency in man, but a causal explanation for their ac-
tion is not yet satisfactory. A number of in vivo tests have been developed, such as
field behavior (BRIMBLECOMBE, 1963) and interference with conditioned responses in
rats (SMYTHIES et al., 1969; TiLsSON and SPARBER, 1973), head twitching (CORNE and
PICKERING, 1967) and interference with nest-building behavior of mice (SCHNEIDER
and CHENOWETH, 1970), and the development of bizarre action patterns in cats (BE-
NINGTON et al., 1958; Jacoss et al., 1977). None of these behavior patterns can be rea-
sonably associated with the subtle effects of these drugs in man. An instructive ex-
ample is the measure of psychotomimetic drugs on the body temperature of rabbits.
In rectal hyperthermia measurements, a positive correlation between body tempera-
ture and psychotomimetic potency has been found to encompass drugs varying widely
in chemical type, from the least potent (mescaline) to the most potent (LSD) (ALDOUS
et al., 1974). Two recent critical analyses of these several behavioral systems (SILVA
and CALIL, 1975; KUHN et al., 1977) have discussed their limited value.

A final weakness of many of these in vivo studies is that the level of drug used is
often near a lethal dose for the species in question, and the responses observed may
well be compounded by changes in the vital processes themselves.

The most reliable measure of the psychotomimetic character of a drug, but the
most difficult to obtain, comes from clinical studies on human subjects. These are
both ethically and legally difficult to perform. The ethical considerations involve the
necessity of enlisting normal volunteers in good mental health, who must consent to
a study wherein there will certainly be some disruption of this “normal” status. The
classic requirements of a double-blind study, i.e., that the capsule with the active drug
and the subject to whom it is given should be unknown to both the subject and the
experimenter, are inapplicable. When the expected actions are those that embrace
subtleties such as insight and interpretation of sensory integrity, it is obligatory to ad-
vise the subject of these possibilities, and the concept of “double-conscious” has
gained acceptance (ALLES, 1959; SHULGIN et al., 1969). This implies a knowledge on
the part of both the experimenter and the subject of the nature and the extent of psy-
chological changes that might be expected. The legal complications result from the
passage of statutes (at least in the United States) that effectively prohibit research with
scheduled drugs (i.e., those with no recognized medical utility) in human subjects,
without extensive approval and permission. New psychotomimetic drugs, those that
are not legally recognized, can be studied with fewer restrictions, but the therapeutic
potential of the better known materials will remain unexploited within the present
structure.

III. Classification

The central action of the psychotomimetic drugs requires, by definition, that they ex-
press their effects by interference with the several neurotransmitters known to be of
primary importance in the regulation and function of the central nervous system.
There are a number of major neurotransmitters, directly or indirectly involved in the
sensory, affective, and cognitive processes, any and all of which can be shown to be
interfered with during the action of a psychotomimetic drug. The highest concen-
trations of serotonin are found in the brain stem and the hypothalamus. Destruction
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of the raphe system (rich in serotoninergic fibers) leads to sleeplessness in experimen-
tal animals, whereas the pharmacologic depletion of serotonin in the hypothalamus
leads to sedation. This neurotransmitter, in these areas, appears to integrate the mech-
anisms that are associated with reactivity to external stimuli and that are reflected in
the parasympathetic branch of the autonomic nervous system. The catecholamines,
specifically dopamine and norepinephrine and to a lesser extent epinephrine, are also
widely distributed in the brain, dopamine being most concentrated in the basic ganglia
and norepinephrine, again largely in the hypothalamus. It is still unclear if any of these
bases actually plays a primary role in neurotransmission in the brain, but certainly
they act as regulators of synaptic transmission. The role of acetylcholine in the acti-
vation of cholinergic neurons is well established in brain neurochemistry, and it may
well be these synaptic junctions that are modulated by the catecholamines and
serotonin. GABA (y-aminobutyric acid) has recently been accepted as a neurotrans-
mitter playing an inhibitory role within the CNS. It, too, has agonists that will be dis-
cussed here.

It is convenient to arrange most of the known psychotomimetics into groups that
appear to be chemically related to each of these neurotransmitters. It is appealing to
think that each psychotomimetic drug might have some particular selectivity for the
transmitter that it resembles (i.e., LSD for serotonin, both indoles; and mescaline for
dopamine, both phenethylamines), but research has not allowed any such simple ex-
planation of activity. Total brain biochemistry is an intricate interbalance of many
neuronal amines working in concert, and it is this homeostasis that is disrupted by the
administration of a psychotomimetic drug. In this chapter, the various psychotomi-
metics will be grouped on the basis of a resemblance of their structures to those of
the neurotransmitters, but there should be no inference that these natural hormones
are specifically or uniquely involved in the mechanism of action. These mechanisms,
in the present state of pharmacology, are still largely unknown.

B. Psychotomimetics Structurally Related to Serotonin

Serotonin (1) contains an indole nucleus (2), which is substituted on the 3-position
with a f-aminoethyl side chain, and on the 5-position with a hydroxyl group. The par-
ent base of serotonin is tryptamine [(3-8-aminoethyl)indole] (3), and this structural
moiety is found in a large number of psychotomimetic drugs. These will be presented

HO. NH, s s
g A
i T

(1) Serotonin (2) Indole

in three subgroups: those that are indoles with chemical modifications on the chain
nitrogen and/or on the aromatic ring; those that have the f-aminoethyl group brought
into the form of a third ring system; and those that contain yet additional rings and
structural complexity.
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I. Indoles

All of the psychotomimetic indoles are substituted derivatives of tryptamine (3) with
substituents located at one or more of the following locations: the aliphatic nitrogen,
the aromatic ring, or the aliphatic chain a-position. These are indicated as areas (a),
(b), and (c) in (3). Several drugs are known to be substituted in more than one loca-
tion.

(a)

(b) R,

SR A~ R NG
| Ve | 2
N (© N R,
H H
(3) Tryptamine (4) Substituted tryptamine

1. Nitrogen-Substituted Tryptamine Derivatives

The N-substituted tryptamines that are known to be psychotomimetic are listed in
Table 1. All are symmetrically disubstituted with aliphatic groups, and all are of ap-
proximately the same potency, active in man at between 60 and 100 mg. The simplest
member, N,N-dimethyltryptamine (DMT, 4a) is known in nature, being a major
alkaloid in a number of New World snuffs. It is rapidly deaminated in vivo following
oral administration and so must be used parenterally or in admixture with an effective
deaminase enzyme inhibitor. It has an unusually rapid onset of action (apparent
within a minute or two following smoking or injection), and the effects are largely dis-
sipated within an hour of administration. The diethyl homologue (DET, 4 b) is slightly
longer lived in action, and the higher homologues (4c, 4d, 4¢) are separate in that they
are active orally. DPT (4c¢) is of potential clinical use due to its rather abrupt termi-
nation of effect (GRoF et al., 1973).

2. Ring-Substituted Tryptamine Derivatives

Psychotomimetic tryptamine derivatives are known in which there are oxygen substi-
tuents at either position 4 or position 5 of the indole nucleus, and in most cases the
basic amine function is dialkylated.

The tryptamine analogues with an oxygen function in the 4-position of the indole
ring (4f-4k) are all orally active and appreciably more potent than the parent refer-

Table 1. Nitrogen-substituted tryptamines (4) R,, R,, Rs=H

Compound R, R, Potency Reference
relative to
DMT=1
4a DMT —CH,4 —CH, 1 SzArA (1956)
4b DET —CH,CH, —CH,CH,4 1 Szara (1957)
4c DPT n—C,H, n—C,H; 1 FAILLACE et al. (1967)
SoskiIN et al. (1973)
4d DIPT i—C,H, i—C,H, 1.5 SHULGIN (1976)

4e —CH,CH=CH, —CH,CH=CH, 1 SzArA and HEARST (1962)
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ence compound DMT (4 a). The simplest of these, psilocin (4f) is a naturally occurring
hallucinogenic component of the many “magic”’ mushrooms of the western hemi-
sphere (HEmM and WASSON, 1962) where it is found to a large measure as the phosphate
ester, psilocybin (4 g). The two bases are approximately equivalent, both stoichiomet-
rically and qualitatively in man, implying that dephosphorylation occurs metaboli-
cally. The demethylated homologues of psilocybin (N-monodemethyl, baeocystin; N-
didemethyl, norbaeocystin) are reported congeners of psilocybin in several hallucino-
genic species of mushroon (LEUNG and PAuUL, 1967, 1968), but they are unexplored
pharmacologically.

When the indolic oxygen function is located at the 5-position, the drugs become
subject to the loss of the dimethylamino group by deamination (as with the simpler
tryptamines) and thus are only active parenterally. 5-Methoxy-N,N-dimethyltrypta-
mine (41) is found as a component of several snuff mixtures used by Indians in the
New World. It has a remarkably rapid onset of action and a short duration (the entire
intoxication cycle lasts perhaps 15 min). The analogue of 41 without the methyl group
on the 5-position oxygen is a natural alkaloid known as bufotenine (4,R,R, =CHj;;
R;,Rs=H; R,=0H). This drug has been claimed to be psychotomimetic (FABING
and HAWKINS, 1956), but it is now known to be a cardiovascular stimulant involving
serotonin release (TURNER and MERLIS, 1959; ISBELL, 1967; FISCHER, 1968). The in-
crease of bulk of the substituents on the terminal nitrogen seen in 4m again allows
oral activity, as seen in the tryptamine counterparts in Table 2.

A second structural manipulation can be employed to protect the basic nitrogen
from enzymatic deamination: the introduction of a methyl group alpha. This device
is examined in more detail in Sect. C in the comparison of the phenethylamine and am-
phetamine structures. Within the tryptamines, a-methylation allows oral activity with
the two psychotomimetics 4n and 4o.

II. Beta-Carbolines

The f-carboline ring system (5) has a great potential significance in brain biochemis-
try, as it can be synthesized in vitro under physiologic conditions from various natural

tryptamines.
N NAN CHO N
H Ho by

(5) B—Carboline (6) Harmaline

Cyclization of biologic tryptamines can occur with formaldehyde or acetaldehyde
to form tetrahydro-f-carbolines (called tryptalines), which are potent serotonin up-
take inhibitors (KELLER et al., 1976) and monoamine oxidase inhibitors (MELLER et
al., 1977). These products can be formed simply by the incubation of mammalian tis-
sue (e.g., from the brain) with 5-methyl tetrahydrofolic acid as the source of formalde-
hyde (Hsu and MANDELL, 1975; WYATT et al., 1975). Also, melatonin (5-methoxy-N-
acetyltryptamine, a serotonin-derived natural hormone found in the pineal body) can
be cyclized under physiologic conditions to form the biologically active carboline 6-
methoxyharmalan (McIsaAc, 1961). A number of these “in vivo”-generated bases are
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believed to be psychotomimetic agents, but efforts to document them as being endog-
enous factors in mental illness have failed.

The only S-carboline that has been extensively studies in man as a psychotomi-
metic agent is harmaline (6). It is the major active alkaloid found in the intoxicating
South American drink ayahuasca, made from plants of the genus Banisteriopsis. As
a pure chemical, harmaline is active in man at the 300400 mg level, leading in many
subjects to elaborate visual synthesis (NARANJO, 1973 a), although in others there is
little more than a generalized sedation. A second pharmacologic property of harma-
line is that it is an effective inhibitor of the monoamine oxidase enzyme system (UDEN-
FRIEND et al., 1968). Dimethyltryptamine (4 a), which is normally inactive when given
orally in man, is frequently found in Banisteriopsis extracts (POISSEN, 1965; AGURELL
et al., 1968; DER MARDEROSIAN et al., 1968). Thus, the biologic activity of the native
plant decoction may be due in large part to DMT that is protected from metabolic
destruction by the presence of a relatively small amount of harmaline, itself without
activity.

Several other substituted p-carbolines have been studied in man. Harmine [the
completely aromatic counterpart of (6)] is inactive orally at levels of 1 g (PENNES and
Hoch, 1957), but upon intravenous administration there are effects observed with
doses of less than 50 mg (SLOTKIN et al., 1970). Limited studies (NARANJO, 1967) have
been reported concerning the dihydroderivative of (6) (tetrahydroharmine) and the
positional isomer of (6) in which the methoxyl is relocated into the position analogous
to that found with serotonin (6-methoxy-harmalan); the former appears to be less ac-
tive and the latter more active than harmaline itself.

III. Ergot-Related Drugs

All of the known psychotomimetic drugs that contain the alkaloid nucleus ergoline
have a consistent structural feature of a carboxamide function at the 8-position and
dehydration at the 9,10 position (see partial structure 7). The activity of this class of
compounds is extremely sensitive to minor structural variations in this ring. Inversion
of the hydrogen at the 5-position (to yield the isolysergic acid family), at the 8-position
(to yield the L-lysergic acid family), and saturation of the 9,10-double bond (with hy-
drogen or solvent) all effectively eradicate the psychotomimetic properties of the
product. Hydrogenation of the indolic double bond (to give 2,3-dihydro-LSD) redu-
ces the potency by an order of magnitude (GORODETZKY and ISBELL, 1964). Although
most of the better studied drugs are synthetic, they depend upon the use of lysergic
acid as a starting material, and it must be obtained from natural sources.

O]

Ring D of the ergot
alkaloids

(8
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1. Synthetic Lysergic Acid Derivatives

The best studied of the synthetic ergot derivatives, and one of the most potent psy-
chotomimetics yet reported, is the diethylamide, LSD (8, R; =H; R,=R;=C,H,).
It was originally prepared and studied in 1938 (StoLL and HOFMANN, 1943) as an er-
got-related analogue of the medullary stimulant nikethamide (N,N-diethylnicotina-
mide). Its intense psychological effectiveness was discovered 5 years later. Its extreme-
ly high potency (50-250 ug, given orally) and the complexity and richness of the
evoked response have prompted widespread experimentation. In the scientific com-
munity, its initial description as producing a model psychosis commanded the atten-
tion of researchers in the area of mental health. In the lay community, its fast-spread-
ing reputation as a hallucinogenic drug quite literally ushered in the psychedelic era.
There is a greater volume of literature — scientific, philosophic, and fictional — on this
one material than on any other psychotomimetic drug.

The destructive effects of structural modification within the “D” ring mentioned
above apply to LSD itself as well. However, substitution on the indolic nitrogen
(1-position) or modifications of the identities of the amide nitrogen substituents can
result in the maintenance of psychotomimetic activity albeit with some attenuation of
potency. Table 3 lists these variations and their approximate potencies relative to
LSD. Most of the homologues are less active than LSD, several are of similar potency,
and none are of higher potency. Two of the listed compounds are pharmaceutical
drugs: ergonovine (8 k, ergometrine) is used clinically as a uterine contractant, and
methysergide (Sansert, 81) is popular as a prophylactic against migraine. The latter
drug has shown side effects in clinical use similar to those seen with LSD, and the ma-
terial has been employed as an LSD substitute in psychotherapeutic LSD therapy. The
2-bromo analogue of LSD (BOL-148) is of considerable pharmacologic interest, hav-
ing served as a continuing challenge to proposed mechanisms of action in this family
of drugs. It is even more potent than LSD as a serotonin antagonist (CERLETTI and
RoTHLIN, 1955), but it is practically devoid of psychotomimetic activity (HOFMANN,
1959).

2. Natural Lysergic Acid Derivatives

A number of higher plants, largely of the family Convolvulaceae, are also sources of
alkaloids of the lysergic acid family and have been employed as intoxicants. Three
morning glory species are especially rich in centrally active bases and have proven ac-
tive orally in man as psychotomimetics. The Aztec drug ololiuqui has been established
botanically as Rivea corymbosa (SCHULTES, 1941). The Zapotecs employ, in addition
to ololiuqui, a similar plant known as badoh negro which is the closely related morning
glory Ipomoea violacea (MADDOUGALL, 1960); most of the many Ipomoea subspecies
are, however, devoid of alkaloids (DER MARDEROSIAN and YOUNGKEN, 1966). The
third plant of this group, and the richest yet known in alkaloid content, is the Ha-
waiian baby wood rose, Argyeia nervosa. Of the large number of alkaloids present in
these species, the ones believed to account for the plants’ activities are lysergamide
(Ergine, 8r) and the epimer with opposite configuration at the 8-position, isolyserga-
mide. As a pure compound, isolysergamide produces a depressed and sedative effect
at dosages of 2 mg (HOFMANN, 1963). The labile hydroxyethyl amides of these two
bases are also present and might give rise by hydrolysis to the free amides. Ergonovine
(8k) is also present in small amounts and may contribute to the activity as well. The
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Table 4. Components of the psychotomimetic convolvulaceae®

Compound Rivea corymbosa  Ipomeoa violacea ~ Argyrea nervosa
% % %

Lysergamide (81) 48 (a) 5-50 (a)® 23 (d)
54 (b) 58 (b) 25 (c)

10-16 (¢)®

1-Hydroxyethyl lysergamide ¢ ¢ 6 (d)

Isolysergamide 17 (b) 9-17 (a) 18 (c)
35(a) 18-26 (c) 31(d)

8(b)

1-Hydroxyethyl isolysergamide ¢ ¢ 4 (d)

Ergonovine (8k) — 8 (b) 8(d)

Total alkaloid content (wet weight)  0.012 (b) 0.06 (a, b) 0.3 (c)

2 Reference: (a) GENEST (1965); (b) HorMANN (1971); (c) HYLiN and WaTsoN (1965); (d) CHAO
and DER MARDEROSIAN (1973)

b Range covering several varieties of I. violacea

¢ Possibly hydrolysed to lysergamide or isolysergamide during analysis. See HorMaNN (1971)

alkaloid composition of these three morning glories, insofar as these potentially con-
tributing components are concerned, is given in Table 4. Most of the remaining
alkaloids lack the 8-position carboxyl group, or even an intact piperidine ring, and
have not been evaluated as psychotomimetic agents.

C. Psychotomimetics Structurally Related to Dopamine
I. Phenethylamines

Dopamine (9 a) is the simplest of the catecholamine neurotransmitters and serves also
as the metabolic precursor of the related compounds norepinephrine (noradrenalin,
9b) and epinephrine (adrenalin, 9c). These bases carry the carbon skeleton of phen-
ethylamine (10) which is itself naturally present in human tissue (ASATOOR and DAL-
GLEISH, 1959), including the brain (BoRrisoN et al., 1977). The variability of its concen-
tration in urine reflects clinical diagnosis (decreased in depression, FISCHER et al.,
1973; increased in schizophrenics, POTKIN et al., 1979) and suggests that it may play
a role as an endogenous stimulant. When administered exogenously, it is readily in-

R, R,
H NHR, R NH,
H Ry R,
(9a) R;=R,=H Rs
Dopamine (10) RI,RZ’R37R47R57RG=H
(9b) R, =0OH;R,=H Phenethylamine
Norepinephrine

(9C) Rl = OH; R2 = CH3
Epinephrine
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activated by the ubiquitous monoamine oxidase (MAO), and it is only with extensive
ring substitution that the phenethylamines become centrally active. The best-studied
phenethylamine psychotomimetic is mescaline (10a, R;=R,=R4s=H; R;=R,=
R;=0CH,), which is itself immune to deamination by the MAO system. It and re-
lated phenthylamines are listed in Table 5, with comparisons of their relative poten-
cies in man. Most of these materials have had their origin in the established activity
of the phenylisopropylamine counterparts, which will be discussed in the next section.

It is apparent that no compounds with less than trisubstitution are centrally active,
presumably due to rapid deamination in vivo. The mono-methoxy analogue 4-
methoxyphenethylamine is inactive (BROWN et al., 1968), and the dimethoxy analogue
similar to dopamine appears to be a mild stimulant but only at the rather high dosage
of 1,500 mg (VorTecHOVsKY and KRrus, 1967). This latter compound, because of its
close resemblance to dopamine and its possible appearance in the urine of
schizophrenic subjects (FRIEDHOFF and VAN WINKLE, 1962), has been thoroughly
studied in its possible role in mental health. There is as yet no consensus as to its orig-
ins or its significance in the body. Two positional isomers of mescaline have been stud-
ied, but they appear to be of limited activity. The 2,3,4-isomer, “reciprocal” or “iso”
mescaline, has been reported to be inactive in normal subjects, but highly potent in
schizophrenic patients (SLOTTA and MULLER, 1936). The 2,4,5-isomer, which bears the
substitution pattern of the potent neurotoxin 6-hydroxydopamine, has been reported
as being similar to mescaline (JANSEN, 1931), but recent work suggests that its only
indication of central availability is the potentiation of the action of mescaline
(DrTTRICH, 1971).

II. Phenylisopropylamines

As discussed above, an appropriate ring-substitution pattern can protect a phenethyl-
amine derivative from desctructive metabolism by MAO deamination. A second
structural modification has been frequently employed to this same end, i.e., the place-
ment of a sterically hindering methyl group on the carbon alpha to the primary amine.
Thus, amphetamine (10; R, =CH;, R,,R;,R5,R¢=H) is a long lived and little
metabolized stimulant, whereas phenethylamine, of intrinsically similar potency, is
relatively inactive when administered orally. A large family of psychotomimetic drugs
is known which are ring-substituted derivatives of amphetamine. These are presented
in Table 6, with their potency relative to mescaline, and with appropriate leading ref-
erences. There are some generalities that are not apparent from the table. The mono-
and disubstituted isomers show, in addition to psychotomimetic action, considerable
central stimulation. PMA (101), although active as a hallucinogen at 60-80 mg, has
been implicated in fatal overdoses involving cardiovascular stimulation (CIMBURA,
1974). DMA (101), upon intravenous administration, elicits extensive visual distortion
complicated by gross body tremor (FAIRCHILD, 1963). Several of these substituted am-
phetamine analogs have been studied as their N-methyl homologues (in analogy with
the relationship between amphetamine and methamphetamine). Although most show
a striking drop in potency, MDMA (the N-methyl homologue of MDA, 10 m) retains
full activity (SHULGIN and NicHOLS, 1978). Referring to Table 6, it is apparent by
comparing compounds 10p, 10q, and from 10dd to 10nn, that the 2,4,5-trisubstitu-
tion pattern is needed for maximum potency, and that there is a great sensitivity to
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the identity of the substituent on the 4-position. This consistency has suggested a
mechanism of action involving in vivo oxidation to a quinonoid intermediate to, in
turn, some subsequent indole metabolite (ZWEIG and CASTAGNOLI, 1974, 1975).

Several of these racemic bases have been studied as separated optical isomers. The
observation that the “R” isomer of DOM (10hh) can account for most of the psy-
chotomimetic activity (SHULGIN, 1973) is consistent with this same absolute configur-
ation being required for the 5-carbon of LSD, whereas the active isomer of amphet-
amine (a stimulant rather than a psychotomimetic) is the “S” isomer. This generality
applies to the other primary amines studied as separated isomers (10m, 10ii, and
10mm) (Cook and FELLOws, 1961; SNYDER et al., 1974; ANDERSON et al., 1978). The
only known active N-methyl derivative (MDMA; see above) has a reversal of activity,
the “S” isomer being the more active (ANDERSON, 1978).

D. Psychotomimetics Structurally Related to Acetylcholine:
Atropine-Related Drugs

The third major neurotransmitter in the human nervous system is acetylcholine (11),
and a number of psychotomimetics are known that are closely related to this com-
pound structurally.

HOH2C\ ¢ Rz\ /R 1
o Son

pd
H,C~ CH, CH,

(1
Acetylcholine

(12a) R = H, H; Atropine
(12b) R = —O— ; Scopolamine

These compounds are based upon the structure of atropine (12 a) and scopolamine
(12b) (both potent inhibitors of acetylcholine) and, as shown in the diagram, they bear
structural points in common with it (the distance of separation of the nitrogen atom
from the ester carbonyl function). These two natural alkaloids have proven to be the
active components of many plants from around the world renowned for centuries for
their mystical powers. The belladonna plant, Atropa belladonna, was used in Europe
in the Middle Ages as a witch’s brew. Henbane, Hyoscyamus niger, was also widely
cultivated in Europe (as was mandrake, Mandragora officinarum), and from this name
come the alkaloidal names hyoscyamine and hyoscine (for 12a and 12b, respectively).
Pituri, Duboisia hopwoodii, has been used broadly by the Australian aborigines, and
many species of Datura have been used for centuries in the New World for religious
purposes and as stupefacients.
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The intoxication produced by these alkaloids, and the chemical relatives listed in
Table 7, is distinctly different than that characteristic of the serotonin- and dopamine-
related psychotomimetics already discussed. There are peripheral changes (dry
mouth, nonreflexive pupillary dilation, urinary retention, tachycardia, muscular
weakness) characteristic of parasympatholytic activity. Centrally, the hallucinations
are usually clouded in amnesia, and there is intellectual impairment and confusion,
often incoherence.

Table 1 lists several compounds that do not strictly follow the generalized formula
(13). Atropine and scopolamine are with the structures drawn above. Benactyzine
(13a) and Win-2299 (13j) are both open-chain compounds, esters of N,N-diethyl-
aminoethanol with diphenylglycolic acid and thionyl cyclohexylglycolic acid, respec-
tively. Ditran (JB-329, 13 h) is actually a mixture of the listed piperidinyl compound
and the ring-contracted pyrrolidinylmethyl analogue. And finally, the last-mentioned
compound 13 m, quinuclidinyl benzilate, has as the nitrogen substituent a two-carbon
chain folded back to the 4-position of the piperidine to form the quinuclidine ring.
This anticholinergic has been studied extensively in the chemical warfare research lab-
oratories of several countries as an incapacitating agent. The potency given in the
table is for a subcutaneous injection.

E. Miscellaneous Psychotomimetics
I. Ibotenic Acid

Another chemical implicated in normal neurologic function, in this case as an inhibi-
tory transmitter, is the aliphatic amino acid y-aminobutyric acid (GABA, 14) (see
IVeRrsEN, 1978). The historic mushroom Amanita muscaria (fly agaric) contains a num-
ber of pharmacologically active alkaloids. Two of these, ibotenic acid (15a) and
muscimol (15b), are potent GABA agonists and are believed to account for most of
the psychopharmacologic action of the intact mushroom, including disorientation
and deep sleep. Ibotenic acid, at lower dosages (up to 50 mg) leads only to facial flush-
ing (WASER, 1967), a generalized weakness, and disequilibrium (CHILTON, 1975).

Moderately effective dosages appear to approach 100 mg (CHILTON, 1975), with
considerable motor disturbance and the promotion of a deep sleep. Muscimol is some
five times more potent in man (THEOBALD et al., 1968), producing, in the 10-15 mg
range, dizziness, elevated mood, and sensory distortions in both vision and sound per-
ception (WASER, 1967). Again, sedation and a generalized intoxication seem to char-
acterize both the mushroom and the active components, rather than the more ex-
pected psychotomimetic responses seen with psilocybin or the ergot alkaloids (THEO-
BALD et al., 1968). The several analogues of muscimol that have been studied as effec-
tive GABA agonists have not yet been clinically assayed in man as either intoxicants
or sedatives.

0
\ cgc
C—CH, —CH R
/[ N\ VA \ N
HO CH,CH,NH, HN_ C-CHNH,
\0/
(14) GABA (15a) R = COOH Ibotenic acid

(15b) R = H Muscimol
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II. Dissociative Anesthetics

Two clinically useful anesthetics have recently come into popular acceptance as psy-
chotomimetic drugs. Pharmacologically, phencyclidine (16a) and ketamine (17) are
best classified as parasympatholytics akin to scopolamine and the related JB com-
pounds. Structurally, they are distinct, being extremely lipophilic benzyl amines. Two
properties of phencyclidine have contributed to its rapidly increasing popularity: its
relatively high potency (5-10 mg), regardless of the route of administration (orally,
smoking, injection), and the ease of its synthesis. The social problems associated with
its abuse have prompted extensive federal action, both in research (PETERSEN and
STILLMAN, 1978) and in legislation. Its original promise as a powerful anesthetic
(CHEN et al., 1959) was compromised by bizarre symptoms of delusional and sen-
sorially distorted interpretations upon postoperative recovery (GREIFENSTEIN et al.,
1958; JOHNSTONE et al., 1959). It has been just these latter properties that have popu-
larized the drug. The facile synthesis has prompted the exploratory synthesis of nu-
merous analogues, partly to circumvent the law and partly to exploit more readily ob-
tainable starting materials. The thiophene analogue (16b) is easily prepared (KALIR
et al., 1969) and has appeared as an illegal drug in street usage. Similarly, the N-ethyl
analogue (16¢, PCE, SMIALEK et al., 1979) and the pyrrolidine analogue (16d, PHP,
NAKAMURA et al., 1979) have both been involved in deaths.

R Cl
ARy
Ar N
Ar R, R, (17) Ketamine

(16a) Phenyl ~ —(CH,);— Phencylidine (PCP)
(16b) Thiophene —(CH,)s— Thiophene analogue
of phencyclidine (TCP)
(16c) Phenyl ethyl H Cyclohexamine (PCE)
(16d) Phenyl —(CHy)4— Pyrrolidine analogue
of phencyclidine (PHP)

Ketamine (17) is a structural analogue of phencyclidine that has been introduced
to bypass some of the limitations of phencyclidine, and it appears clinically effective,
although less potent (DoMINO et al., 1965). However, the recovery period was again
flawed by bizarre hallucinatory experiences (FINE and FINESTONE, 1973; PEREL and
DaviDsoN, 1976). The drug may have a dubious future in clinical practice, but it has
appeared broadly in paramedical usage. Its complex synthesis will require that the
supply come from diverted legitimate channels; analogues are not likely to appear
soon.

III. Ibogaine

Ibogaine (18) is one of the principal alkaloids isolated from the root and bark of the
African plant Tabernanthe iboga. It has cholinesterase inhibitory properties (VINCENT
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and SERO, 1942) reminiscent of those mentioned for a similarly complex plant alkaloid
harmaline, and its hallucinatory actions, with anxiety and apprehensions (SCHNEIDER
and SIGG, 1958), seem to be parallel. A recent report of extensive clinical studies on
ibogaine (NARANJO 1973 b) has supported its psychotomimetic potential, at dosages
of 300 mg.

CH,0.
| N

N
H CH,CH,

(18) Ibogaine

IV. Kavakava

Another botanical binomial known in psychotropic pharmacology is Piper methys-
ticum, the source of the drug kavakava. This plant contains nonnitrogenous com-
ponents, principally kawain (19a) and the methylenedioxy analogue methysticin
(19b). Kavakava is used widely throughout the South Pacific as a social intoxicant.
These and related isolated lactones have been studied pharmacologically as anticon-
vulsants (KRETZSCHMAR and MEYER, 1969) and analgetics (BRUGGEMANN and MEYER,
1963), and there has been extensive synthetic exploration in the preparation and study

R SN OCH,

|
R 0

(0}
(19a) R=H,H Kawain
(19b) R=—-0OCH,— Methysticin

of potentially useful analogues. The results have been largely disappointing. It has
been observed that the narcotic action of the native plant preparation requires emul-
sification of the root material (STEINMETZ, 1960), and the natural preparations employ
chewing to produce an effective drink. The intrinsic activity of the plant may not be
observable in the purified isolated components.

V. Marijuana

The most important and the most extensively studied of the nonnitrogenous psy-
chotomimetics are the terpenic components of the intoxicating plant Cannabis sativa.
This material has been known since antiquity, and although it may be misleading to
classify it as a psychotomimetic drug, it has been widely employed in many forms as
an intoxicant, as a therapeutic agent, and as a subtle disinhibitor of sensory stimuli.
The active principles are fusion products of a 10-carbon terpene unit and (usually) 5-
(n)-amylresorcinol. The main active component is 4* (or 4°)-tetrahydrocannabinol
(THC, 20a), which is shown in the illustration with its two frequently encountered
numbering systems. The first system (terpene-based numbering) reflects the biosyn-
thetic origin, with the numbering of the aliphatic half done in accord with classic ter-
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8
H,c Y0

9 CH3
10

(terpene—based numbering)

16a

6
CH H,"TNO
s(n) " CHa

(20a)

A! (A%—Tetrahydrocannabinol (THC)
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CsHyy
(L)

(dibenzopyran— based numbering)

pene nomenclature. It has the advantage of being applicable (and allowing easy cross-
reference) to natural components wherein the pyran ring is opened, but the aromatic
moiety must be numbered separately. The second system (dibenzopyran-based num-
bering) is based upon the intact dibenzopyran nucleus, and although it allows exact
assignment in written names (in abstracting), it becomes useless when the pyran ring
does not exist. Neither is satisfactory and both are (unfortunately) widely used.

Table 8. Cannabinoids (20a)

Compound Double- Aromatic Effective Reference
bond side chain dosage range
position in mg (route)
20a A-THC 1,2 n—CsH,, 20 (0) HoLLisTER (1973)
HovLvisTER and
TINKLENBERG (1973)
5(p) HoLLISTER (1973)
IsBELL et al. (1967)
20b 45-THC 6,1 n—CsH,, 20 (0) HoLLISTER (1973)
20c CBN Aromatic n—CsHy, >400 (o) HoLLIsTER (1973)
15 (p) PEREZ-REYES et al.
(1973)
20d 43-THC 34 n—CH,, 120 (o) ADAMS (1942)
15 (p) HoLLISTER (1970)
20e Pyrahexyl 34 n—CeH, ;3 60 (o) ApAMmS (1942)
WILLIAMS et al. (1946)
20f DMHP 34 —CH(CH,)CH(CH,)CsH,, IsBELL (1968)
5(0) S (1970)

20g Nabilone 34

(carbonyl
atC,)
20h 7-OH-4'- 1,2
THC (hydroxy
at C,)
20i 6(B)OH- 1,2
A'-THC  (hydroxy

at Cg)

—C(CH,),CeH 5 5(0)

n—CsHy, 3(p)

n—CsHyy 4(p)

LEMBERGER and ROWE
(1975)

PEREZ-REYES et al.
(1972)

WALL et al. (1976)
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Although several dozen cannabinoid compounds are now known to be com-
ponents of the intoxicating resinous extracts of the marijuana plant, only four have
been seriously considered as contributors to the overall pharmacologic syndrome of
intoxications. Besides 4'-THC there is the positional isomer 4°-THC (20b), the aro-
matic counterpart cannabinol (CBN, 20¢c), and the open-ring counterpart of 4'-THC,
cannabidiol (CBD). The first three are centrally active, but cannabidiol is not, regard-
less of the route of administration, either oral (HOLLISTER, 1973; KARNOLL et al.,
1975), smoking (ISBELL et al., 1967), or intravenous (PEREZ-REYES et al., 1973).

The published data concerning potency in humans of these natural, as well as syn-
thetic analogues of marijuana, and on human metabilites, are gathered in Table 8. The
terpene-based numbering system is employed.

In the earliest synthetic approaches to the THC molecule, the double bond in the
terpene ring usually remained at the conjugated position 3,4 (6a, 10a in the dibenzo-
pyran-based system). Three of these synthetic materials (20d, e, f) are orally active in
man, the last of these carrying the dimethylheptyl side chain found to be of the greatest
animal potency in the seminal studies of ADAMS. A recently proposed pharmaceutical
lacks the methyl group at position C 1, possessing a carbonyl in its place. This drug,
nabilone, is currently in clinical trials as a sedative. Studies on the metabolic fate of
THC have shown that hydroxylation is a major pathway. This can occur on the amyl
side chain, or in several locations within the terpene moiety. Two of the known human
metabolites themselves have intrinsic central action (compounds 20h, i) and have
been implicated in the mechanism of action of THC itself.
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CHAPTER 2

Pharmacology and Toxicology of Psychotomimetics

L.E. HOLLISTER

A. Introduction

During recent years, a number of reviews of psychotomimetic drugs have appeared,
covering various aspects of their types, their pharmacologic actions in animals, and
their effects in man (FREEDMAN, 1969; CoHEN, 1971; BRAWLEY and DUFFIELD, 1972).
One multiauthored volume concerned itself primarily with lysergic acid diethylamide
(LSD) (SANKAR, 1975), while another concerned itself with psychotomimetics in gen-
eral (RADOUCO-THOMAS et al., 1974). The subject does not lack interest, although a
variety of constraints on human research with these drugs has virtually limited recent
literature to accounts of experiences resulting from their illicit use.

B. Definition of a Psychotomimetic Drug

While any definition of the term psychotomimetic drugs is bound to be arbitrary, one

can limit the field somewhat if the following criteria are used:

1) In proportion to other effects, changes in thought, perception, and mood should
predominate.

2) Intellectual or memory impairment should be minimal with doses producing the
above mental effects; with large doses these may occur.

3) Stupor, narcosis, or excessive stimulation should not be an integral part of the ac-
tion.

4) Autonomic nervous system side effects should be neither disabling nor severely dis-
concerting.

5) Addictive craving should be minimal.

Even with criteria such as these, drugs admissible to the list may vary, depending
upon the investigator. Indeed, one can scarcely get any agreement upon the term used
to describe this class of drugs, since many objections to the most likely used term, psy-
chotomimetics, can be offered. The following terms are often submitted: hallucinogens,
phantasticas, psychotogens, dysleptics, and psychedelics. Nevertheless, psychotomi-
metic enjoys a broader use and has seniority over most of the alternatives, as well as
being about as accurate a designation as any of them.

C. Types of Psychotomimetics

Basing a classification on chemical structures, one can separate seven groups of these
drugs: (a) lysergic acid derivatives, of which LSD is the prototype; (b) phenylethyl-
amine derivatives, of which 3,4,5-trihydroxyphenylethylamine (mescaline) is the proto-
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type; (c) indolealkylamines, such as 4-phosphorodimethyltryptamine (psilocybin); (d)
other indolic derivatives, such as the harmine alkaloids or ibogaine; (e) piperidyl ben-
zilate esters, such as N-ethyl-3-piperidyl cyclopentylphenyl glycolate (JB-329 Ditran);
(f) L-phenylcyclohexyl compounds, such as phenylcyclidine (Sernyl); and (g) a miscel-
laneous group of varying chemical structures. Because the first three groups are vir-
tually identical in their clinical effects, they are often lumped together as the LSD—
mescaline—psilocybin group (HOLLISTER, 1968).

D. Epidemiologic Aspects

It is virtually impossible to determine the current frequency of use of psychotomimet-
ics. Epidemiologic studies of drug abuse are fraught with many difficulties. The data
obtained are largely anecdotal, that is, what people say, and it is well-known that what
people say and what they do may be quite different. To compound the difficulty, even
the most honest and cooperative respondent labors under the burden of not really
knowing what drug was taken. Mislabeling of street drugs is more common than ac-
curate labeling. Mislabeling of LSD as mescaline may not be of serious consequence
for epidemiologic purposes, as the two drugs are quite similar and might well be clas-
sified together. On the other hand, mislabeling of THC as phencyclidine (PCP) is of
serious consequence as the two categories of drugs are considered to be separate. The
only bases that drug users have for correcting for mislabeling are their past experience
with similar drugs, the opinions of fellow drug users, or the reputation of their source
of drugs. None of these factors are very likely to resolve ambiguity about what they
really took. Thus, epidemiologic studies that lack any chemical verification of drugs
(and these are virtually impossible to design) will only be crude indices of what drugs
are really being used.

Despite these difficulties, the available data in the United States indicate that the
rates of psychotomimetic drug use, variable as they may be among separate epidemio-
logic surveys, have remained relatively constant over the past few years (ABELSON and
ATKINSON, 1975). Within this general pattern of use, a substantial change has occurred
in regard to the drugs chosen. LSD is less often used (at least so labeled), while PCP
use probably has increased in recent years to what is now being called an epidemic.
Differences in use by sex are also apparent; more women have tried these drugs than
before, their rate of use now approaching that in men. Perhaps this shift is due to the
general move toward equality for women. Happily, the rates of frequent use of these
drugs, always low in comparison to the number of experimenters with the drug, have
not shifted.

E. The LSD-Mescaline—Psilocybin Group
I. Chemistry

Mescaline is a phenylalkylamine, psilocybin is an indolealkylamine, and lysergide has
chemical resemblances to both. The structural relationships of members of this group,
as well as other related compounds, are shown in Fig. 1.

LSD remains the most potent compound in this series, if not one of the most po-
tent drugs or toxins known. A number of clinical comparisons have been made be-
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tween LSD and closely related lysergic acid derivatives. One comparison between 2,3-
dihydrolysergic acid diethylamide and LSD revealed that the former compound in-
duced LSD-like autonomic and mental changes in man, but was less potent and slower
in onset than LSD (GORODETZKY and ISBELL, 1964). Acetylation or methylation of the
LSD molecule on the pyrrole nitrogen produces two analogs, L-acetyl lysergic acid di-
ethylamide and L-methyl lysergic acid diethylamide. About 1.5-2.0 times as much of
the analogous drugs were required to produce essentially the same clinical reactions
with the analogs as with LSD (MALITZ et al., 1960). Replacement of the diethylamine
side chain of LSD with a morpholine group results in a compound that has pharma-
cologic and clinical effects generally similar to those of LSD; potency was probably
somewhat less (GOGERTY and DiILLE, 1957). In summary, it appears that alterations
in the basic structure of LSD may or may not materially change the quality of the
clinical effects, but generally tend to reduce potency.

A number of mescaline homologs with psychotomimetic activity have been tested.
The amphetamine analog, trimethoxyamphetamine, produces euphoria and a loosen-
ing of emotional restraint in doses of 0.8-1.2 mg/kg (PERETZ et al., 1955). Doses in
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the order of 2.8-3.5 mg/kg evoke tremors, paresthesias, amplified and distorted col-
ors, textures, forms and spatial relationships, increased auditory acuity, and occa-
sional synesthesias (SHULGIN, 1964). The span of action is similar to that of mescaline,
lasting about 7 h; the peak of urinary excretion of the drug occurs between 2 and 5 h
after a dose, with 20%-35% being excreted unchanged.

Other amphetamine homologs have become popular as street drugs. Most widely
used has been 2,5-dimethoxy-4-methylamphetamine (DOM or “STP”). Our studies
of the drug showed it to have properties very similar to those of mescaline, although
it was about 40-50 times as potent (HOLLISTER et al., 1969). Our report of rapid tol-
erance to the drug was subsequently confirmed (ANGRIST et al., 1974). 3,4-Methy-
lenedioxamphetamine (MDA), first discovered by Alles, was found by self-experimen-
tation to be a psychotomimetic resembling mescaline. It is more potent by three- to
fourfold (THiesseN and Cook, 1973). Human studies of 3-methoxy-4,5-methy-
lenedioxamphetamine (MMDA) are scanty, but such as exist suggest that it, too, re-
sembles the other amphetamine homologs (SHULGIN et al., 1973).

A psilocybin analog with highly potent psychotomimetic effects, N,N-dimethyl-
tryptamine (DMT), when administered intramuscularly in doses of 1 mg/kg, produces
a brief but intense LSD-like experience. Because the material is most active by par-
enteral injection, the onset is rapid, within 15-30 min, but brief, subsiding completely
in 1-2 h. Intravenous injection produces an even more precipitous reaction, large
doses producing delirium within minutes (ROSENBERG et al., 1964). In many respects
the action of this drug simulates that of bufotenin, the 5-hydroxy derivative. Curi-
ously, placement of the hydroxy group at the 6-position on the ring makes for a com-
pound that has been found by several investigators to be essentially inactive.

II. Pharmacology

One of the most distressing aspects of the pharmacology of psychotomimetics has
been the difficulty in finding an animal model predictive of psychotomimetic effects
of drugs in man. A model that involves two unusual behaviors, limb flick and abortive
grooming, in cats has been found to be regularly produced by LSD and other indole
hallucinogens (JACOBS, et al., 1976). The limits of this model have not yet been fully
tested.

Serotonin has been the neurotransmitter most often studied and implicated in the
action of drugs of the LSD group. The exact type of action on serotonin remains con-
troversial. Evidence from a number of studies has been interpreted as indicating that
the action of drugs of the LSD group is to stimulate serotonin receptors in the brain,
that is, to mimic its action (ANDEN et al., 1971; AGHAJANIAN, 1972). Studies using
single neuron preparations produced an opposite conclusion. Drugs of the LSD group
specifically antagonized excitation of single neurons by serotonin, even though they
may be able to mimic the inhibitory actions of serotonin. Thus, the action of the neu-
rotransmitter may be specific to the location of various types of serotonergic neurons
in the brain. This hypothesis is attractive in that one might still explain the reduced
turnover of serotonin which has been shown to occur after LSD (BRADLEY and
BRrIGGS, 1974).

The role of tryptamine as a neurotransmitter is still obscure. Tryptamine mimics
LSD in facilitating the flexor reflex of the chronic spinal dog. Both actions are antag-
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onized by cyproheptadine (MARTIN and SLOAN, 1974). Thus, LSD may have a trypt-
aminergic action, but its relation to clinical manifestations of the drug remains uncer-
tain.

The role of catecholaminergic neurotransmitters in the action of drugs of the LSD
group is even more uncertain. Apparently LSD can act as a dopamine agonist in the
striatum, but its role as such in other areas of the brain has not been defined (PiERI
et al., 1974). A more complex action was suggested by studies showing that LSD can
block the interactions between norepinephrine, dopamine, and serotonin with their
respective receptors as indicated by the formation of cyclic AMP (voN HUNGEN et al.,
1974). Studies of brain norepinephrine metabolism following exposure to various
members of the LSD group of hallucinogens revealed differences between them, sug-
gesting that not all of their pharmacologic actions were similar, despite the great simi-
larity of their clinical actions (STOLK et al., 1974).

Autoradiographic studies show that drugs of this class readily penetrate the brain
and that the presence of unchanged drug, in this case 2,5-dimethoxy-4-methylamphet-
amine, correlated with clinical effects. The suggestion was made that termination of
the behavioral effects of the drug might be due to a shift in distribution in brain loci
rather than to elimination of the drug (IDANPAAN-HEIKKILA et al., 1969).

Humans given doses of 2 pg/kgi.v. had blood specimens taken that were analyzed
for LSD using a spectrofluorometric technique. After equilibration had occurred in
about 30 min, the plasma level was between 6 and 7 ng/ml. Subsequently, plasma
levels gradually fell until only a small amount of LSD was still present after 8 h. The
half-life of the drug in humans was calculated to be 175 min (AGHAJANIAN and BING,
1964). Subsequent pharmacokinetic analysis of these data indicated that plasma con-
centrations of LSD were explained by a two-compartment open model. Performance
scores were highly correlated with concentration in the tissue (“outer’””) compartment,
which was calculated at 11.5% of body weight. The new estimation of half-life for loss
of LSD from plasma, based on this model, was 103 min (WAGNER et al., 1968).

III. Clinical Effects

Three characteristic types of symptoms — somatic, perceptual, and psychic — have been
noted from LSD. In repeated laboratory experiments, subjects report a basic clinical
syndrome that might be described as follows:

1) Somatic symptoms: dizziness, weakness, tremors, nausea, drowsiness, pares-
thesias, and blurred vision.

2) Perceptual symptoms: altered shapes and colors, difficulty in focusing on objects,
a sharpened sense of hearing, and, rarely, synesthesias.

3) Psychic symptoms: alterations in mood (happy, sad, or irritable at varying times),
tension, distorted time sense, difficulty in expressing thoughts, depersonalization,
dreamlike feelings, and visual hallucinations.

Physiologic effects are relatively few. Dilated pupils, hyperreflexia, increased
muscle tension, incoordination, and ataxia are common physical signs. Effects on
pulse rate, respiration, and blood pressure are so variable that they probably represent
varying levels of anxiety of subjects rather than true physiologic effects. Changes in
appetite and salivation are inconstant, being increased in some subjects, decreased in
others.
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The clinical syndrome tends to follow a sequential pattern with somatic symptoms
presenting first, perceptual and mood changes next, and finally psychic changes, al-
though there is considerable overlap between these phases. Between 1 and 16 pg/kg,
the severity of psychophysiologic effects of LSD in a given subject are proportional
to the dose (KLEE et al., 1961). Specific types of reaction, such as paranoid ideation,
are more likely a matter of personal predisposition than a function of dose.

Except for the fact that the effective dose of mescaline is one or two of orders of
magnitude more than for LSD, there is really little to choose between the two drugs
insofar as the clinical effects are concerned. Just as with LSD, there are prominent so-
matic symptoms, perceptual alterations, and psychic effects. In general, effects of
psilocybin strongly resemble those of LSD and mescaline. As with the former drugs,
psychotic symptoms were infrequent.

1V. Adverse Effects

The clinical manifestations of adverse psychiatric effects of LSD have been reviewed
elsewhere (SARWER-FONER, 1972). In general, not much new has been added over the
years. The acute panic reaction is still most common, but of much greater concern has
been the prolonged psychosis. The latter is still, fortunately, uncommon. Of 57
patients admitted to a poisoning treatment center in Scotland with reactions due to
LSD, only 16 were considered to require psychiatric help. Most were treated with se-
dation. Men predominated, the mean age being 20 years. Most had previously taken
other drugs.

Acute panic reactions to LSD, which are usually of only a few hours duration, may
be handled in two ways. One may “talk the patient down,” provided staff or friends
are available, or one may simply sedate the patient and allow him to sleep off the ef-
fects of the drug. In the latter case, recent experience suggests that diazepam or some
similar drug is preferable to the antipsychotics (BARNETT, 1971). The latter produce
such lasting and noxious side effects that the treatment may ultimately prove to be
more disagreeable than the illness.

“Flashbacks” or acute, unpredictable recurrences of phenomena experienced
under LSD, have always been a mystery. Because they may occur months later with
completely lucid intervals, most of us have subscribed to a psychological theory of
causation. They may, of course, be triggered by other drugs that alter consciousness,
such as marihuana or, in one unusual case, biperiden given to prevent phenothiazine-
induced extrapyramidal reactions (Tec, 1971). Biperiden, being a potent anticholiner-
gic, especially when combined with phenothiazines, may be hallucinogenic in its own
right. Although it is difficult to see why it should be effective, haloperidol eliminated
flashbacks in four of eight patients treated over a 4-week period and reduced their
frequency in the other four patients (Moskowitz, 1971).

Homicides under the influence of LSD continue to be reported. In one tragic case,
the homicide occurred soon after the patient had been discharged from psychiatric
care following a previous homicidal assault (KLEPTISZ and RAcy, 1973). Another
patient, with marked homicidal impulses, developed a fairly long-lasting psychosis
following use of LSD. While still psychotic, he killed a stranger upon impulse. While
recovering from a bullet wound inflicted by a policeman in the fray, his psychosis
cleared quickly and he remained free of psychosis for several years (REicH and HEPPs,
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1972). During the past several years the author has encountered several instances of
persons accused of homicide who claimed that it was perpetrated under the influence
of some hallucinogenic drug. Some of these instances strain one’s credulity and sug-
gest that this type of plea is often misused.

Self-injury, due to lapses in good judgment, used to be a major danger with the
use of these drugs, but is not as big a problem as before. Various speculations have
been made about the cause of this change, such as more exact doses, more experienced
users, more frequent use in the company of an unintoxicated person, but no specific
reason has been found for the diminution of this risk.

Chromosome breaks and gaps are subject to different definitions and to different
interpretations when read on slides. Some are to expected as artifacts of the prepara-
tion. Consequently, reports on the prevalence of such alterations due to LSD vary
greatly. In various studies they have either been the same or more frequent than seen
on control preparations, or occur with the same frequency as those from other com-
monly used drugs. These considerations apply whether or not the tests were done in
vitro, or used cells from exposed subjects. At present, the bulk of evidence, as reviewed
extensively by two observers, suggests that the burden of proof is still on those who
allege that the frequency and severity of chromosomal breaks encountered from LSD
exposure is of clinical significance (DISHOTSKY et al., 1971; LONG, 1972). Rather than
dismiss the matter out of hand, one should take the stance that harm has not been
disproved and try to determine better ways to settle the issue (BERLIN and JACOBSON,
1972).

F. Harmine Alkaloids and Piperidyl Benzilates

Neither of these classes of drugs has much in common except that they are now rarely
used as psychotomimetics.

Harmine in doses of 150-200 mg i.v. produced psychotomimetic effects in man.
The threshold oral dose was 300 mg. The clinical effects described are distinctly dif-
ferent from those produced by drugs of the LSD group, but no human studies of the
drug have been done in over 20 years (PENNES and HocH, 1957). The drug is supposed
to be a potent inhibitor of monoamine oxidase as well as an antagonist of serotonin.
It seems unlikely that the first pharmacologic effect could be of major importance in
its action (Ho et al., 1971).

Early reports of the clinical effects of the piperidyl benzilate esters (JB-318, JB-
329) suggested that they were analogous to those of LSD. Further studies have indi-
cated that these central anticholinergics produce a clinical syndrome different from
LSD and kindred drugs in a number of respects (DAVIS et al., 1964; OSTFELD et al.,
1959). Peripheral anticholinergic effects are more prominent among many of the so-
matic effects common to the other drugs. Thought processes are much more severely
disrupted: disorganization, incoherent speech, confusion, disorientation, and memory
loss are striking and comparatively long lasting. They characteristically wax and
wane, typical of a true delirium. Tactile, auditory, and visual hallucinations may oc-
cur, the latter being less intense than those from comparably disturbing doses of LSD,
mescaline, or psilocybin. Mental states produced by the piperidyl benzilates are rem-
iniscent of those from other centrally acting anticholinergics, such as scopolamine or,
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more recently, benactyzine. These are classical deliria, so there is little wonder that
chronic alcoholics react to JB-329 with a delirium tremens syndrome. The analogy of
LSD to delirium tremens is less striking.

Usual doses of the piperidyl benzilates range from 5 to 15 mg. Mental disturbance
may be quite prolonged at the upper range of dosage, lasting well over 24 h, with mild
residual confusion even for days. Unlike the LSD-type drugs, this experience is per-
ceived by most subjects as frightening and distinctly unpleasant. Few subjects claim
increased insight; indeed, with larger doses, subjects are unable to remember parts of
the experience. Psychological testing of any sort may be completely impossible if the
delirtum becomes severe enough.

The piperidyl benzilate esters do not interfere with serotonergic mechanisms in the
brain. Although they decrease dopamine turnover, this effect is believed to be second-
ary to their strong antimuscarinic action (ANDEN et al., 1972). The antimuscarinic ac-
tion is most important in producing the behavioral effects, which strongly resemble
those of Datura stramonium, a natural plant sometimes used for its psychotomimetic
effects. Tetrahydroaminacrin, an anticholinesterase, effectively reverses the behavior-
al action of the piperdyl benzilate esters. Physostigmine given as intravenous bolus
doses of 1 mg every 5-10 min could also be used in cases of severe intoxication (GER-
SHON and BELL, 1963).

G. Phencyclidine
I. History

The history of PCP is of some interest, as the drug was first thought to be useful for
medical practice. It was first studied in 1957 as a potential anesthetic agent ultimately
to be marketed under the name “Sernyl” (GREIFENSTEIN et al., 1958). Although it
lacked muscle relaxation, it produced a state of analgesia without full loss of con-
sciousness and laryngeal reflexes. By 1959, however, it had become apparent that
patients emerging from anesthesia with this drug experienced a mental state that in
some ways resembled that of hallucinogenic drugs. As studies of its hallucinogenic ef-
fects grew, it became apparent that PCP had such properties, and that these were high-
ly variable depending upon dose and route of administration (LUBY et al., 1959). Fur-
ther, they were distinctly different from those of LSD. In the opinion of many inves-
tigators, the PCP-induced mental state was a better model for schizophrenia than was
the mental state produced by LSD. Verification of the hallucinogenic effects of the
drug in man led to its withdrawal from the market as an anesthetic in 1965. Its hal-
lucinogenic properties were of less consequence in animals, so that by 1967 it was rein-
troduced onto the market as an anesthetic for veterinary use under the name “Sery-
lan.” This use of the drug has remained to the present, the drug being considered to
be quite valuable for anesthesia of primates.

The first street use of the drug occurred in 1967, during the “summer of love,”
when the drug culture erupted on the streets of San Francisco. The drug’s popularity
was short-lived, as its unpredictable, unpleasant, and often startling effects gave it a
bad reputation. During the next several years PCP was hardly ever used knowingly
by drug takers. By 1972 it had become a popular substance for being mislabeled as
other drugs, or as an adulterant of other drugs (HarT et al., 1972). By 1974, however,



Pharmacology and Toxicology of Psychotomimetics 39

Phencyclidine and Related Compounds
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Fig. 2. Structural relationships between phencyclidine and ketamine. Metabolism of phen-
cyclidine includes breaking of piperidine ring as well as possible hydroxylations

the pendulum swung completely back; PCP now became an acceptable drug in its own
right, despite its vagaries. From that point on, its use has grown to what is now called
epidemic proportions. Because of the frequently dramatic consequence of its use, the
actual rate of use may have been overestimated.

The drug is readily synthesized by illicit chemical laboratories and all the evidence
suggests that virtually all PCP on the streets comes from such sources. Nonetheless,
the panic that its increasing use created has led to the proposal that the drug be re-
scheduled into a more restricted category of controlled drug. Such rescheduling would
make the cost of assuring control of supplies so great that the manufacturer of PCP
for veterinary anesthesia seems likely to abandon its sale, much to the concern and
consternation of many investigators who rely heavily on it for their work involving
primates. The desire to control drugs of abuse often leads to totally inappropriate ac-
tions just so long as some action is taken.

II. Chemistry

Phencyclidine is a phenyl cyclohexamine derivative containing a piperidine ring (see
Fig.2). Itis closely related to ketamine, a drug currently in clinical use as a dissociative
anesthetic. At least one active metabolite of the drug is formed, probably contributing
to its long-lived clinical effects.

III. Pharmacology

As is the case with most centrally active drugs, the effects of PCP on various neuro-
transmitters has been most studied. PCP is believed to act by increasing the availabil-
ity of dopamine, possibly both by increasing its release as well as by inhibiting its up-
take (SMITH et al., 1975). The increased locomotor activity produced by the drug in
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rodents is characteristic of that induced by other methods of increasing dopaminergic
activity. It is enhanced by antimuscarinic drugs and antagonized by cholinergic
agents. The effects on acetylcholine are ambiguous. In some situations it seems to be
cholinergic and in others, anticholinergic. Many of the latter properties are evident
from some of its clinical effects (MAAYANI et al., 1974). The drug blocks uptake of nor-
epinephrine and this action is related to the sympathomimetic effects evident clinically
(HitzeMAN et al., 1973). Its effects on serotonin are uncertain.

Neurophysiologic studies indicate that the EEG effects in primates seem to show
a possibly characteristic pattern of delta-theta mixed with low voltage fast activity.
Sensory evoked potentials are also suppressed, leading to the postulation that the pri-
mary site of action is on the nonspecific thalamocortical projection (M1YAsAKI and
Dowmino, 1968). The impairment of sensation, for pain, touch, and proprioception, is
consonant with its clinical use as an anesthetic. It may also be pertinent ot the provo-
cation of a schizophreniclike state, which many investigators have likened to that of
sensory deprivation.

The drug is unique among hallucinogens in being self-administered (BALSTER and
JoHANSON, 1973). This difference, as well as many clinical and pharmacologic differ-
ences from the LSD group of hallucinogens, has led some persons to suggest that PCP
be considered as a separate class of drug, similar to the classification of cannabis.
However, the definition of hallucinogen is broad enough to include drugs other than
the LSD group. So far as the use of the drug on the streets is concerned, it is clearly
being used by hallucinogen fanciers. Animals can discriminate the drug apart from
morphine, chlorpromazine, tetrahydrocannabinol, ditran, and pentobarbital, again
indicating its rather unique set of enteroceptive cues. In man, the effects are said to
be similar to those seen in schizophrenic patients, but the closeness of this model psy-
chosis to the real thing has not been studied carefully for many years. It might again
be appropriate to do so, for were it to prove to be a viable model, it might be a valuable
tool for research into the nature of schizophrenia.

PCP in man is generally considered to be a rather long-acting drug, yet its half-life
in plasma is only about 11 h even after large overdoses (MARSHMAN et al., 1976). Due
to a high degree of lipid solubility, it moves rapidly into the brain, so that concen-
trations in brain and in cerebrospinal fluid are more persistent. Thus, the toxicity of
the drug may be greatest when the plasma levels are lowest. Some of the drug is se-
creted from the blood into the stomach, whose acid contents keep the weakly basic
drug ionized. As it enters the more alkaline medium of the upper intestine, it again
becomes unionized and is reabsorbed. Thus, a certain amount of gastroenteric recyc-
ling of the drug occurs. It is likely also that PCP produces active metabolites. Thus,
three factors — active metabolites, sequestration in fat, and recycling through the gas-
trointestinal tract — may account for its long duration of action, which is especially
evident in cases of overdose.

IV. Clinical Effects

Distortion of body image, disorientation, detachment from surroundings, and vivid
dreaming are some of the most common mental effects of PCP. Those who take it
seem to lose the ability to integrate sensory input, especially for touch and propriocep-
tion (ROSENBAUM et al., 1959). This effect may, in turn, lead to the analgesia and par-
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Table 1. Patterns of clinical effects from increasing oral doses of phencyclidine

Dose Clinical Effects

5-10mg  Ataxia, nystagmus, mood changes, hallucinations, vomiting, analgesia, paresthesias
Onset, 1-2 h; duration, 4-8 h

10-20mg  Stupor, eyes open, random movements, resting nystagmus, hyperreflexia,
hypertension
Onset, !/,~1 h; duration, 8-24 h

> 50mg  Deepcoma,chills, nystagmus, eyes closed, hypertension, labored breathing, seizures
Duration, up to 4 days

>100mg  Lethal, 3-10 days
Respiratory depression, hypertensive crisis, cerebral bleeding, loss of deep tendon
reflexes, decreased renal function, decreased liver function

esthesias that are experienced, as well as produce a cataleptic state in some individuals.
Such effects are generally produced by doses of the drug of 0.1 mg/kg up to 12 mg
single doses, regardless of the route of administration. Some persons develop mania
or hostility, but these are generally considered to be side effects, more related to the
personality of the subject than to a direct effect of the drug. Although some simi-
larities to the schizophrenic state are obvious, it is not clear that the mental state pro-
duced by PCP is an especially good model of that illness.

Physical symptoms include dizziness, dysarthria, ataxia, and nystagmus, lid ptosis,
tachycardia, sweating, and increased deep tendon reflexes. Most subjects show some
degree of hypertension, associated with increased minute and tidal volumes of respi-
ration, increased formation of urine, and increased muscle tone. The latter may lead
to increased serum creatine phosphokinase concentrations. With very large doses,
convulsions and respiratory arrest are the terminal events (BURNS et al., 1975). The
course of clinical symptoms and signs following various doses of PCP is shown in
Table 1.

Most of the experiments with PCP, done in the early 1960s, gave the drug intra-
venously. On the street, however, the major method of administration is by inhalation
(often smoked as a cigarette using parsley as the medium for smoking) or by oral route
in a variety of formulations.

V. Overdoses

Overdoses of PCP have been directly fatal, which is somewhat different from the case
of other hallucinogens, such as LSD. Hypertensive crises, convulsions, and respira-
tory arrest are the major causes of death. Indirect fatalities, due to accidents caused
by loss of critical judgment, are similar to those known to occur with LSD. For some
reason, deaths by drowning are frequent with PCP.

No pharmacologic antidote exists for the effects of the drug. Chlorpromazine ag-
gravates rather than ameliorates the behavioral effects. Diazepam adds to respiratory
depression, but may be required for uncontrolled seizures. Experimentally, neither di-
phenhydramine, droperidol, tetrahydroaminacrine, physostigmine, or scopolamine
were useful in reversing the effects of PCP.
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Acidification of the urine to pH 5.5, using either ammonium chloride or ascorbic
acid, keeps the drug in the ionized form and hastens its excretion (DoMINO and WiL-
SON, 1977). Gastric lavage is useful only when the drug has been taken orally and soon
after intake. Continual gastric suction, however, may reduce the gastrointestinal re-
cycling of the drug and is worth doing routinely. General supportive treatment and
management of symptoms as they arise is most useful. Reduced sensory stimuli reduce
the psychic effects of the drug, so patients should be treated in a quiet room with few
extraneous sounds.

H. Conclusions

Psychotomimetic drugs will continue to be used socially in the future as they have been
used throughout man’s history. Changing fashions may make one or another drug the
object of choice for the moment. Many of the currently popular drugs are creations
of the laboratory, unknown 30 years ago. It remains to be seen whether still different
types of psychotomimetics will be created in the laboratory or, more importantly, be-
come recognized and available to those who would use them socially.

The original hope that these drugs would lead us to a better understanding of natu-
rally occurring mental disorders has not been realized. Neither have they yet proven
to be effective therapeutic agents for any mental disorders. Still, the fact that relatively
small quantities of these chemicals can so markedly affect mental functions com-
mands our attention. If, by learning how they act, we still remain ignorant of the cause
of schizophrenia, we may still learn a lot more about how the brain regulates behavior.

The greatest current challenge is to make experimentation with these drugs more
attractive to scientists and less attractive to their social users.
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CHAPTER 3

Psychotomimetics: Behavioral Pharmacology

J.B. ArpEL, A.D. POLING, and D.M. KUHN

A. Introduction

This section is concerned with psychotomimetics or hallucinogens such as D-lysergic
acid diethylamide (LSD) and its less potent indole and phenylethylamine congeners.
In man, low doses of these agents (e. g., 1-5 pg LSD) are said to produce a specific
state in which “psychedelic, mystical, or psychotomimetic, perceptions and thought
occur in the presence of clear consciousness” (FREEDMAN and HALARIS, 1978). In other
animals, psychotomimetics have been reported to produce diverse effects ranging
from bizarre alterations in spiders’ web building (WITT, 1956) to an elephant’s death
(WEesT and PIERCE, 1962). In more frequently studied species such as rats, LSD in-
creases overall levels of activity (KUHN and APPEL, 1975), prevents the habituation of
a startle response (DAVIS and SHEARD, 1974), and causes a characteristic “behavioral
syndrome” consisting of tremor, rigidity, Straub trail, hindlimb abduction, lateral
head weaving, and reciprocal forepaw treading (TRULSON et al., 1976).

While many of these drug-induced changes in behavior are interesting, they will
not be considered further. Instead, this review will focus on those effects of LSD and
related compounds that have been analyzed both systematically and objectively
within the context of behavioral pharmacology. Thus, we shall be concerned primarily
with a few learned behaviors (e. g., bar pressing, key pecking) in pigeons, rats, and
monkeys; an attempt will be made, however, to relate drug effects to variables that
control the behavior of all organisms (e. g., the relationship between a response and
its consequences).

B. The Behavioral Pharmacology of LSD and Related Compounds
I. Operant (Instrumental) Behavior

1. Positive Reinforcement: Schedule-Controlled Behavior

Several years ago the effects of psychotomimetic drugs on behavior maintained by
various positive reinforcers (food, water, electrical stimulation of the brain) were re-
viewed and discussed in detail (APPEL, 1968); the general pattern of results has not
changed since that review appeared. In summary, LSD and its congeners, like most
psychotropic drugs, have effects that depend upon response rate and the schedule
under which behavior is maintained (APPEL, 1968; DEws and WENGER, 1977; SANGER
and BLACKMAN, 1976). For example, sufficiently high doses of LSD (greater than
0.04 mg/kg in the rat) completely disrupt bar pressing maintained under short fixed-
ratio (FR) schedules (which generate very high control rates) by inducing periods of
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pausing or no responding (FREEDMAN et al., 1964). Comparable doses cause less dras-
tic decreases in the relatively high rates maintained under certain variable-interval
(VI)or fixed-interval (FI) schedules and increase the low response rates observed under
other (FI and Differential Reinforcement of Low Rate, DRL) schedules (APPEL, 1971;
ALTMAN and APPEL, 1975; KsIR and NELSON, 1977). The rate-decreasing effects of LSD
and related compounds are comparatively greater than the rate-increasing effects of
the same doses of the same drugs; high doses of LSD (>0.04 mg/kg) tend to decrease
responding regardless of control rates (APPEL, 1971; SANGER and BLACKMAN, 1976).
Responding suppressed to a low rate by punishment has been reported to decrease
further following high doses of LSD (APPEL, 1971; Barry et al., 1963) and to increase
following low doses of both LSD and mescaline (SCHOENFELD, 1976).

Analysis of the effects of psychotomimetic agents on positively reinforced operant
behavior has provided useful information about relative potencies (APPEL and FREED-
MAN, 1965), time-courses of effect (FREEDMAN et al., 1964; PETERSON, 1966), and dose—
response relationships (APPEL et al., 1968; ApPEL and FREEDMAN, 1965; FREEDMAN et
al., 1964). For instance, measuring the amount of disruption of FR performance has
enabled us to determine that, in the rat (APPEL and FREEDMAN, 1965) as in man (AB-
RAMSON et al., 1960), D-LSD is about 10 times as potent as both psilocybin and D-am-
phetamine and 100 times as potent as mescaline. It has also enabled us to begin to elu-
cidate the mechanism of action of psychotomimetics in vivo. For example, the finding
that the disruptive effects of low doses of LSD are potentiated following pretreatment
with reserpine (APPEL and FREEDMAN, 1964) or p-chlorophenylalanine (APPEL et al.,
1970a), by raphe lesions (APPEL et al., 1970b), or by intraventricular injections of the
specific serotonergic neurotoxin 5,7-dihydroxytryptamine (JOSEPH and APPEL, 1977),
along with other pharmacologic evidence (GREENBERG et al., 1975; KUHN et al., 1976,
1977, 1978), suggests that the behavioral effects of LSD are mediated at least in part
by serotonergic neural systems. Similar results have also been reported with mescaline
(BrOwNE, 1978; BROWNE and Ho, 1975) and other psychotomimetics (APPEL et al.,
1977).

2. Negative Reinforcement: Escape and Avoidance Behavior

Even though LSD has been said to enhance sensitivity to noxious input (FREEDMAN
and HALARTIS, 1978), the bulk of the literature does not support the hypothesis that
this or related compounds has unique effects on behavior maintained by the offset of
stimuli (escape behavior); moreover, the effects that have been reported occur only
at relatively high doses and depend largely on the specific procedure used (APPEL,
1968). For example, 0.50 mg/kg LSD, a dose much larger than that which reliably dis-
rupts positively reinforced behavior (see above), (1) increases the speed of rats trained
to run down an alley to escape from shock (HAMILTON, 1960), (2) has little effect on
the speed of turning a wheel to escape from shock (or from a stimulus paired with
shock) in an operant chamber (APPEL et al., 1967), and (3) decreases ability to escape
from a water-filled T-maze (HAMILTON and WILPIZESK], 1961). Thus, escape behavior
has not been particularly useful in demonstrating selective effects of LSD.
Avoidance behavior (i.e., behavior that is maintained by the response-contingent
postponement of a stimulus) is affected unreliably by psychotomimetics (APPEL,
1968). The results seem to depend upon species, dose, and the nature of the avoidance
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task. In the rat, relatively high doses of LSD (greater than 0.50 mg/kg) decrease re-
sponding under various avoidance paradigms (MCMILLAN and LEANDER, 1976);
lower doses facilitate performance in some situations (JARRARD, 1964), but hinder it
in others (McIsaAc et al., 1961).

Smythies and his co-workers have reported that the effects of mescaline and its
congeners on signaled avoidance responding in a shuttle-box depend upon how long
after injection they are measured (SMYTHIES and SYKES, 1964, 1966). Shortly after drug
administration, avoidance responding is depressed (relative to controls); that is, reac-
tion times increase and the total number of responses decrease. Over time, these effects
are reversed such that avoidance responding is facilitated; that is, mescaline-treated
animals avoid shock faster and more often than controls. The authors contend that
this biphasic, Bovet-Gatti profile is specific to psychotomimetics and can therefore be
useful in drug “screening.” However, recent investigations have failed to confirm this
reported specificity (CALIL, 1978), and better screening procedures (€. g., procedures
involving the discriminative stimulus properties of drugs) are available (APPEL, et al.,
1978; BARRY, 1974; CALIL, 1978; KUBN et al., 1976, 1977).

II. Respondent (Pavlovian) Behavior

In the United States and in Western Europe, the effects of psychotomimetic drugs on
behavior conditioned by respondent (Pavlovian) techniques, i.e., the contiguous pair-
ing of conditioned (CS) and unconditioned (UCS) stimuli, have not been studied ex-
tensively. Recently, however, increasing attention has been paid to this neglected area
of behavioral pharmacology.

1. Appetitive Conditioning

In our laboratory, LSD (0.05-0.45 mg/kg) and quipazine (1-8 mg/kg), both of which
probably function in vivo as central serotonin agonists (APPEL et al., 1978; APPEL and
WHITE, 1978; KUHN et al., 1978; WHITE et al., 1977), have been found to decrease key
pecking behavior of pigeons maintained under an automaintenance procedure (in
which a CS, brief illumination of a response key, is paired with a UCS, delivery of
food). However, this effect was not specific to psychotomimetic (or serotonergic) com-
pounds since various other drugs (e. g., pentobarbital and d-amphetamine) also de-
creased responding (POLING and APPEL, 1978). In a second experiment, both LSD and
quipazine were found to have little effect on key pecking maintained under a negative
automaintenance procedure, in which food (UCS) was presented following key illumi-
nation (CS) only if the lighted key was not pecked,; in this situation, both pentobar-
bital and diazepam increased responding (POLING and APPEL, 1979). Although these
initial findings indicate that appetitively conditioned, respondent behavior is not se-
lectively affected by psychotomimetics, the generality of this suggestion remains to be
determined.

2. Aversive (Defense) Conditioning

“Aversive” respondent conditioning, i.e., procedures in which a CS (e. g., tone) pre-
cedes delivery of a “noxious” UCS (electric shock) regardless of the organism’s behav-
ior, have also failed to reveal effects that are specific to psychotomimetics; as is the
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case with many drugs, high doses apparently interfere with the conditioning of auto-
nomic responses (€. g., “fear””) while low doses have few reliable effects (APPEL, 1968).

A study by HiLL et al. (1967) was concerned with the effects of LSD and several
other drugs on bar-pressing behavior under an ESTES-SKINNER (1941) procedure, in
which a tone (CS) paired with unavoidable shock (UCS) was superimposed occasion-
ally on a baseline of positively reinforced responding (VI). It was found that bar press-
ing, normally suppressed during the presence of the tone, was increased by LSD. It
is known, however, that the effects of drugs under aversive conditioning procedures
are notoriously sensitive to experimental parameters (APPEL, 1963; MILLENSON and
LesLig, 1974). Thus, the results of Hill and co-workers (1967) do not always obtain.
For example, in our laboratory, LSD (0.04—0.36 mg/kg) failed to increase the rate of
responding suppressed by either the ESTES-SKINNER procedure or by a stimulus paired
with time-out from positive reinforcement (unpublished observations).

II1. Perceptual Effects

In 1968, a discussion of the perceptual effects of psychotomimetics concluded:

Low doses of drugs such as LSD... .increase level of physiological arousal or alert-
ness and decrease the ability of an animal to habituate to environmental stimuli which
once were, but no longer are, relevant. Behaviorally, increases in amount of general-
ization to auditory, visual, and other kinds of environmental stimuli and what may
be described as enhanced sensory impact occur. Increased arousal and generalization
may induce changes in an animal’s ability to discriminate events in its environment
but whether such changes take the form of increased or diminished accuracy of per-
ception is multi-determinded (e. g., dose, time since the drug is given, and the nature
of the task are extremely important) (APPEL, 1968, p. 1219).

Research since the foregoing was written confirms the conclusion that the percep-
tual effects of psychotomimetics are complex and that few, if any, general conclusions
can be drawn from the available data. For example, whether or not LSD increases the
generalization of auditory stimuli (pitch) in rats depends (among other things) on the
measure of generalization used in a given experiment (APPEL and DYKSTRA, 1977). A
dose of 0.16 mg/kg was found to increase the amount of generalization when rate of
responding was measured in a free-operant situation similar to that described by
GuttMaN and KaLisH (1956), but had no effect on generalization along the same di-
mension when probability of responding was measured in a discrete-trial, two-choice
task (DYKSTRA and APPEL, 1970, 1972).

In an attempt to delineate the extent to which the perceptual effects of various
drugs including LSD reflect changes in ability to discriminate stimuli (sensitivity) or
changes in some other aspect of the organism’s disposition to respond (criterion or
bias), the theory of signal detection (GREEN and SWETS, 1966) has recently been used
to analyze data obtained in a variety of discrimination situations (APPEL and Dyks-
TRA, 1977). In contrast to diverse compounds such as morphine, chlorpromazine, and
A47° tetrahydrocannabinol (THC), LSD has no effect on the ability of either rats or
pigeons to discriminate (detect): (1) differences between tones based on frequency
(pitch) or duration (DyksTrA and APPEL, 1974), (2) differences between visual stimuli
based on intensity (STRAUB and APPEL, 1975) or duration (ALTMAN et al., 1979), or
(3) the presence or absence of either pure tones or mild shock in a background of
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“white”” noise (HERNANDEZ and APPEL, 1979). However, at least some logically com-
plex, conditional visual discriminations may be more susceptible to disruption by
LSD than are simple unidimensional tasks (APPEL and DYKSTRA, 1977). In any case,
it is clear that LSD does not necessarily alter objectively defined measures of percep-
tion in animals, despite the consistency with which humans report that (subjective)
perceptual changes occur following ingestion of this compound (SANKAR, 1975).

IV. Tolerance and Related Phenomena
1. Tolerance

Tolerance to the behavioral effects of psychotomimetics develops rapidly in many
(e.g., FREEDMAN et al., 1964; BECKER et al., 1967, MAHLER and HUMOLLER, 1959;
McGowaN, 1976), but not all (. g., FREEDMAN and HALARIS, 1978; HAMILTON, 1960;
GILLETT, 1960), situations and is a function of pharmacologic variables such as dose
(FREEDMAN et al., 1964) and behavioral variables such as the empirical consequences
of altered rates of responding (MCGoOwAN, 1976).

2. Cross-Tolerance

In general, when tolerance occurs to one psychotomimetic (e. g., LSD) cross-tolerance
occurs to other psychotomimetics (e. g., psilocybin) in humans, rats, and birds (AB-
RAMSON et al., 1960; APPEL and FREEDMAN, 1968; McGOWAN, 1976); however, such
relationships have not been examined for all combinations of these pharmacologically
related agents and may depend critically upon dose.

While there is evidence that cross-tolerance between LSD and the serotonin pre-
cursor 5-HTP occurs, at least in the rat (CARTER and APPEL, 1978), the behavioral ef-
fects of LSD and other centrally acting CNS “excitants” such as D-amphetamine,
which are mediated by different mechanisms, do not show cross-tolerance (APPEL and
FREEDMAN, 1968).

3. Dependence

Psychotomimetics do not induce physical dependence in either humans or other ani-
mals, i. €., withdrawal symptoms do not occur when these drugs are witheld following
chronic administration (JAFFE, 1965). At least in nonhumans, psychotomimetics do
not induce psychological dependence, i.e., there is no evidence that animals will self-
administer these compounds (SCHUSTER and JOHANSON, 1974). We discuss psycholog-
ical dependence in humans elsewhere in this volume (see Chap. 6).

V. Stimulus Properties of Psychotomimetics

In all of the exeriments reviewed thus far, and in most of behavioral pharmacology,
the physiologic changes (states) induced by drugs have been analyzed indirectly, in
terms of the extent to which they disrupt ongoing activity. Drug states can also be an-
alyzed directly; that is, in terms of the discriminative, reinforcing and other stimulus
properties these states might have (THoMPsSON and PICKENS, 1971).
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1. Discriminative Stimulus Properties

Relatively low doses of LSD, mescaline, and related psychotomimetics have strong
discriminative stimulus properties (CAMERON and APPEL, 1973; GREENBERG et al.,
1975; HIRSCHHORN and WINTER, 1971; KunN et al., 1976, 1977; SCHECHTER and ROSE-
CRANS, 1972); i.e., animals readily learn to respond differentially on the basis of
whether or not a specific drug state or cue is present. For example, rats trained in a
two-choice situation, in which responses on one lever (left) are reinforced intermittent-
ly (with water) following i.p. injections of 0.08 mg/kg LSD while responses on the
other lever (right) are reinforced following saline, learn within 40 sessions (trials) to
respond on the lever appropriate to the substance received (GREENBERG et al., 1975).
When doses of the training compound other than the training dose are subsequently
administered during sessions in which no reinforcers are delivered, a generalization
gradient occurs that is similar to those obtained when other discriminative stimuli
(lights, tones, etc.) are used; as the difference between the test and the training stimulus
intensity (dose) increases, the proportion of “drug” responses (i.e., those reinforced
following drug administration during training) decreases (APPEL et al., 1978).

In general, there is relatively good generalization or cross-transfer between the dis-
criminative effects of LSD, mescaline, psilocybin, and quipazine (APPEL et al., 1978;
ApPEL and WHITE, 1978). In other words, an animal trained to respond in a particular
manner in the presence of one of these agents behaves in a similar manner when one
of the other drugs is given. Indeed, transfer studies have been useful in classifying
drugs since compounds within a given pharmacologic class appear to have similar dis-
criminative stimulus properties. However, amount of transfer is a function of dose
(OVERTON, 1971).

We have argued elsewhere that the drug discrimination procedure, because of its
sensitivity and specificity, promises to be very valuable to behavioral pharmacology
(KunN et al., 1976, 1977; AppEL et al., 1978). It has already helped several groups of
investigators elucidate the mechanism of action in vivo of diverse compounds includ-
ing psychotomimetics (APPEL et al., 1978). For example, drugs and other inter-
ventions that modify the functional activity of serotonergic neurons, also alter the
ability of rats to discriminate low doses of D-LSD (KUHN et al., 1978) and quipazine
(APPEL and WHITE, 1978; WHITE et al., 1977). Other transmitter agonists and antag-
onists do not have this effect. These results, which parallel those of drug-interaction
studies utilizing schedule-controlled behavior (see above) and studies involving the
stereo-specific binding of D-LSD in vitro (AGHAJANIAN et al., 1975; BENNETT and SNY-
DER, 1975, 1976; LoveLL and FREEDMAN, 1976), suggest that the behavioral effects of
LSD and quipazine are mediated by direct stimulation of (postsynaptic) 5-HT or hal-
lucinogen (LSD) receptors.

2. Reinforcing Properties

Even though most drugs that are self-administered by humans (e. g., opiates, amphet-
amines, barbiturates) are also self-administered by other animals (THOMPSON and
PICKENS, 1975), there is no evidence that psychotomimetics are self-administered (i. e.,
serve as positive reinforcers) by species other than man. Rather, LSD may have neg-
atively reinforcing properties, since rhesus monkeys respond in order to terminate
stimuli associated with the delivery of this compound (HOFFMEISTER, 1975; HOFF-
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MEISTER and WUTTKE, 1973). However, it should be noted that whether a given agent
is self-administered or avoided depends upon a large number of biochemical, physi-
ologic and behavioral parameters (GOLDBERG, 1976).

3. Unconditioned Stimulus Properties

It has been shown, in a series of experiments, that LSD is one of several psychoactive
compounds that can function effectively as a UCS (CAMERON and APPEL, 1972a,
1972b, 1976). That is, when a stimulus such as a light or tone is paried with i. p. in-
jection of LSD and is subsequently presented while a rat is pressing a bar under a VI
schedule of food reinforcement, response rate is significantly decreased. This finding
has been taken to indicate that LSD may be “aversive,” i.e., similar to stimuli such
as shock in the ESTES-SKINNER (1941) paradigm. However, this interpretation is open
to question in view of recent demonstrations that stimuli paired with the noncontin-
gent presentation of food (a seemingly nonaversive stimulus) may also decrease food-
maintained responding (e.g., POLING et al., 1977).

C. Summary and Conclusions

Many of the learned behaviors of nonhumans are affected by relatively low doses of
LSD and similar drugs. Within any given paradigm, the effects of these compounds
appear to be relatively consistent. However, both behavioral and pharmacologic
parameters can influence the magnitude and direction of drug effects. Thus, asking
“how do psychotomimetics affect behavior controlled by certain variables (e.g.,
positively reinforced behavior)?” is much like asking, “how fast do humans run?”’
The answer to each question depends upon a variety of factors; neither question
can be answered meaningfully in the abstract.

Beyond being sensitive to low doses, a behavioral procedure for evaluating drug
effects should show selectivity, i.e., not all compounds should produce the same ef-
fect. Ideally, drugs that are demonstrated to be similar in other assays (e. g., tests of
in vitro activity) should produce similar behavioral effects; drugs with dissimilar ef-
fects in other assays should not have the same effects on behavior.

Several behavioral procedures do demonstrate selective effects of LSD, mescaline,
psilocybin, and quipazine. For instance, these drugs have uniquely similar discrimina-
tive stimulus properties and share similar time-courses of action under certain avoid-
ance schedules. However, selective effects are not so readily demonstrated under some
other, commonly used behavioral procedures. For example, responding under a short
FR schedule of positive reinforcement may be decreased in dose-dependent fashion
by compounds with very different mechanisms of action, such as LSD, p-amphet-
amine, atropine, and ethanol. A more detailed analysis of drug effects and drug inter-
actions under such a procedure may, nonetheless, disclose selective effects; for in-
stance, the specific manner in which rates are reduced differ following treatment with
different combinations of 5-HT, DA, ACh agonists, and nonselective CNS de-
pressants.
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CHAPTER 4

Biochemical Pharmacology of Psychotomimetics

D.X. FrReepDMAN and W.O. BOGGAN

A. Introduction

The long and recently accelerated search for mechanisms of actions of drugs with psy-
chotomimetic effects has utilized a broad array of classic pharmacologic and structure
activity approaches (CERLETTI and DOEPFNER, 1958; HOFMANN, 1968), as well as quan-
titative structure activity relationships linked to molecular and submolecular proper-
ties (BARNETT, et al., 1978). Behavioral and psychopharmacologic studies in man
(HoLLISTER, 1968; FREEDMAN, 1968) and animal (APPEL, 1968; CAMERON and
APPEL, 1973; JacOBs et al., 1977) have appeared. Also utilized have been the tech-
niques of neurophysiology (BRAWLEY AND DUFFIELD, 1972; AGHAJANIAN and WANG,
1978; Jacops and TRULSON, 1979); and biochemical pharmacology (GIARMAN and
FREEDMAN, 1965; BRIMBLECOMBE, 1973; FREEDMAN and HALARIS, 1978) as applied to
CNS neurons. Central to this research has been a focus on D-lysergic acid diethylam-
ide (LSD) because of the specificity, high potency, and reliability with which the drug
produces a time-limited period of altered mental functioning. Approximately a bil-
lionth of a gram of LSD per gram of brain produces a 10-h state in which there is a
compelled enhanced attention to subjective experience, a vividness of perception and
affectivity (which is labile), and a diminished control over attention to environmental
input (to which there is an enhanced but variably sustained reactivity). The experience
is a fluid, multipotential one with underlying regularities (FREEDMAN, 1968), begin-
ning with vivid sensory and affective and perceptual changes and continuing to a
“postacute” phase that is marked by paranoid cognition and ideas of reference
(FrReeDMAN, 1968, BrRAwLEY and DUFFIELD, 1972). Interestingly, the misinter-
pretations of reality and heightened subjectivity after LSD are similar to those seen
in acute, florid, psychotic states (BOWERS and FREEDMAN, 1966), but not in chronic
schizophrenias. It is in contrast to the amnestic and confusional effects of cholinomi-
metic deliriants; the variable effects of amine precursors or synthesis inhibitors; the
very rare and uncertain psychotomimetic effects of single doses of stimulants in
nonaddicts; the neurologic and performance decrements of the dissociative anesthet-
ics such as phencyclidine; and the toxic confusional or affective states produced vari-
ably by a wide range of other drugs and hormones.

This review centers, then, on LSD, the drug which has received the most sustained
focus of experimental work. We will refer to the related indolealkylamine psychotomi-
metics and the phenylethylamine psychotomimetics (epitomized by mescaline), or the
methoxylated amphetamines (2,5-dimethoxy-4-methylamphetamine, DOM) primari-
ly as they help to bring into focus mechanisms which clarify our knowledge about
LSD or point to experimentally verifiable hypotheses that might elucidate the bio-
chemical mechanisms of action of this class of psychotomimetic effects.
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Candid assessment of over 30 years of extensive but rarely sustained and system-
atic studies of LSD reveals several problems:

1) The nonequivalency and nonselectivity of a vast range of often poorly under-
stood and unreplicated behavioral measures; 2) Studies in a wide range of species
(from invertebrates to goats and man) which provide an often uncertain basis upon
which inferences about drugs or subclasses of them are frequently based; 3) Failure
to note similarities and differences of receptors within the periphery and CNS or to
take species differences with regard to this into account; 4) Utilization of agonists and
antagonists [especially of serotonin (5-HT)] which are only partially characterized in
terms of their pharmacology and physiologic effects, and selected on the basis of vari-
ous reference systems (e.g., smooth muscles) (DYER and GANT, 1973; GREEN, 1978 a;
GADDUM, 1957; Costa, 1956) in order to deduce functional significance or character-
ize CNS receptor activities of LSD; 5) Imprecision in defining inferred or observed
receptor “stimulation”, e.g., effects on autoreceptors at the raphe soma versus effects
on autoreceptors at nerve endings, or whether postsynaptic effects, are in fact inhibi-
tory or facilitating; 6) The lack of systematic criteria for assessing “low” and “high”
doses in human and animal behavioral, electrophysiologic, or biochemical test sys-
tems; 7) The failure to utilize both threshold and maximal dosages to determine cor-
relations over time with sequence and duration effects; and 8) Lack of precise state-
ments as to what is sought in experiments.

Remedies to these problems should be apparent. For example a standard array of
drugs, of “R” and “S” isomers and equivalent dosages determined on reliable human
and animal behavioral, physiologic and receptor assays, might, if applied to brain
studies, clarify many of the ambiguities due to sporadic study and interpretation.

If there were a unique biologically measurable response that differentiated psy-
chotomimetics from all other drugs, the tracking of this might provide leads to ac-
countable brain functions and to clinically encountered disorders. But no single mo-
lecular, biochemical, receptor, neural, or behavioral event has yet been found to char-
acterize all psychedelic compounds. In fact there are real differences in the biochem-
ical FREEDMAN et al., 1970) and neural response to the structurally different classes
of drugs with similar mental effects (e.g., phenylethylamine and indole psychotomi-
metics). Effects of methoxylated amphetamines in single dosage are unclear (slightly
elevated 5-HT and 5-hydroxyindoleacetic acid (5-HIAA), levels that resemble findings
with higher doses of mescaline [FREEDMAN et al., 1970]), while depletion of 5-HT after
parachlorophenylalanine (PCPA) is reduced by mescaline and DOM (TONGE and
LEONARD, 1969; LEONARD and ANDEN et al., 1974). Within a single class, however,
LSD, its psychoactive congeners and related indoleamines (such as N-N,dimethyl-
tryptamine (DMT), psilocin, and psilocybin), show similarities and can be ranked by
potency at the serotonergic dorsal raphe neuron, by their greater sensitivity
at the raphe soma than at postsynaptic 5-HT membranes (AGHAJANIAN, this volume),
and by their effect on 5-HT metabolism (FREEDMAN et al., 1970). Differences among
the indole group are also noted in in vitro receptor binding affinities and in effects
on norepinephrine metabolism (STOLK et al., 1974).

Leads sought in the biotransformation of endogenous indoles or tetrohydrocarbo-
lines into psychotomimetically active substances (GIARMAN and FREEDMAN, 1965;
BRAWLEY and DUFFIELD, 1972) have not been sustained on further study. Thus while
methylated tryptamines (DMT, S5-methoxy-DMT, 5-methoxytryptamine) or phenyl-
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ethylamines have been identified in human tissue, the monoamines per se have not
been shown to be psychotomimetic. Furthermore, even though methylated indoles
with psychotomimetic potential (DommNo, 1975; KosLow, 1976) can be generated in
mammalian tissue, the data do not link these biotransformations uniquely to schizo-
phrenia (GILLIN et al., 1976) as the methylation hypothesis (BALDESSARINI et al., 1979)
predicted. While there has been interest in biotransformation of psychotomimetic
drugs as accounting for potency, e.g., HENDLEY and SNYDER (1971), or with respect
to diethyltryptamine (SzARrA et al., 1962), 6-hydroxylation in man has not been proven
accountable (ROSENBERG et al., 1963; SNYDER and RICHELSON, 1968), nor have metab-
olites of mescaline (N-acetylmescaline and 3,4,5-trimethoxyphenylacetic acid) yet
been linked with effects in man (CHARALAMPOUS et al., 1966) or animal (SMYTHIES et
al., 1967). The mechanisms by which N-N,dimethylation or O-methylation (DE MON-
TIGNY and AGHANJANIAN, 1977) of indoles can enhance potency of an indoleamine
have not been linked to endogenous metabolic events of clinical significance. All this
is not to deny that the duration and onset, as well as potency of some drugs would
not be influenced by biotransformations e.g., the in vivo conversion of psilocybin to
psilocin (HorITA, 1963).

Structural similarities between phenylethylamines, methoxylated amphetamines,
and LSD have been noted by NICHOLS et al. (1978). SHULGIN has noted that the more
potent psychotomimetic isomers are those with absolute “R” configuration at the
chiral center (ANDERSON et al., 1978), and these and other molecular properties, such
as electron-donating capacity or preferred ring formation formed by intramolecular
hydrogen binding (by which phenylethylamines might present to receptors as an in-
dole), have been used to predict potencies and receptor characteristics (e.g., KANG and
GREEN, 1970). The absolute configuration of optical isomers has indeed proved useful,
but predictions utilizing other quantitative parameters have been useful to only a
limited extent for some families of compounds. No general theory yet accounts for
the unique psychotomimetic property of all psychedelic drugs or receptor characteris-
tics (BRAWLEY and DUFFIELD, 1972).

The search, then, has been for leads, for signs of what components of central ner-
vous system function could be cogently followed to account for psychotomimetic ef-
fects, and especially a relatively specific pattern of them. Tryptaminergic (MARTIN and
SLOAN, 1977), adrenergic, dopaminergic, histaminergic (GREEN et al., 1978 b), and se-
rotonergic systems have been implicated. Without doubt, serotonergic systems —
whatever measures are used — seem most readily to yield evidence of effects of LSD-
linked psychotomimetics. But whether one or several of these or other systems is nec-
essary and sufficient for the initiation of effects, or for enhancing or inhibiting the
potency and intensity of all or different components of effects is unclear.

B. Effects in Man

Obviously required are clear, replicated, reliable, and nonanecdotal observations of
the essential components and sequence of psychotomimetic effects in man. Here the
extensive studies of, and experience with, effects of LSD in man provide some solid
framework for deductions as to mechanisms. However, since the relevant pharmaco-
logic parameters and essential psychopharmacologic effects were not apparent until
late in the course of human and animal studies (when human studies were con-
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strained), clearly reliably and replicable cataloguing, quantification, and comparison
of effects of the range of relevant drugs in man are still needed if correlational work
is to be donse. SHULGIN et al., (1969) have attempted comparative potency estimations
across drugs and expressed these as “mescaline units.” However, many of the
methoxylated amphetamines are known either by anecdotal account or have not been
tested for replication by various laboratories. Also needed are unambiguous and clari-
fying studies concerning antagonists in man; thus, suppression or dampening of LSD
effects by dopamine-blocking agents is yet to be distinguished from prevention of ef-
fects.

With these ambiguities in view, it is useful to note that the initiation of a train of
effects (“trip”’) following LSD must be accounted for. What can be said is that neither
the initiation nor the subsequent unfolding effects can be attributed to intermediate
metabolites of LSD (NIWAGUCHI et al., 1974). Effects begin within a minute or two
following intrathecal injection in man. Brain concentrations of drug peak early in the
time course after injection, are always about 1,000-fold less than the plasma (ROSE-
CRANS et al., 1967), and correlate with the onset of behavioral effects of rat (FREEDMAN
and BoGGaN, 1974). Within the brain, the drug is preferentially concentrated in op-
tical and limbic areas (and pineal) of the rat (FREEDMAN and COQUET, 1965) and mon-
key (SNYDER and REIVICH, 1966). A residual drug binding is noted in selective brain
areas (D1aB et al., 1971) and the choroid with autoradiographic study. While radio-
active LSD in minute amounts can be identified in brain 12 or more hours after in-
jection, systematic correlations with either biochemical or behavioral effects at these
extended time intervals are lacking. Clearance from the brain regularly follows the
plasma half-life of LSD which marks the termination of acute behavioral effects
(about 45 min to a behavioral threshold dose in rat, and between 3 and 4 h in man
[AGHAJANIAN and BING, 1964]). Half-life is dose dependent (larger doses slightly ex-
tend it) and species specific (rapid in mouse and slower in cat and monkey). This must
be considered when comparing dose and effect across species.

In assessing the relevance of animal data to human mental effects, several criteria
should be noted. There is first a threshold dose (between 25 and 50 ug) necessary for
the psychedelic sequence to be triggered; once triggered, effects thereafter “unfold”
(linked to drug clearance). Secondly, a concomitant mydriasis is necessary for the trig-
gering of the sequence of psychotomimetic events; this is a dose-dependent response
in both magnitude and duration of the effect (see FREEDMAN, 1961 b). Third, tolerance
to both the mental effects and mydriasis occurs, appears to be complete after several
daily doses, and is lost after 4 days (ISEBELL et al., 1959 a, b; FREEDMAN, 1961 b); in
unpublished studies, a degree of acute tolerance was observed (e.g., total duration of
the effect is not additive [FREEDMAN, 1968]). Fourth, with appropriate dosage regi-
mens, there is a cross tolerance with psilocybin and mescaline (APPEL and FREEDMAN,
1968), as well as with DMT (KovAcic and DoMiNo, 1976), but not with delta-9-tet-
rahydrocannabinol (4°THC) or amphetamine (BALESTRIERI and FONTANARI, 1959; Is-
BELL et al., 1964). Fifth, several pretreatments with 2-bromo-lysergic acid (BOL) (Is-
BELL et al., 1959b) can attenuate the intensity and, probably, the duration of the LSD
response. The potency of BOL in high dosage to produce some psychotomimetic ef-
fect has been argued (GREEN et al., 1978 a, b), but a clear-cut psychedelic sequence,
rather than other subjective effects, is simply not apparent (BERTINO et al., 1959;
SCHNECKLOTH et al., 1957). It is not clear whether BOL blocks or attenuates through
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cross tolerance (CLARK and BLiss, 1957; ISBELL et al., 1959 b; BALESTRIERT and FoN-
TANARI, 1959; MURPHREE et al., 1958; ABRAMSON et al., 1958). As has been noted, the
issue of blockade and prevention, rather than dampening of LSD effects by neurolep-
tics and benzodiazepines, simply requires precise clinical investigation (CLARK and
BLiss, 1957; IsBeLL and LoGAN, 1957). Sixth, reserpine pretreatment (ISBELL and
LoGAN, 1957), even 48-72 h before LSD (FREEDMAN, 1961b) enhances and prolongs
the LSD response in man. On the other hand, chronic, but not acute pretreatment with
monoamine oxidase inhibitors has been reported (RESNICK et al., 1964) and noted anec-
dotally to significantly dampen the LSD effect (whether this is due to a “pan-mono-
aminergic” subsensitivity has never has been investigated). Finally, the “TV show in
the head” — the acute phase in man — correlates with the plasma half-life of LSD,
about 4 h for a dose of 1 pg/kg (AGHAJANIAN and BING, 1964), while a discernibly al-
tered state (and failure of pupil size to return to normal) continues for a subsequent
4-6 h. These seven characteristics should therefore be accounted for in deducing the
array of neurobiological substrates of animal study that may be relevant to the psy-
chedelic drugs.

Keeping in mind the temporal and dosage regimen factors and problems of repli-
cability and reliability of different reported effects, we will review recent developments
in the search for accountable mechanisms, summarizing previous data and highlight-
ing more recent work. In overview, the solid and compelling leads have long linked
LSD and congeners to central neural and biochemical mechanisms that regulate S-HT
and, to a lesser extent, catecholamines. The effects on norepinephrine (NE) and do-
pamine (DA) systems and their interactions with adenylate cyclase have been more
recently studied (although not at all comprehensively). Perhaps the most extensive re-
cent work has been on the stereospecific, high-affinity binding of *H-LSD and its in-
teractions with *H-DA or *H-5-HT sites and putative dopamine and catecholamine
antagonists. Long- and short-term effects on the regulation of the turnover of 5-HT
and catechols that may be related to tolerance (possibly to any long-term behavioral
aftereffects of LSD) have also been noted. Subcellular investigations with LSD point
to the identification in nerve ending mechanisms of endogenous 5-HT carrier systems
(FreeDMAN and HaLARIS, 1978; HALARIS and FREEDMAN, 1977) or substances (TAMIR
et al., 1976; MEHL and GUIARD, 1978; MEHL et al., 1977) regulating the binding and
release (HERY et al., 1979) of monoamines. The identification of a nonpsychotomi-
metic ergoline, lisuride, with potent 5-HT and DA agonist effects poses theoretical
problems about the distinctiveness of the LSD effects on biochemical measures (PIERT
et al., 1978 b). Finally, new information is generated by the hitherto rare availability
of coupled behavioral, electrophysiologic and biochemical measures in the same or-
ganism (TRULSON and JACOBs, 1979b).

C. 5-HT and LSD

GADDUM (1953) and WOOLLEY and SHAW, (1954) modeled the effects of LSD on its
antagonism of peripheral 5-HT systems; agonistic effects at low dosages and antago-
nistic effects at higher dosages of LSD were later cited (GADDUM, 1957). Since then,
three lines of evidence implicate LSD in CNS mechanisms regulating 5-HT. One set
comprises effects on 5-HT levels and compartmentalization (FREEDMAN, 1961a;
SCHANBERG and GIARMAN, 1962); turnover (ROSECRANS ¢t al., 1967; Diaz et al., 1968;
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ANDEN et al., 1968; ANDEN et al., 1971); synthesis (LIN et al., 1969; SCHUBERT et al.,
1970; SHIELDS and ECCLESTON, 1973); inhibition of nerve ending stimulated release
(see HERY et al., 1979); and retention of 5-HT taken up by brain slices (ZIEGLER et al.,
1973). Secondly, reduction of rat brain 5-HT levels by synthesis inhibition, raphe le-
sion, or reserpine (APPEL and FREEDMAN, 1964; APPEL et al., 1970a, b) causes a strik-
ing reduction (three- or four fold) in the threshold dose of LSD required for behavior-
al effects. The third is the highly sensitive agonistic effect of LSD on the raphe soma
and mixed effects on 5-HT innervated postsynaptic membranes (AGHAJANIAN et al.,
1975; bE MONTIGNY and AGHAJANIAN, 1977).

Generally, the biochemical effects of LSD will be found to entail events at the
nerve terminal, both unique intrasynaptosomal compartmental effects and effects on
the nerve ending membrane. LSD induces inhibition of 5-HT release and retention of
5-HT which is contingent on active, not passive, local membrane processes. LSD also
produces an inaccessibility of 5-HT to MAO without directly inhibiting the enzyme
(CoLLins et al., 1970). Slowed conversion of tryptophan to 5-HT could be due to LSD
as a “false transmitter” at postsynaptic membranes, acting via neural feedback loops,
or via local pre- and postsynaptic mechanisms. A presynaptic effect which does not
involve a direct effect of LSD on the soluble tryptophan hydroxylase seems probable
(HaMoN et al., 1976; BOURGOIN et al., 1977), whereas a positive feedback process in-
duced by methiothepin (a neuroleptic and 5-HT antagonist that induces synaptic re-
lease of 5-HT and increased synthesis) can act via the hydroxylase and be blocked by
LSD. The positive feedback mechanism is present in neonatal rats; but the negative
feedback on conversion of tryptophan to 5-HT after LSD is not, even though 5-HT
effects occur (BOURGOIN et al., 1977). The “signals” regulating these nerve terminal
interactions require further dissection and definition. In brief, there are several events
which distinctively characterize the effect of LSD and bring a focus on presynaptic,
i.e., nerve terminal, events (FREEDMAN, 1961 a; FREEDMAN and HALARIS, 1978; HERY
et al., 1979). It is therefore useful to focus on different periods in order to clarify the
sequence of events after LSD.

1. The First 60 Min

To summarize the effects of LSD as “slowing the turnover of 5-HT” obscures events
and mechanisms evident during a close examination of the first 60 min following a be-
haviorally active dose of LSD. Our laboratory, beginning with rope-climbing behav-
ior and later with positively reinforced operant schedules in the rat (FREEDMAN et al.,
1958; AppEL and FREEDMAN, 1965), could meet the criteria for a threshold dose, tol-
erance to both the sympathomimetic and behavioral effects in the rat with similar time
parameters as those observed in man, and the same array of cross-tolerance effects
(APPEL and FREEDMAN, 1968). Thus temporal parameters are established for an acute
phase of effects in the rat, with which biochemical changes and clearance of drug are
correlated with grossly observable and quantifiable behavioral changes (piloerection,
EEG alerting, hind limb ataxia, abrupt cessation of bar pressing) (FREEDMAN and
GIARMAN, 1963). Following the behaviorally active dose in the rat (and other species
[FREEDMAN and GIARMAN, 1962]), a 12%—20% increase in whole brain 5-HT and simi-
lar percentage decrease in 5S-HIAA are observed (ROSECRANS et al., 1967; DIAzZ et al.,
1968). The effects are stereospecific; nonpsychoactive congeners did not induce it
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(FREEDMAN, 1961 a, b; 1963; FREEDMAN et al., 1970). The peak fall in 5-HIAA occurs
first (30 min after 520 pg/kgi.p.) and the peak rise in 5-HT at 45 min, correlating with
both the termination of acute behavioral effects and the clearance of the drug to its
half-life value. With lower doses, the peak effect on 5-HT occurs earlier, with higher
or cumulative doses, later. There is, however, a ceiling (about 100 mpg/gm) on the in-
crease in 5-HT (FREEDMAN, 1961 a, b). This increase in confined largely to the particu-
late fraction after 100,000 x g spin (FREEDMAN, 1961 a, b; SCHANBERG and GIARMAN,
1962). For example, doses of LSD as low as 130 pg/kg at 30 min increase P, 5-HT
by 37%; 45 min after 520 pg/kg the increase is 95%; with osmotic disruption of nerve
ending fractions (HALARIS et al., 1972; HALARIS and FREEDMAN, 1977), the increase
in 5-HT is almost entirely in the vesicular subfraction (an increase of 50% or more).

This particulate increment is dependent on newly synthesized 5-HT since it does
not appear after inhibition of tryptophan hydroxylase or the decarboxylase, or during
the period of negative feedback inhibition induced by the reuptake blockade with
chlorimipramine (HALARIS et al., 1973; FREEDMAN and HALARIS, 1978). Nevertheless,
whole brain 5-HIAA still drops early in the time course. Thus, a dissociation of the
5-HT and 5-HIAA events is evident. The increase of 5-HT and fall of 5-HIAA is ap-
parent after reserpine, even when 5-HIAA levels are markedly elevated. Thus a brief
period of inaccessibility of 5-HT to MAO in the absence of inhibition (COLLINS et al.,
1970; FREEDMAN et al., 1970) is an early effect of LSD.

Other events during the first 60 min are catecholamine changes (small decreases
in NE and tyrosine, and with large doses, a small increase in DA at about 60 min
[SMITH et al., 1975]). There is an increase in brain tryptophan (and concomitantly of
plasma corticosterone) which peaks at 60 min (FREEDMAN and BOoGGAN, 1974). Both
the brain tryptophan and plasma steroid effects are abolished with adrenalectomy and
to a very great extent after hypophysectomy (HALARIS et al., 1975), procedures that
do not influence the increase of 5-HT and decrease in 5-HIAA. The slowed in vivo
conversion of labeled tryptophan to 5-HT begins as early as 21 min after drug admin-
istration (SHIELDS and ECCLESTON, 1973) and probably earlier (FREEDMAN and BoG-
GAN, 1974), but it is sustained up to 2 or more hours, as are the onset and duration
of measures of reduced turnover (ANDEN et al., 1968; ANDEN et al., 1971; Diaz et al.,
1968). Obviously, simply a “slowed-down’ turnover does not describe key events.

II. Beyond 60 Min

Analysis of events from 60 to 120 min (FREEDMAN and HALARIS, 1978) shows that the
decline of 5-HT toward baseline after 45 min is paralleled by a further decline in 5-
HIAA. This may possibly reflect an “equilibrium phase” of slowed-down synthesis in
which utilization of 5-HT (contingent on nonrelease) is also diminished. The 5-HIAA
curve for the feedback period of decreased synthesis induced by chlorimipramine
(CMI) is similar to this second phase 5-HT-5-HIAA effect of LSD (HALARISs et al.,
1973). Interestingly, the brief and early first 30-min increase in 5-HT produced by
CMI does not occur in the nerve ending or vesicular fraction (FREEDMAN and HALARTS,
unpublished data; HALARIS and FREEDMAN, 1977). If this later, sustained second phase
of reduced turnover is produced by negative feedback, it is still unclear if LSD is acting
as an agonist (and where), and how and where the early slowed conversion of tryp-
tophan to 5-HT is signaled.
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Finally, the effects on 5-HT and 5-HIAA appear to be independent of the direct
effect of LSD in inhibiting firing in the raphe soma, since after raphe lesions both 5-
HT and 5-HIAA effects were still found in the forebrain (FREEDMAN and HALARIS,
1978). Thus, the early 5S-HT and 5-HIAA effects of LSD can be dissociated, but also
appear to be nerve terminal events, relatively independent of drug effect on the soma.

The strongest evidence and possible focus on mediating mechanisms for these ef-
fects comes from data showing that the release of 5-HT from electrically or K *-stim-
ulated striatal slices (CHASE et al., 1967; HAMON et al., 1974; BOURGOIN et al., 1977)
is inhibited by LSD. The drug also inhibits the uptake of *H-5-HT into brain slices
as well as enhances the retention of intraventricularly applied *H-5-HT (ZIEGLER et
al., 1973). This latter effect can be abolished by depolarization with ouabain. Further,
when the efflux of labeled 5-HT and metabolites is measured in ventricular fluid, there
is a retention of 5-HT after LSD, but not after CMI. Perhaps the most elegant evi-
dence comes from the use of a push/pull cannula in the head of the caudate nucleus
with a release of *H-5-HT continuously synthesized from labeled tryptophan; this lo-
cal superfusion technique highlights events at the nerve ending terminal. Thus with
local depolarization of 5-HT terminals with KCl or batrachotoxin, a release of *H-
5-HT is seen, and the potassium-evoked release was markedly reduced by LSD (HErY
et al., 1979).

Both the effects of LSD in slices or in vivo appear to depend on an active mem-
brane phenomenon; LSD could not prevent release in vivo in the absence of depolar-
izing stimuli. These effects possibly involve calcium and other ion channels (HERY et
al., 1979), and such membrane effects have been adduced with electrophysiologic
studies as well (MARRAZZI and HUANG, 1979). It should be noted that the observation
by MARCHBANKS (1966; 1967) of substantial inhibition by LSD of 5-HT synaptosomal
uptake at 4 °C (a) was nonstereospecific, and (b) could not be replicated when effect
were examined at 37 °C (FREEDMAN and HALARIS, 1978).

III. LSD-5-HT Summary

Thus, the four unique effects of LSD on the nerve ending are 1) to inhibit release; 2)
to cause an early inaccessibility of intrasynaptosomal 5-HT to MAO; 3) to produce
a subsequent retention of newly synthesized 5-HT which is normally stored in reser-
pine-sensitive vesicles; and 4) to create a later period of sustained, retarded synthesis
and turnover and utilization of 5-HT. When vesicular storage is impaired, there is still
retention (binding?) in the soluble juxtavesicular compartment leading to the sharp
early drop in 5-HIAA. This juxtavesicular retention after LSD can be seen even 15
days after reserpine treatment. It is speculated that this compartment may contain a
“carrier” for 5-HT, moving the amine to a vesicle, to terminal membrane, or to
mitochondrial MAO. Whether the initial event is at the terminal membrane or at the
carrier site, or both, there is somehow a negative feedback which is drug or amine in-
duced and which leads to longer term effects on synthesis. TAMIR et al. (1976) char-
acterized a soluble nerve ending substance capable of binding serotonin, probably an
actinlike molecule; however, its drug interaction characteristics are not in accordance
with those required from biochemical studies of LSD. On the other side of the coin,
MEHL and colleagues (1977, 1978) have reported substances in human cerebrospinal
fluid that are capable of displacing LSD from high-affinity binding sites in neuronal
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membranes. These substances are heat stable, of low molecular weight (500), and
anionic at pH 7.4. The continued search for binding and displacing substances or re-
lated materials is clearly suggested.

While LSD clearly has electrophysiologic effects on postsynaptic and presynaptic
serotonergic neurons, biochemical and membrane effects at the nerve terminal appear
to be at least semi-independent of the action potential generated at the raphe. Inter-
ference by LSD with normal traffic of 5-HT may lead to less amine available to post-
synaptic elements, leaving the drug free to bind to these receptors and to exert its char-
acteristic combined agonistic and antagonistic postsynaptic effects at 5-HT and re-
lated acceptor sites. LSD appears very early in its course of action to initiate a se-
quence of feedback effects that extend beyond the first 60 min that will require focus.
Whether the biophysical effects of LSD on nerve terminals, on the raphe soma, and
on postsynaptic membranes are identical, is not known.

D. Other Psychotomimetics

An elevation of 5-HT and decrease of 5S-HIAA also occurs early in the time course
of psilocybin, psilocin, and DMT, but not with behaviorally active doses of mescaline
or DOM (FREeDMAN et al., 1970). This is in contrast to the reports of TONGE and
LEONARD (1969) that the LSD pattern on 5-HT and 5-HIAA occurred with all psy-
chotomimetics (including cholinolytics), an effect we could not replicate even using
the same strain of rats (FREEDMAN and HALARIS, 1978). It is not as yet clear whether
the unique retention of 5-HT in the vesicular subfraction occurs with all related in-
doleamine psychotomimetics. We do observe marked and significant increases in the
P, fraction prior to osmotic disruption with doses of LSD as low as 130 pg/kg at
20 min (37%), an increase of 95% after 520 pg/kg. At 45 min after 50 mg/kg DMT,
the increase is 46%; after 25 mg/kg psilocybin, 90%; and after 2 mg/kg BOL, 23%.
Yet, after L-LSD and after 50 mg/kg mescaline at 60 min (or CMI), there is no signif-
icant effect (FREEDMAN, HALARIS and DEMET, unpublished data).

With respect to mescaline, the data show that low doses, very early in the time
course, may slightly elevate 5-HT and decrease 5-HIAA. This is evident also for doses
of DOM at 1 mg/kg (FREEDMAN et al., 1970). Interestingly, both inhibit only a subset
of dorsal raphe cells and stimulate others. For both drugs, 5S-HT and 5-HIAA in-
creases are clearly evident with behaviorally active doses. After the first, but not the
second, dose of DOM in the cat, a slight elevation of 5-HT was noted, and the con-
version of labeled tryptophan to 5-HT in brain slices of such LSD pretreated cats was
increased (WALLACH et al., 1972). Yet ANDEN et al. (1974) found slowed turnover after
DOM - but not mescaline — while TONGE and LEONARD (1969) found slowed turnover
for both. These issues with respect to mescaline and DOM need to be clarified, espe-
cially since possible 5-HT links of mescaline are argued by GEYER et al. (1978) and
WINTERS (1971).

It is curious that compounds such as amphetamine, which become psychotomi-
metic in chronic dosage, differ from LSD, which tends to show tolerance with chronic
dosage. Although MCLEAN and MCCARTNEY (1961) noted that with increasing and
toxic doses of amphetamine, effects on levels of 5-HT and NE resemble those de-
scribed for LSD (FREEDMAN, 1961b), TRULSON and JAcoBs (1977) have shown a
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“serotonin hallucinogenic syndrome” and markedly lowered levels of 5-HT and
slowed turnover after chronic amphetamine treatment in the cat.

In summary, the paucity of replicated, time-linked studies of amine levels and
compartmental events, as well as direct in vivo studies of release or inhibition of re-
lease and of 5-HT synthesis and utilization studies is striking as one searches for the
data on mescaline and methoxylated amphetamines. Further, study of the release and
synthesis and compartmental effects of the indolealkylamine psychotomimetics, and
of drugs such as 5-methoxy-N,N-dimethyltryptamine (utilized in electrophysiologic
studies) is largely lacking. Thus, filling these gaps in information would advance our
grasp of the field far more than a search of scattered smooth muscle receptors. The
precise need is for CNS studies which would allow us to piece together a plausible gen-
eral 5-HT “story” for the range of psychedelic compounds.

E. LSD and Catecholamines

The lines of evidence implicating noradrenergic and dopaminergic systems in the ac-
tion of LSD derive from both behavioral and biochemical studies. Behavioral studies
show that after lesions the characteristic DA agonist circling behavior is induced by
LSD and psychotomimetic congeners (PIERI et al., 1978 a; TRULSON et al., 1977b), but
not by BOL. Tolerance, however, is not observed with this system. Indeed what is
clear is that characteristic DA-mediated stereotypes do not occur with LSD.

After a-methyltyrosine (AMPT) pretreatment, the excitatory effects of LSD in
rabbit are diminished and restored with L-Dopa plus a peripheral decarboxylase in-
hibitor; the LSD-induced pyrexia is not affected (HORITA and HAMILTON, 1969, 1973).
In rats, locomotor excitement and hyperthermia are similarly dissociated (BAPNA et
al., 1973), but others have not found a striking action of AMPT modifying LSD ef-
fects (APPEL et al., 1970 b; SUGRUE, 1969). No effects are found in mice (BAPNA et al.,
1973; MENON et al., 1977).

Turning to biochemistry most studies replicate the slight decrease in NE originally
observed after LSD in rat (FREEDMAN, 1961 b; 1963; BARCHAS and FREEDMAN, 1963).
In the early phase — the first 60 min — there is thus a fall in NE and brain tyrosine
(SmiTH et al., 1975; TONGE and LEONARD, 1971) and, at 60 min, an increase in DA
levels. Generally, doses of 0.5mg/kg or higher are required for these DA increases
SmitH et al., 1975; Pier1et al., 1978b). An unexplained fall of DA levels in the early time
period (30 min) was noted in 12 rats (DI1AZ et al., 1968), whereas SMITH et al. (1975),
with 1.040 pg/kg, observed a dose-dependent elevation at 30 min. At later time inter-
vals, elevations are not found, e.g., 3.5 h in rats (DAPRADA et al., 1975) or mice
(MEeNON et al., 1977).

If we focus on NE metabolism, data not only on levels, but also on turnover
(StToLK et al., 1974) clearly indicate increased release and utilization. BURKI et al.
(1978) recently demonstrated both a dose and time-dependent increase in brain stem
MOPEG-SOy,, an effect appearing at 60 min (with an ED,,,, of 0.5 mg/kg [noted al-
so by PierI et al., 1978b]) and continuing, after a 10 mg/kg dose (!), to peak at 2 h
and to diminish by 8 h. In the vas deferens, the electrically stimulated release of label-
led NE and concomitant reduction in smooth muscle response was inhibited by LSD,
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apparently by interaction with presynaptic a-adrenoreceptors (HUGHES, 1973). Direct
in vivo studies of release in brain show similar effects of DOM and amphetamine on
in vivo release, and/or blocking of reuptake (VRBANAC et al., 1975), but for LSD we
must rely on the turnover studies and measures of substrate and metabolites.

In general, those psychotomimetics that are milder or less potent psychedelic
agents than LSD appear to have an even greater and more direct effect than LSD on
the synthesis and utilization of NE (STOLK et al., 1974). The pattern of altered NE me-
tabolites after psychotomimetics shows no common mechanism within or across the
indole and phenylethylamine groups. Mescaline initially enhances intracellular catab-
olism of NE, but in subsequent hours there is a significant increase in O-methylated
metabolites; amphetamine similarly shows increases in O-methylated metabolites, as
does psilocybin. Both have potent and long-enduring effects (up to 6 h [STOLK et al.,
1974)). The sharp fall in NE levels and marked and enduring shift in metabolite pat-
tern after psilocybin raises an unexplored question of an uptake blockade effect in NE
terminals. HENDLEY and SNYDER (1971) note a potent normetanephrine reuptake
blockade effect for DOM. Unfortunately, comparative data among all related drugs
in scarce.

More experimental attention has been focused on DA metabolism. Effects on
levels have been noted. With radioactive tyrosine in synthesis studies, the results are
not in accord; STOLK et al. (1974) found no significant change in *H-DA (after
1.300 pg/kg at 1 h), and PErssoN (1970) reported enhanced formation of *H-DA, but
only in the caudate (after 2 mg/kg at 30 min). PERSSON (1978) has focused on studies
of Dopa accumulation after decarboxylase inhibition as a measure of synthesis and
reports increases in the cerebral cortex, striatum, and brain stem, but not in the olfac-
tory bulb of rats. KEHR and SPECKENBACH (1978) note a forebrain accumulation. The
increase in DA synthesis appears to be dose dependent (50 pg/kg—5 mg/kg) and to
correlate in time with the effects of LSD on amine concentration (SMITH et al., 1975).
This measure of synthesis, however, does not afford a uniform theory of hallucinogen-
esis, since BOL also increases Dopa accumulation. These effects are characteristic of
DA antagonists.

PERSSON and JOHANNSON (1978) attempted to discern if the increased synthesis was
contingent on the dorsal or median raphe. Only a combined lesion blocked the LSD
effect, but close inspection of the data reveals a trend for the dorsal raphe lesion to
reduce the LSD response. 5-HT synthesis inhibitors did not affect it. The dorsal raphe
nuclei (B), as GEYER et al. (1978) note, contain much more DA than the median, so
that drug effects at DA receptors at B, might have affected striatal Dopa accumula-
tion. However, the persisting effect of BOL (with its strong DA antagonist effects) af-
ter a lesion of B, throws some doubt on these interaction hypotheses. The lack of ef-
fect of synthesis inhibitors and the lesions do not identify 5-HT systems or the raphe
as the “signal” for Dopa accumulation.

Effects of LSD on DA utilization were estimated by the measurement of metab-
olites or the rate of decline of DA after pretreatment with a-methyltyrosine. With the
latter method, no effect of LSD was noted (PERsSON, 1978; ANDEN et al., 1972) in
whole brain when LSD was given 2—4 h before death, and MENON et al. (1977) saw
no effect on turnover at these time intervals in mice. PERSSON found no effect in
striatum, and only a 7% effect in the tel-diencephalon was noted at 135 min after LSD
— a time when most acute events have subsided (DAPRADA et al., 1975).
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Table 1. Biochemical effects of LSD on DA Systems®

LSD Synthesis  Decline HVA DOPAC DA Release
ng/kg (ampt)
IMT Perfusion

Less than 90 min
<200 1 14045 17 18

200-500 1 04! 17
> 500 1204° 041 13 1e7 18 I
Equal to or greater than 90 min
<200 N

200_500 17 OAIO,I l9 l6,7
> 500 04! 04 |° 16 1°
2 04=No change ® BURKI et al. (1978)
! PERSSON (1978) 7 PERSSON (1977)
2 PERSSON (1970) 8 KEeHRr (1977)
3 StoLk et al. (1974) DA PraDA et al. (1975)
4 Prkr1 et al. (1978) 10" ANDEN et al. (1972)
5 KELLER et al. (1978) 1 MEeNoON et al. (1977)

With measures of homovanillic acid (HVA) concentrations in rat brain, a dose-
and time-dependence is apparent. Again, if one focuses on the effects within the first
60 min there is but one report (PIER], et al., 1978 b) showing a decrease (20%) in HVA
(in whole brain), whereas the same laboratory (KELLER et al., 1978) shows slight, but
not significant increases after 100 pg/kg and marked increases in HVA after 1,000 pg/
kg in cortex, limbic, and striatal regions. Yet the only direct release measure (from the
perfused head of the caudate) indicates a depressed DA release for 3 h (DAPRADA et
al., 1975).

DOPAC concentration was reduced in rat brain striatum at doses of LSD below
1 mg/kg and, at higher doses (10 mg/kg), increases were observed at 1 h, returning to
normal by 4 h. In contrast, PERSSON (1977a) finds rat striatal DOPAC values in-
creased at all doses of LSD — from 50 pg/kg to 4 mg/kg, and this in the first and early
phase of LSD effects (at 30 min). A low dose of LSD, 50 pg/kg, given 65 and 35 min
before death, decreased 3-methoxytryptamine while a ten-fold increase in dosage in-
creased it. These disparate measures of utilization in general do not strongly implicate
an agonistic effect of LSD, “turning down” DA synthesis and utilization. A dose ef-
fect and time course study of effects with all metabolites would appear, in any event,
to be important if further systematic work is to be undertaken (Table 1).

While DA antagonistic effects are implicated in the results with Dopa accumula-
tion (and with the bulk of metabolite findings), examination of LSD effects in pertur-
bed systems, i.e., in animals with either reserpine, cerebral hemisection, or inhibition
of impulse flow, shows that LSD acts as an agonist in that it blocks or attenuates the
enhanced Dopa accumulation caused by these pretreatments (PERSSON, 1977 a, b). In
other words LSD acts to slow synthesis, much as the receptor agonist apomorphine.
KEeHR and SPECKENBACH (1978) adduced similar data in the forebrain following axo-
tomy of the ascending monoaminergic tract. The only clear-cut “announcement” of
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a measure that directly reflects DA agonism in a nonperturbed system are the highly
potent effects of LSD on prolactin levels (MELTZER, et al., 1977), which involve pitu-
itary receptors. It is therefore of interest that the structural similarity of LSD to the
DA agonist, apomorphine, has been argued (NICHOLS, 1976).

Thus (perhaps with the varying data and clearly with the “perturbed systems”),
it is evident that mixed agonist and antagonistic properties of LSD are characteristic
and, as PERSSON (1977 a, b) notes, BOL generally is a pure antagonist. To account for
these properties CHRISTOPH et al., (1978) postulate a conformational shift in the DA
receptor regulated by the availability of agonist or antagonist receptor sites: a prior
occupation of antagonist sites would cause LSD to act as an agonist, while prior oc-
cupation of agonist sites would cause the drug to look like an antagonist. KEHR and
SPECKENBACH (1978) similarly suggest that the amount of occupancy of the receptor
by DA determines which state will be manifest. In the nonperturbed system, DA is
available at agonist sites, and therefore LSD would likely produce effects character-
istic of antagonists. In the perturbed system, with diminished DA at receptors, LSD
has ready access to these sites and appears as an agonist. Strikingly, however, the only
data available in man show that 48 h after reserpine pretreatment a putative antago-
nist effect of LSD may have induced the instances of oculogyric crises in three of ten
chronically schizophrenic women (FREEDMAN, 1961b).

LSD appears to have actions both on cell bodies (electrophysiologic data) and
nerve ending events (rotational models, effects on synthesis in perturbed systems —
during lack of impulse flow — or stimulation of DA-sensitive adenylate cyclase). Per-
haps a varied neurochemical picture dependent on both time and dose is inevitable;
the reactive and “sensitizing” effects to noxious input noted by AGHAJANIAN for LSD
at the locus coeruleus may add further variability. Within short time intervals, primary
biochemical actions of LSD would appear, and secondary effects might occur after
longer time intervals. Similarly, low doses might produce more selective effects than
higher doses. However these data are to be reconciled, it is clear that systematic, fine-
grained time and dose studies are needed, and the data with catecholamines are far
more complicated to interpret, lacking sufficient direct studies in in vivo and in vitro
release, etc., than is the case with 5-HT.

F. Lisuride and LSD

AGHAJANIAN et al. (1975) proposed that psychedelic agents such as LSD produce their
psychological effects via inhibition of raphe firing. The fact that lisuride, a nonhallu-
cinogen ergoline structurally related to LSD, produces a more powerful suppression
of raphe unit spontaneous firing than does LSD calls into question this hypothesis.
It also suggests that a comparison of the commonalities and differences in the action
of these two compounds may provide a lever for dissecting component mechanisms.

Clinical reports of lisuride indicate a state of enhanced anxiety or fear. Interest-
ingly, similar effects have been noted for piperoxane and yohimbine. LSD can also en-
hance vigilance and “fear”’; however, after LSD these states alternate and coincide
with euphoria, a “pleasant-unpleasant” effect accompanied by emotional lability
(FREEDMAN, 1968). It may therefore be fruitful to systematically compare these com-
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pounds. Furthermore, since an agonist such as clonidine can inhibit the piperoxane
effect, it may be a useful tool for dissecting these similar and overlapping mechanisms.

LSD and lisuride (which is more potent and long lasting) induce a haloperidol-an-
tagonizable contralateral turning in chemically lesioned rats (PIEri et al., 1978 a) and
antagonize reserpine-induced motor depression (HOROWSKI and WACHTEL, 1976) and
hypothermia (KEHR, 1977). In the normal animal dose-dependent stereotypy (an ag-
onist effect seen with apomorphine) occurs with lisuride but not with LSD (Horow-
K1, 1978).

In terms of monoaminergic effects, both lisuride and LSD increase 5-HT and DA
in brain, and decrease concentrations of NE and 5-HIAA (Pieri et al., 1978 b; KELLER
et al., 1978; KeHRr, 1977), as well as decrease the formation of 5-HTP KEHR and
SPECKENBACH, 1978). Lisuride, but not LSD, antagonizes methiothepin-induced
acceleration of 5-HT Turnover as measured by 5-HIAA (Pieri et al., 1978b). Unlike
LSD, lisuride does not affect brain levels of tryptophan and tyrosine. Its effects on
release and subcellular compartmentation of amines have not been directly examined.

In marked contrast to LSD, lisuride decreases Dopa accumulation in both whole
brain and in DA-rich regions with doses of 0.1 and 0.3 mg/kg, but not at 1.0 mg/kg.
However, in the NE-rich neocortex, 0.3 mg/kg and 1 mg/kg lisuride greatly increase
dopa formation. An increase in utilization, as well as in NE synthesis after lisuride is
suggested by an accelerated disappearance of NE after AMPT and by the elevations
of MOPEG-SO,, (PiEr], et al., 1978b).

DA disappearance after AMPT (KEHR, 1977) is retarded, unlike LSD (where little
if any effect is seen). KELLER et al. (1978) show that 60 min after 100 pg/kg, lisuride,
but not LSD, markedly reduces HVA concentrations in the cortex, limbic forebrain,
and striatum; LSD tends to elevate HVA at the 100 pug/kg dose and markedly so after
1 mg/kg, whereas lisuride markedly decreases HVA at both low and high doses. In
perturbed systems (after axotomy or reserpine) in which there is a decreased impulse
flow leading to increased synthesis, both LSD and lisuride diminsh the increase (as
do DA agonists), and the effects of both are antagonized by haloperidol.

LSD stimulation of NE, DA, and 5-HT-sensitive adenylate cyclase (e.g., VON
HUNGEN et al., 1974; 1975; SpaNo et al., 1975) is known, but no stimulating effects
have been reported for lisuride. Both lisuride (ICso=1.2x 10”7 M) and LSD (IC5, =
1 x 1073 M) inhibit DA-stimulated formation of cyclic AMP in rat striatal homogen-
ates. Also, in limbic slices, the NE-stimulated cyclic AMP formation was inhibited by
lisuride (IC5o=8 x 10"8 M) and LSD (IC5,=3x 10~ M) (KELLER et al., 1978).

In brief, the drugs have both quantitative and qualitative differences and simi-
larities. The longer-lasting, more potent lisuride appears to be a direct and powerful
DA agonist and does not appear to act via DA, NE, or 5-HT-sensitive adenylate
cyclase on which LSD has both agonist and antagonist properties. One might expect
that lisuride would be the more potent psychotomimetic if DA and/or NE systems
were of some importance in producing these drug effects.

It is thus curious that LSD, which has long been noted to induce an excitatory and
sympathomimetic syndrome, as well as a 5-HT syndrome (Jacors and TRULSON
1979), is far more complex and less potent in known dopamine-mediated behaviors
than lisuride. Perhaps long-term changes in amine regulatory systems, receptors, or
the unique interactive combination of physiologic and biochemical events set in mo-
tion by LSD account for the differences in these two compounds.
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G. Tolerance, Blockade, and Enhancement of LSD Effects

Demonstration of tolerance is critically dependent upon appropriate measures and
carefully controlled dosage and time intervals. For example, short-term tolerance oc-
curs with LSD (130 pg/kg) given at hourly intervals (FREEDMAN and AGHAJANIAN,
1959) as well as after daily doses, but dosage of about 520 pg/kg can abscure the ef-
fects and restore the initial response. In rat, sympathomimetic effects, EEG alerting
and hind limb ataxia showed tolerance; centrally mediated parasympathomimetic ef-
fects (salivation and bradycardia, lasting 90 min or more) do not (FREEDMAN et al.,
1958). It was frequently noted that tolerance to behavioral effects in rat simply is not
evident where noxious reinforcement is entailed, such as escape behavior (APPEL and
FREEDMAN, 1968; HAMILTON, 1960).

A decrement in the magnitude and duration not only of physiologic and behavior-
al, but also biochemical response with several doses of LSD is evident both in
measures of 5-HT metabolism in the first 60 min (a diminished magnitude of the 5-
HIAA decrement and a shift to the left of the 5-HT peak) and a diminution of both
the 60 min tryptophan increase and plasma corticosterone increase (FREEDMAN and
BoGGAN, 1974; HALARIS et al., 1975). Similarly, the acute changes in catecholamine
concentrations noted by SMITH et al. (1975) show tolerance. Of greater interest are
long-term changes in the regulatory processes governing 5-HT and NE metabolism.
These have been measured hours after the 60-min acute phase in long-term (14-30
days) low-dosage regimens. Thus 24 h after the last of 14 days of low dosage LSD,
NE turnover is increased (PETERS, 1974 a). PETERS and TANG (1977) report that 14 days
of LSD (100 pg/kg) produce a significant decrease in NE content of the cortex and
an increase in tyrosine hydroxylase activity measured 24 h after the last treatment;
complex interaction between placebo effects, body weight, and the LSD action with
respect to NE is described. D1az and HUTTUNEN (1971) show an increase in 5-HT
turnover 18 h after the last of 28 multiple doses (20 pg/kg). The question is, after one
or several episodes of reduced turnover, when do compensatory changes begin and
how they are mediated?

It is clear that the effects of LSD in inhibiting the raphe are not modified by any
pretreatment or drug interaction (with the exception of the direct iontophoresis of
glutamate, which still leaves the effect of 5-HT untouched) BRAMWELL and GOYNE,
1976). Since tolerance and antagonism at the raphe cannot be noted (TRULSON and
Jacoss, 1979¢), since the behavioral effects in cat long outlast raphe effects (TRULSON
and Jacoss, 1979b), and since dosages necessary for behavioral effects (FREEDMAN
and HALARIS, 1978) are (as noted below) far greater than maximal concentrations nec-
essary for high affinity binding of LSD, we must conceive of processes beyond the ini-
tiation of the LSD effect that are set into motion along with the initial changes. The
noted cross tolerances have provoked a search for common receptor sites or mediating
processes. Since tolerance is apparently not contingent on drug uptake and clearance
(WINTERS, 1971), changes among the component aminergic systems, which have long
been thought to modulate intensity if not component patterns of LSD effects (FREED-
MAN and GIARMAN, 1963), may be sought.

It is difficult to parcel out either the role of specifically involved systems or their

link to specific components of the LSD effect. Some dissociation of effects (pretreat-
ment with AMPT in rabbit) involves L-Dopa. Both raphe lesions and raphe stimula-
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tion induce enhancement to startle (e. g., DAvIS and SHEARD, 1974), and thus the role
of serotonergic systems in enhancing “sensitization” remains to be clarified. At the
cellular level, Kandel’s group (KLEIN and KANDEL, 1978; BRUNELLL, et al., 1976) show
an effect in Aplysia in which sensitization and reactivity to input are enhanced; i.e.,
prolonged enhancement in the behavioral response to one stimulus results from an-
other — typically a noxious or novel one. A prolonged increase in 5-HT release from
presynaptic terminals of sensory neurons was implicated in this sensitization, which
essentially facilitates transmission between sensory and motor neurons. Facilitating
and sensitizing effects of LSD on motor neurons have already been discusses (AGHA-
JANIAN, this volume); however, it remains to be demonstrated that these are operative
in other sensory systems.

LSD “dehabituates” perception; the usual becomes novel. Diminished “barriers”
and enhanced arousal, i.e. sensitization, are important components requiring neuro-
biologic analysis. Serotonin mechanisms affecting arousal have been suggested in
mammals (BOWERS, 1975). These questions are fundamental to the flashbacks, afteref-
fects, and persisting loss of perceptual constancies seen with LSD (FREEDMAN, 1968).

Pretreatment regimens (PCPA, raphe lesion, reserpine) that markedly lower the
thereshold dosage of LSD (and enhance its effects) may increase or decrease actual
brain levels of the drug (FREEDMAN and HALARIS, unpublished data; FREEDMAN, et al.,
1964); variations in drug plasma levels delivering drugs to critical receptors may pos-
sibly be accountable. Pretreatment effects on turnover rates or receptor sensitivity
may also be involved. In any event, sensitivity to LSD after 5-HT depletion is appar-
ent as long as 12 days after brief treatment with PCPA (APPEL et al., 1970) and with
no more than a 15% depletion of the amine after a single dose of reserpine (APPEL
and FREEDMAN, 1964). As reviewed below, no clear-cut receptor or binding finding un-
equivocally accounts for these events or tolerance.

Studies of MAO inhibitors and LSD in animals would be needed to elucidate the
modulating effect of chronic MAO inhibition noted in man. With respect to antago-
nism in rat, a dose of 30 pg/kg chlorpromazine (CPZ) can block 130 pg/kg LSD on
operant tasks (Ray and MARRAZZI, 1961; ApPEL and FREEDMAN, 1964); higher doses
of CPZ produce effects of their own. MARRAZZI and HUANG (1979) argue from mem-
brane parameters (spike generation, polarization, transmembrane conduction, and
IPSPs) that 5-HT, LSD, and CPZ are qualitatively identical, but quantitatively differ-
ent; thus the weakest competitive antagonist — CPZ — can substitute for one with a
stronger action and thus block LSD, whereas larger doses of CPZ and LSD are cu-
mulative. It would be important to note whether these dosage interactions would in
fact prevent the total sequence of LSD effects. To date, only tolerance dosage regimes
appear to be so effective and even then, sensitivity to noxious input, or to amphetami-
ne (VAUPEL et al., 1978) may be enhanced in the tolerant animal. The area obviously
awaits focused study.

H. Adenylate Cyclase

The use of both receptor binding and adenylate cyclase (AC) as a functionally relevant
receptor system has received increasing attention and as such various systems have
been sought to model potential events in the brain. MANSOUR and colleagues (1960)
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demonstrated that 103 M LSD or 1077 M 5-HT activated the cyclase in liver fluke
and this was followed by a demonstration (BEERNINK et al., 1963) that there was a
correlation of muscular contractions of the fluke with hallucinogenic potency.
Utilization of this model for studies of receptor interactions and AC systems has
continued (NORTHUP and MANSOUR, 1978).

Perhaps the best model system, in terms of relevant concentrations and inter-
actions, has been studied by NATHANSON and GREENGARD (1974) using the thoracic
ganglia of the cockroach, in which the cyclase is specifically activated by 5-HT and
selectively inhibited by extremely low concentrations of LSD and BOL. Inhibitory
constant of LSD was 5 nM similar to the dissociation constant (K,) of LSD in stereo-
specific binding studies. The range of inhibitory interactions and potencies is in accord
with estimated concentrations of LSD in human brain and with the noted 5-HT-LSD
interactions in peripheral smooth muscle (COTTRELL, 1970) or molluscan ganglia
(GERSCHENFELD, 1971).

The most direct and current searches are for 5-HT-sensitive enzymes in cell-free
preparations in mammalian nervous system and for NE- or DA-activated enzymes af-
fected by very low concentrations of LSD. Micromolar concentrations have, however,
generally been required. BOL and LSD, in cell free preparations from rat brain re-
gions, blocked maximal stimulation of AC by NE or DA (Von HUNGEN et al., 1974;
1975). A stereospecific effect of LSD at 10 uM in blocking DA activation was seen
in the striatum, and LSD stimulation of the cyclase was observed and blocked not on-
ly by BOL, but also by DA blockers. Against a uniform view of psychotomimetic
mechanisms, such studies (DAPRADA et al, 1975) show no effect of mescaline, DMT,
psilocin, or bufotenin. Nevertheless, LSD is differentiated from its antagonists and
nonpsychoactive congeners, and there is antagonism between BOL and LSD. LSD,
in contrast to BOL, is an agonist as well as antagonist at the striatal receptors
(BOCKAERT et al, 1976). This group, using a punch technique in striatum to correlate
the spatial localization of enzymes and transmitters, finds topographic correspon-
dence of DA high affinity uptake, endogenous levels, and the DA-activated cyclase
(10~* M) in which LSD competitively inhibits (and activates).

There have been recent demonstrations of a postsynaptic 5-HT-sensitive cyclase
(ENJALBERT et al, 1978) in the colliculus of neonate rats, stimulated by LSD, in which
the 5-HT stimulation is blocked by the drug at higher concentrations (BOURGOIN et
al., 1977). AHN and MAKMAN (1979), studying AC of anterior limbic cortex and audi-
tory cortex from monkeys, describe an enzyme stimulated by LSD (EC;5,=0.43 pM)
and mescaline (EC;y=4.5 pM). The frontal cortex, caudata, and retina were not stim-
ulated, but LSD could block DA stimulation in all regions. This is the first demonstra-
tion that LSD and mescaline may have a common CNS receptor action and the first
demonstration of mescaline stimulation. The study suggests the importance of both
species differences and regional specificities.

The data with respect to the effects of LSD on other adenylate cyclase systems are
minimal. LSD inhibits (1.6 x 10”7 M) isoproterenol-activated cyclase in cerebral
cortex homogenates, but does not stimulate. Nor inhibit DOLPHIN et al. (1978) the
enzyme by itself. BURKI et al. (1978) have indicated that LSD inhibits binding at
a-adrenoreceptors (IC5,=0.2uM) with much less effect at p-adrenoreceptors
(IC5o=2.0 pM). Both LSD and BOL are competitive antagonists at the H, receptor
linked to AC in the hippocampus and cortes (GREEN et al., 1978a, b).
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While adenylate cyclase linked receptors do not describe all the relevant receptor
sites for LSD (GREEN et al., 1978a, b) and the action of the range of psychotomimetics
in cell free preparations is not as satisfying, there is a growing framework in which
AC receptor characteristics, tritiated binding characteristics, and functional effects
can be quantitatively compared. The issue still is to relate the effects of LSD at these
sites to possible indications of sites and mechanisms related to cross tolerance, block-
ing, and enhancement of the effects of LSD in man.

1. Stereospecific Binding

The search for 35 years has been for acceptor substances with which both LSD and
5-HT interact. There are studies of LSD binding to an indole-containing moiety of
myelin and of proteolipid or protein components derived from nerve endings (CARNE-
GIE, 1972; Fiszer and DEROBERTIS, 1969; MEHL and WEBER, 1974), as well as the sol-
uble 5-HT binding protein which, however, does not show LSD binding (TAMIR et
al., 1976). Since stereospecific *H-LSD high affinity binding was established (BENNETT
and AGHAJANIAN, 1974; BENNETT and SNYDER, 1975; LovELL and FREEDMAN, 1976;
BENNETT and SNYDER, 1976), a large number of studies reporting in vitro LSD or *H-
5-HT binding to brain tissues have appeared. LSD binding at DA sites (BURT et al.,
1976a, b) (as well as NE) has been established. The fact that *H-5-HT had a 100-times-
greater affinity or *H-5-HT than for *H-LSD sites, however, threw doubt on the iden-
tity of the two acceptor sites and the lack of correlation of binding, and displacement
characteristics with psychotomimetic potency or antagonism of 5-HT, DA, or LSD
at SH-LSD sites was noted (FREEDMAN and HALARIs, 1978).

The in vitro, as well as in vivo, LSD binding assays operate at concentrations too
low to be accountable for most of the observed functional effects with the possible ex-
ception of effects on the raphe. For example, the raphe are inhibited by 10-20 pg/kg
LSD, whereas biochemical and behavioral effects require doses generally from 40—
100 pg/kg (ROSECRANS et al., 1967), about the same value can be calculated from a
recent in vivo study (KRAUCHI et al., 1978) after 300 ug/kg LSD. Yet, in an in vivo
study (KraucHI et al., 1978), the displaceable binding sites were saturated after doses
as low as 10 pg/kg LSD. The in vivo binding occurs at brain concentrations compa-
rable to those of in vitro binding. Receptors are fully saturated at 17 pmol/gm of tis-
sue, which corresponds to the 15 nM in the in vitro assay, assuming homogeneous dis-
tribution of LSD. This is the concentration which saturates the LSD displaceable
binding sites in the in vitro assay.

Physiologic signifitance — a correlation between functional and binding potencies
— is desirable in validating binding assays (KOSTERLITZ and WATERFIELD, 1975; SEE-
MAN et al., 1975). Using the data of BENNETT and SNYDER (1975) and mescaline units
as a measure of potency in man (BRAWLEY and DUFFIELD, 1972), P. Muller has at-
tempted such correlations for us. However, the correlation of 1/1Cs, is much less than
convincing (Table 2). Particularly required are binding data with highly potent LSD
congeners such as acetyl lysergic acid diethylamide (CERLETTI and DOEPFNER, 1958).
A poor correlation, in part, is due to the high potency of some of the antagonists in
the binding assay. A difference is drug kinetics (such as those implicated in discrepan-
cies in correlating analgesic effect and binding potency) could also contribute.
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Table 2. Displacement of hallucinogens and derivatives from LSD in vitro binding sites. Com-
parison with hallucinogenic potency®

Drug BENNETT and SNYDER’S BRAWLEY
and DUFFIELD’s
*H-LSD-ICs, 1/ICs, Mescaline units
nm Mescaline=1
Br-LDS 7 14x107! 0
d-LSD 8 13x1071 3,700
d-Lysergic acid monoethylamide 20 50x1072 370
methysergide 100 1072 0
psilocin 1,000 1073 31
5-methoxy-dimethyltryptamine 1,000 1073 31
dimethyltryptamine 2,000 50x 1074 4
2,5-dimethoxy-4-methylamphetamine 8,000 1.3x107° 80
2,5-dimethoxyamphetamine 8,000 13x107# 8
6-trimethoxyamphetamine 30,000 35x107° 10
2-trimethoxyamphetamine 60,000 1.7x1073 17
4-trimethoxyamphetamine 90,000 1L1x1073 4

2 IC,, is a concentration of hallucinogen displacing half the displaceable LSD binding. Hallu-
cinogenic potency of various drugs in man is expressed as multiples of mescaline units. Mescaline
unit was defined by SHULGIN et al. (1961) and SHULGIN (1963) as a ratio of effective mescaline
dose/dose effective dose of the compared drug

An alternative approach in validating radioligand receptor assays is to investigate
changes in binding after in vivo treatments which produce known physiologic or func-
tional receptor changes. This strategy has been applied in postmortem investigations
of Huntington’s chorea (ENNA, et al., 1976; CHIU et al., 1974; MULLER and SEEMAN,
1977, SEEMAN et al. 1978; OWEN et al., 1978, WASTEK et al., 1976). Recently, BENNETT
et al. (1979) noted a fall in *H-LSD binding in the frontal cortex of schizophrenics,
but no changes in 5-HT or other neurotransmitter binding; it is uncertain as to
whether pretreatment with phenothiazines may not have induced a spectrum of target
tissue changes. This has been noted (THESLEFF, 1974), as have changes in more than
one receptor system (BANERJEE et al., 1977; MULLER and SEEMAN, 1977). Most ob-
servers report no changes in LSD binding following injection of 5,7-dihydroxytrypta-
mine or after raphe lesions. However, 5-HT depletion following daily treatment with
reserpine or PCA for 1 or 2 weeks of treatment reportedly produced a rise in LSD
binding in certain brain areas (BENNETT and SNYDER, 1976). What is required, however
(since these treatments may have changed target tissues), is to account for the fourfold
lowered threshold dosages of LSD days after a single dose of reserpine or PCPA (as
previously noted herein). With prolonged treatment, in any event, structural brain
changes might make it difficult to standardize results in terms of wet weight of the tis-
sue, or the tissues’ protein content. TRULSON and JACOBS (1979a) reported a small re-
duction in the number of LSD siles in the brain following tolerance dosages. The
potential LSD residue in the brains following treatment was not reported, and it is
unclear how many separate membrane preparations were needed to establish the
Scatchard analysis; a sufficient number of independent determinations on different
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brain samples is required. Nevertheless, these are interesting possibilities if sufficient
specificity and correlations continue to be established.

LoveLL and FREEDMAN (1976) noted that an identity of 5-HT and LSD binding
sites, or even an exclusivity of postsynaptic binding sites, could not be supported. Nev-
ertheless, a close relationship in all binding studies between 5-HT and LSD sites is
clear (FILLION et al., 1978). It is clear that LSD interacts directly with several neuro-
transmitters, if not a site of its own. Thus, while dopamine is a weak displacer of *H-
LSD, LSD strongly displaces *H-DA. Neuroleptics, especially methiothepin, can dis-
place *H-LSD. The data show that LSD can bind with high affinity and with high
steric preference to haloperidol, as well as apomorphine binding sites, to a- and f-ad-
renergic sites, as well H, sites. WHITAKER and SEEMAN (1978), utilizing the principle
employed by TITLER et al. (1977), have attempted to produce conditions in which the
LSD-5-HT interaction could be studied more selectively. They used phentolamine to
prevent binding to a-adrenergic sites, and spiperone and apomorphine to block
dopaminergic sites, and they succeeded in reducing the LSD displaceable binding from
1100 fmol/mg protein to 300 fmol/mg protein in the refined assay. The results are
clearly dissimilar from the previous LSD binding assays, since both LSD and serotonin
were more potent (ICs, for 5-HT was 35nM, compared to 200-2000 in previous
studies). Furthermore, chlorpromazine and (+) butaclamol retained high potency in
this refined system. Recently, WHITAKER and SEEMAN (1979) added phentolamine, 5-
HT, and spiperone to the LSD binding assay to study apomorphine-binding sites. This
“finetuning” of binding assays for preselected binding properties may make possible
different estimates of specificity and potency of the drug with amines.

Regional differences appear to be important as binding studies proceed. LSD, *H-
spiperone, and 5-HT all bind well in both striatum and cortex in both in vivo and in
vitro assays (LADURON et al., 1978; BENNETT and SNYDER, 1975; KrRAUCHI et al., 1978).
The three ligands do not bind to identical receptors. PEROUTKA and SNYDER (1979)
now describe two 5-HT receptors (using spiperone) rather than a single one. Thus, a
5-HT, receptor is sensitive to tryptamine analogues of 5-HT as well as to LSD, but
relatively insensitive to the presence of neuroleptics. In the frontal cortex, the 5-HT,
receptor is sensitive to LSD and its analogues, as well as to serotonin antagonists (cy-
proheptidine, mianserine, and cinanserine) and less sensitive to tryptamine analogues
of 5-HT. Thus, when spiperone blocks the binding of LSD to 5-HT, sites in the cortex,
the subsequent binding profile will be closer to that of the 5-HT, site. Conversely,
blocking 5-HT, receptors with serotonin converts the LSD binding closer to 5-HT,
profile (PEROUTKA and SNYDER, 1979). Whether these refinements will bring into high
focus the critical receptor interactions awaits further studies, but quantitative preci-
sion appears increasingly possible.

J. Conclusion

It is preposterous but clear that LSD is required to trigger and sustain the sequence
of LSD effects (FREEDMAN and HALARTS, 1978). Since the drug concentrations in brain
peak early, many of the unfolding effects over time could probably be related to the
drug as it is retained and clears from the various affected membranes. Obviously,
many elements are involved in the LSD experience, including the drug itself and the



Biochemical Pharmacology of Psychotomimetics 77

pharmacodynamics associated with it, its interaction with various neurotransmitter
systems, and the interactions of these systems themselves. Therefore, it seems unlikely
that a simple inhibition—disinhibition theory of psychedelic effects can be sustained
(FrReeDMAN and HALARTS, 1978), but if so should be most relevant at the lowest brain
concentrations (When postsynaptic effects are less apt to seen [AGHAJANIAN et al.,
1975]), i.e., at the farthest time point in the LSD experience.

It is not as yet clear what precise biochemical or physiologic changes are necessary
to enhance or diminish the LSD effect. However, enhanced sensitivity and reactivity
to the environment (ELKES et al., 1954; BRADLEY and ELKEs, 1957) and various differ-
ent phenomena of sensitization and dehabituation should yield to neurobiologic
study. While the psychobiology of the complex of events affecting attentional control
and interpretation of reality may prove formidable to pharmacologic analysis, PUR-
PURA long ago adduced dimensions requiring further research, i.e., low dose LSD en-
hancing sensory systems and SIMULTANEOUSLY inhibiting the responsiveness of various
cortical systems (PURPURA, 1956a, b). The vulnerability of the LSD-treated human
and animal to overreact to noxious stimuli and where possible, to disregard reality de-
mands in favor of attending to “private experience,” may well be clarified with atten-
tion to sensitization, facilitative, and “reactivity” effects at the neural level. With
neurophysiologic studies coupled with behavioral and well-established biochemical
and pharmacological definitions, and with attention to longer-term compensatory re-
sponses of monoaminergic systems, it appears possible to delineate the basis for some
of the components of this multifaceted state. The systematic use of an array of drugs
and analyses even at the molecular and membrane level, are necessary and possible,
and with the use of active and inactive isomers at the appropriate points, we should
expect a better grasp of the role of monoaminergic systems, as well as, hopefully, the
specificities which underlie the common effects of the array of psychedelic drugs.
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CHAPTER 5

Neurophysiologic Properties of Psychotomimetics

G.K. AGHAJANIAN

A. Introduction

In recent years, physiologic studies on psychotomimetic drugs (e.g., psychedelics,
stimulants, and deliriants) have focused increasingly upon actions at the single neuron
level. This trend has been fostered by the mapping of a number of neuronal systems
in the central nervous system according to neurotransmitter content. Of prime impor-
tance to investigations on psychedelic and stimulant drugs has been the mapping of
monoaminergic neurons in the brain by the formaldehyde-condensation histochemi-
cal method of FALCK and HiLLARP (DAHLSTROM and FUXE, 1965). By means of this
and related methods it has been possible to identify the location of the cell bodies, ax-
ons, and terminal fields of the major monoaminergic pathways (i.e., noradrenergic,
dopaminergic, and serotonergic). Similarly, the mapping of central cholinergic path-
ways has been crucial to investigating the actions of the antimuscarinic drugs, which
produce a state of delirium.

This emerging histochemical knowledge has had an inevitable impact on physio-
logic approaches to the investigation of psychotomimetic drugs. Many psychotomi-
metic drugs are closely related in chemical structure to known neurotransmitters in
the brain (e.g., the monoamines or acetylcholine). This review will place emphasis on
single-cell recording studies dealing with the actions of psychotomimetic drugs on
chemically related, histochemically identified neuronal systems. Wherever possible an
effort will be made to establish correlations between the single-cell studies and rele-
vant biochemical and behavioral data. The more general physiologic actions of psy-
chotomimetic drugs have been reviewed by BRAWLEY and DUFFIELD (1972).

As defined above, the scope of this review is limited by the fact that several psy-
chotomimetic drugs (e.g., the tetrahydrocannabinols and phencyclidine) have no ob-
vious chemical relationship to any known neurotransmitters. On the other hand, ma-
jor sections will be devoted to the indoleamine and phenethylamine group of psy-
chedelic drugs and the stimulant drugs; these drugs are chemically related to the
monoamines and have been studied extensively within histochemically identified
monoaminergic systems. The delirium-inducing anticholinergic (antimuscarinic)
drugs also will be considered since their actions have been studied within identified
central cholinergic pathways by single-cell recording techniques.

B. Psychotomimetic Drugs and Related Neurotransmitters
I. Psychedelics

The psychedelic class includes D-lysergic acid diethylamide (LSD), the O- and N-
methylated indoleamines, mescaline, the methoxyamphetamines, and several mari-
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juana derivatives (e.g., 4°-tetrahydrocannabinol). These drugs, which are sometimes
referred to as “hallucinogens,” produce an altered state of perception, cognition, and
affect without inducing the profound confusion and disorientation which are typical
of a “toxic” or “organic” psychosis. It has been proposed that the psychedelic state
represents an appropriate model for incipient phases of certain acute psychosis but
not for chronic stages of schizophrenia (Bowers and FREEDMAN, 1966).

On a single-cell level, LSD and the simple indoleamine hallucinogens will be dis-
cussed together as they appear to have many actions in common. Mescaline and the
methoxyamphetamines will be considered separately as they differ from the indole-
amine group in many of their cellular actions despite their similar overall effects on
behavior. A similar analysis of the sites of action of the tetrahydrocannabinols is not
possible since these compounds have not been linked as yet to any specific neurotrans-
mitter systems.

1. LSD and the Simple Indoleamines
a) Background

Partly because of its structural similarity to the endogenous indoleamine serotonin (5-
hydroxytryptamine; 5-HT), it has been thought that LSD might act upon 5-HT recep-
tors in the CNS (GADDUM, 1953; WOOLLEY and SHAW, 1954; FREEDMAN, 1961). More
recently, it has been found by single-cell recording and microiontophoretic techniques
that there are at least three types of central 5-HT receptors in the mammalian brain:
inhibitory postsynaptic, facilitatory postsynaptic, and autoreceptors (AGHAJANIAN et
al., 1975; AGHAJANIAN and WANG, 1978; McCALL and AGHAJANIAN, 1979). The ac-
tions of hallucinogenic drugs at each type of 5-HT receptor will be reviewed.

b) Actions at Autoreceptors and Inhibitory Postsynaptic Receptors

The first direct evidence for an effect of LSD on the physiologic activity of a histo-
chemically identified neuronal system came with the demonstration that small intra-
venous doses of LSD inhibit the firing of 5-HT neurons in the raphe nuclei of rats
(AGHAJANIAN et al., 1968; AGHAJANIAN et al., 1970). Initially, it was suggested that
LSD might inhibit 5-HT neurons through a negative feedback circuit by acting as an
agonist on postsynaptic neurons (AGHAJANIAN et al., 1968; ANDEN et al., 1968). How-
ever, subsequent studies have shown that LSD has a powerful direct inhibitory action
upon 5-HT neurons in the raphe when applied by microiontophoresis (AGHAJANIAN
etal., 1972; BRAMWELL and GONYE, 1976). Moreover, the inhibition of 5-HT neurons
by LSD is more pronounced than its inhibitory effect upon neurons receiving an iden-
tified serotonergic input in several visual and limbic areas (HAIGLER and AGHAJANIAN,
1974 a; DEMONTIGNY and AGHAJANIAN, 1977). In contrast, 5-HT itself shows no such
preferential activity. The 2-bromo derivative of LSD, which has minimal hallucino-
genic effects, also fails to show such preferential action (AGHAJANIAN, 1976). By inhib-
iting 5-HT neurons directly, LSD could release postsynaptic neurons from a tonic in-
hibitory 5-HT influence; such a release or disinhibition might account for the sensory,
cognitive, and other disturbances caused by LSD. The finding of increased activity of
some neurons in the lateral geniculate nucleus, amygdala, and other areas after low
doses of LSD is consistent with this idea (MoURIZ-GARCIA et al., 1969; GUILBAUD et
al., 1973; Horn and McKay, 1973; HAIGLER and AGHAJANIAN, 1974 a).
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Three simple indoleamine hallucinogenic drugs, psilocin (4-hydroxy-N,N-di-
methyltryptamine), DMT (N,N-dimethyltryptamine), and 5-methoxy-N, N-dimethyl-
tryptamine also have a preferential inhibitory action upon 5-HT neurons as compared
to postsynaptic neurons in the lateral geniculate (ventral nucleus) and amygdala
(AGHAJANIAN and HAIGLER, 1975; DEMONTIGNY and AGHAJANIAN, 1977). On the
other hand, there is only a slight difference between the pre- und postsynaptic actions
of bufotenine (5-hydroxy-N,N-dimethyltryptamine). In general, these results parallel
the known hallucinogenic (or psychotogenic) actions of these compounds. Except for
LSD and some of its congeners, psilocin is the most potent of the indoleamine hallu-
cinogens that have been tested in human subjects (WOLBACH et al., 1962). The effects
of another powerful indoleamine hallucinogen, psilocybin (4-phosphoryl-N,N-di-
methyltryptamine) are most probably mediated through its rapid metabolic conver-
sion to psilocin (HoriTA, 1963). The physiologic effects of DMT are similar to those
of LSD and psilocin except for its lesser potency (SzARA, 1956; ROSENBERG et al.,
1964). On the other hand, even high doses of bufotenine have little hallucinogenic ac-
tion (FABING and HAWKINS, 1956; TURNER and MERLIS, 1959). Perhaps part of the
reason for bufotenine’s low hallucinogenic activity is the fact that is penetrates the
brain poorly (SANDERS and BUsH, 1967). It is also possible that bufotenine has low ac-
tivity as an hallucinogen because it differentiates less well between pre- and postsyn-
aptic serotonergic sites than do psilicin, DMT, and 5-methoxy-N,N-dimethyltrypta-
mine.

In general, these results are compatible with the hypothesis that LSD and the
simple indoleamine hallucinogens could produce their hallucinogenic effects by acting
preferentially upon 5-HT autoreceptors on or near the soma 5-HT neurons in the
raphe nuclei. Two possible physiologic functions can be suggested for 5-HT autore-
ceptors. The autoreceptors could mediate the effects of 5-HT axon collaterals (or den-
drodendritic junctions) within or between the various raphe nuclei. Recently, direct
physiologic evidence for recurrent or collateral inhibition has been provided by stud-
ies in which the major ascending 5-HT pathway was activated antidromically during
the recording of 5-HT cells which originate in the raphe (WANG and AGHAJANIAN,
1977, 1978). Another possible function of 5-HT autoreceptors is suggested by the find-
ing that LSD blocks 5-HT release from isolated brain slices (CHASE et al., 1967; FAR-
NEBO and HAMBERGER, 1971; HaMON et al., 1974). Thus, the autoreceptors that are
sensitive to LSD may be involved in a local negative feedback regulation of 5-HT re-
lease from serotonergic terminals.

Figure 1 summarizes the differential actions of indoleamine hallucinogens at au-
toreceptors and postsynaptic inhibitory 5-HT receptors.

c) Actions at Facilitatory Postsynaptic 5-HT Receptors

Motoneurons of the brain and spinal cord receive a dense 5-HT input (DAHLSTROM
and FUxg, 1965). Recently, it has been found that excitation of facial and other mo-
toneurons by various means (e.g., stimulation of motor cortex, iontophoresis of gluta-
mate) is markedly facilitated by 5-HT (MCCALL and AGHAJANIAN, 1979). By itself 5-
HT has no excitatory action on the normally quiescent motoneurons. The facilitatory
action of 5-HT is characterized by a long latency of onset and persistence for extended
periods beyond the cessation of iontophoresis. The interpretation of this data for fa-
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Fig. 1. A hypothetical circuit diagram of the differential localization of 5-HT autoreceptors R,
and inhibitory (—) postsynaptic 5-HT receptors R,. 5-HT autoreceptorts are shown in relation
to inhibitory 5-HT axon collaterals within the raphe nuclei; postsynaptic 5-HT receptors are
shown in relation to postsynaptic neurons in limbic and 2° visual areas

cial motoneurons is simplified by the fact that there are no interneurons within the
facial nerve nucleus itself. Thus, 5-HT presumably facilitates through an action on
synaptic inputs or on the motoneuron itself. The classic 5-HT antagonists (e.g., meth-
ysergide and cyproheptadine), which are not consistently or selectively eftective at in-
hibitory S-HT receptors (CURTIS and Davis, 1962; BLooM et al., 1972; HAIGLER and
AGHAJANIAN, 1974b; SEGAL, 1976), selectively and powerfully block the facilitatory
effects of 5-HT on facial motoneuron excitation. Norepinephrine (NE) also facilitates
motoneuron excitation, but via a different receptor as its effect is blocked by a-adre-
noceptor antagonists but not by 5-HT antagonists (MCCALL and AGHAJANIAN, 1979).
Previous studies have reported “excitatory” actions of 5-HT on unidentified spon-
taneously active brain stem neurons (e.g., BOAKES et al., 1970). In the latter area, as
in the facial nerve nucleus, responses to 5-HT tended to be delayed and prolonged.
Based on the facial nerve studies, these apparent excitations induced by 5-HT could
be interpreted alternatively as representing a facilitation of tonic excitatory inputs.
The excitatory effects of 5-HT on brain stem neurons have been reported to be block-
ed by LSD (Boakes et al., 1970). However, since the existence of a 5-HT input to the
latter neurons has not been established, the physiologic relevance of these findings
must await further study. In contrast, the facilitation of facial neuron excitation by
5-HT as well as by NE is greatly enhanced by low intravenous doses of LSD (e.g.,
10 pg/kg) (McCALL and AGHAJANIAN, 1980). The iontophoresis of LSD at low cur-
rents, which by themselves have no effect, also enhances 5-HT facilitation; at higher
currents LSD temporarily antagonizes the response. Thus, in small amounts LSD ap-
pears to sensitize these receptors to the facilitatory effects of 5-HT. Interestingly,
mescaline also sensitizes and/or acts as an agonist at motoneuron 5-HT receptors de-
spite the fact that it acts differently from LSD at certain other 5-HT receptors (see be-
low). These sensitizing or facilitating effects on motoneuron excitability could account
for the enhancement of certain spinal reflexes by LSD (ANDEN et al., 1968) and mesca-
line (MAJ et al., 1977). The interaction of hallucinogenic drugs with the facilitation
of motoneuron excitability by 5-HT is depicted in Fig.2.
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Fig. 2. A diagrammatic representation of the interaction between a hypothetical excitatory (+)
glutaminergic GLU input to a cholinergic motor neuron ACh and a facilitatory 5-HT input f
acting at a receptor R; on the motor neuron. The facilitatory R; receptor could also be located
presynaptically (i.e., on the excitatory nerve terminal). LSD and mescaline are shown to sensi-
tize the facilitatory 5-HT receptor R,

d) Indoleamine Hallucinogens, 5-HT Neurons, and Behavior

Recently, TRULSON and JACOBS (1978, to be published, a) have examined the behavior-
al effects of hallucinogenic drugs in awake, freely moving cats, while simultaneously
recording the activity of 5-HT neurons. Both LSD and 5-methoxy-N, N-dimethyltryp-
tamine decreased the activity of 5-HT neurons in a dose-dependent manner in associ-
ation with increases in behaviors that are characteristically produced by hallucino-
genic drugs in cats (e.g., the limb flick response). In the case of 5-methoxy-N,N-di-
methyltryptamine, the onset, offset, and peak of the behavioral effects were temporal-
ly correlated with changes in neural activity. The results with LSD were in general
similar to those seen with 5-methoxy-N, N-dimethyltryptamine. However, in the case
of LSD the behavioral effects outlasted the depression in 5-HT neuronal activity. Fur-
thermore, when LSD was readministered the next day, it produced little or no be-
havioral effect, but the depression in 5-HT cell activity was as large as that on the first
day. Thus, it appears that while LSD may be having its primary effect by depressing
the firing of 5-HT neurons, it might also produce changes in postsynaptic neurons that
can both outlast the primary effect and modify responses to subsequent injections.
Such changes could involve alterations in the sensitivity of postsynaptic 5-HT recep-
tors to LSD, 5-HT, or both (TRULSON et al., 1977; TRULSON and JACOBS, to be pub-
lished, b).

e) Comparison of LSD with Lisuride, a Nonhallucinogenic ergoline

Lisuride is an ergoline derivative which is structurally similar to LSD. However, un-
like LSD, lisuride does not produce hallucinations in man and, in fact, has recently
been evaluated for use in the prophylaxis of migraine headache (HERRMANN et al.,
1977) and in the treatment of hyperprolactinemic states (L1uzzi et al., 1978; HorROw-
sKI et al., 1978). In common with some but not all chemically related ergot alkaloids
(Burkietal., 1978; Fuxg et al., 1978), lisuride reduces 5-HT and dopamine (DA) turn-
over and, at higher doses, increases NE turnover (KEHR, 1977; PiEri et al., 1978).
These and other biochemical observations have led to the conclusion that lisuride is
a potent 5-HT and DA receptor agonist and a somewhat weaker NE receptor antag-
onist.
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Recently, as previously demonstrated for LSD, extremely small doses of lisuride
have been found to produce a rapid, dose-dependent suppression of 5-HT neuronal
activity (ROGAWSKI and AGHAJANIAN, to be published). In microiontophoretic ex-
periments, both lisuride and LSD produce a complete suppression of most raphe units
studied, but, for equivalent iontophoretic currents, the recovery with lisuride is more
prolonged. These results suggest that lisuride, like LSD, has a direct agonist action
at 5-HT autoreceptors. However, since drugs interacting with central adrenoceptors
have been found to indirectly influence to activity of raphe serotonergic neurons
(SVENSSON et al., 1975; GALLAGER and AGHAJANIAN, 1976; BARABAN et al., 1978), the
possibility that lisuride’s action is in whole or in part mediated via an action at adren-
ergic receptor sites cannot be excluded. In any case, the response of raphe neurons ap-
pears to be highly selective since units in the locus ceruleus are not depressed by the
drug.

In contrast to its depressant effects in the raphe, lisuride, in somewhat higher
doses, causes an activation of noradrenergic neurons in the locus ceruleus. This acti-
vation is consistent with the increased turnover of NE reported after corresponding
higher doses in biochemical studies. Pharmacologic agents with a-adrenoceptor
blocking properties, such as piperoxan, which activate the locus ceruleus (CEDARBAUM
and AGHAJANIAN, 1976) have been reported to produce anxiety or fear in human sub-
jects (GOLDENBERG et al., 1947; SOFFER, 1954). It is therefore of interest to note that
one of the most prominent side effects of lisuride is its anxiety-producing or “dys-
phoric” action (ITIL et al., 1975). LSD also causes an activation of locus ceruleus
neurons and has been reported to decrease NE levels and accelerate NE turnover
(FREEDMAN, 1963; D1Az et al., 1968; LEONARD and TONGE, 1969; STOLK et al., 1974),
but both the physiologic and biochemical effects are less pronounced than with
lisuride (PIERI et al., 1978).

Lisuride’s action on dopaminergic neurons is not as clear-cut as its effects on the
other two monoaminergic systems. The majority of cells tested are depressed by low
doses of the drug, but in many cases this response is only partial and a small propor-
tion of the cells were excited (ROGAWSKI and AGHAJANIAN, to be published). Similar
effects of LSD on dopamine cells have been reported (CHRISTOPH et al., 1977).

In summary, lisuride resembles LSD in its effects on 5-HT and other monoamin-
ergic neurons, except for a more prominent effect of lisuride on noradrenergic
neurons.

f) Conclusions

Considerable evidence has now accumulated that LSD and the simple indoleamine
hallucinogens can inhibit directly the firing of 5-HT neurons through a preferential
action on 5-HT autoreceptors. In general, the first-dose effect of these drugs on hal-
lucinogen-specific behaviors in cats correlates well with their ability to suppress 5S-HT
cell activity, although the behavioral effects of LSD seem to outlast changes in firing
rate. In any case, by directly suppressing 5-HT cell activity these drugs could produce
a psychedelic-hallucinatory state by disinhibiting postsynaptic neurons in various
postsynaptic areas where 5-HT is inhibitory (e.g., in limbic and 2° visual nuclei of the
brain; HAIGLER and AGHAJANIAN, 1974 a). One problem with this hypothesis is the fact
that ergoline drug lisuride, which is even more powerful than LSD in inhibiting 5-HT
neurons, is not hallucinogenic. However, lisuride might share some properties with in-
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directly acting agents that suppress 5-HT cell firing (e.g., a-adrenergic antagonists)
and therefore would not express hallucinogenic activity. In any case, it will be of the-
oretical interest to further investigate pharmacologic differences between lisuride and
LSD which could reveal drug actions critical for psychotomimetic activity.

Finally, the discovery of receptors at which LSD and mescaline can sensitize the
facilitatory action of 5-HT opens a new approach to the study of these drugs on single
cells. Thus far, these sensitizing effects of psychedelic drugs have been observed direct-
ly only on motoneurons. If similar effects can be found in sensory pathways, then sen-
sitization, in distinction to disinhibition, might account for the altered perceptual
reactivity induced by this drug.

2. Mescaline and Methoxyamphetamines
a) Background

As the effects of LSD and mescaline (3,4,5-trimethoxyphenylethylamine) on auto-
nomic function and behavior are similar (WOLBACH et al., 1962), it generally has been
assumed that these two drugs share a common site of action. In various species, cross
tolerance occurs between LSD and mescaline (BALESTRIERI and FONTANARI, 1959; Ap-
PEL and FREEDMAN, 1968). A metabolic mechanism does not seem to account for such
cross tolerance since prior treatment with mescaline does not reduce brain levels of
LSD (WINTERS, 1971). Several investigators (SNYDER and RICHELSON, 1968; KANG
and GREEN, 1970; NICHOLS et al., 1977) have proposed that mescaline may assume a
conformation resembling a portion of the LSD molecule. Taken together, these data
suggest that LSD and mescaline may act on the same receptor site in the CNS. Single-
cell studies to test this hypothesis have dealt mainly with actions in the serotonergic
and noradrenergic systems.

b) Mescaline, Methoxyamphetamines, and 5-HT Neurons

Systemic administration of mescaline (2-4 mg/kg, i.v.) has been found to inhibit a
subpopulation of 5-HT neurons located within the ventral portion of the dorsal raphe
nucleus and adjacent areas of the median raphe nucleus (AGHAJANIAN et al., 1970).
A similar subpopulation of raphe neurons are inhibited by 2,5-dimethoxy-4-methyl-
amphetamine (DOM). When LSD is administered systemically in doses comparable
to those that produce behavioral effects, the firing of serotonergic neurons in the
raphe nuclei of the brain stem is reversibly inhibited (see above). When LSD is admin-
istered microiontophoretically a similar inhibition is obtained (AGHAJANIAN et al.,
1972). These data, coupled with the fact that after the systemic administration of
mescaline a subpopulation of raphe neurons is inhibited (AGHAJANIAN et al., 1970),
indicate that there may exist a subpopulation of raphe neurons that would be in-
hibited by the microiontophoretic application of mescaline. However, this expectation
is not borne out by studies in which the effects of microiontophoretically and systemi-
cally applied mescaline are compared (HAIGLER and AGHAJANIAN, 1973). Although
some raphe neurons are partially depressed by the microiontophoretic application of
mescaline, this effect may represent a local anesthetic action and is not correlated with
the inhibition produced by mescaline given intravenously. On the other hand, some
raphe cells are unaffected by the microiontophoretic application of mescaline but are
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completely inhibited by the systemic administration of mescaline. The failure to ob-
tain a response to mescaline, even under extreme conditions, from cells that are very
sensitive to systemic mescaline does not support the view that the action of systemic
mescaline on these raphe neurons is a direct one. In contrast, certain cortical neurons
are highly responsive to the direct application of mescaline with no reported local an-
esthetic effect (BRADSHAW et al., 1971). In the raphe there is no correlation between
response to mescaline and NE administered microiontophoretically (HAIGLER and
AGHAJANIAN, 1973) as has been reported for cortical cells (BRADSHAW et al., 1971).
Moreover, in the raphe there is no relationship between responses to i.v. mescaline
and responses to NE given iontophoretically.

A possible explanation for the lack of correlation between the effect of mescaline
given systemically or microiontophoretically would be that an active metabolite is
formed in the periphery when the drug is given by the systemic route. Therefore, when
mescaline is applied very close to the cell it would be relatively ineffective since there
would be no opportunity for it to be metabolized. Two metabolites of mescaline that
have been studied in man (i.e., N-acetylmescaline and 3,4,5-trimethoxyphenylacetic
acid) do not produce physiologic and psychological effects (CHARLAMPOUS et al.,
1966). The primary metabolite of mescaline in rats is 3,4,5-trimethoxyphenylacetic
acid (MusaccHIO and GOLDSTEIN, 1967). The possibility that mescaline must be con-
verted to this metabolite in rats before it is effective on raphe cells has not been ruled
out. However, the blockade of mescaline metabolism by iproniazid does not prevent
certain of its behavioral effects (SMYTHIES et al., 1967). Moreover, in the single-cell ex-
periments, the onset of the inhibition of firing in the raphe cells is within 3040 s after
the i.v. injection of mescaline, suggesting that if an active metabolite is formed this
must occur extremely rapidly to be responsible for the inhibition.

In conclusion, it would appear that the effects of systemically administered mesca-
line upon 5-HT cells are via an indirect mechanism since the only direct mescaline ef-
fect obtainable was of a local anesthetic type. Furthermore, it appears that responses
to mescaline by either route are unrelated to response to NE. As both LSD and mesca-
line can inhibit cells in the raphe nuclei when given systemically, but only LSD readily
produces an inhibition in these cells when applied microiontophoretically, it would
appear that they differ in their mode of action upon raphe cells. On a biochemical
level, LSD and mescaline also differ as LSD but not mescaline depresses the metab-
olism of brain serotonin (FREEDMAN et al., 1970). The possibility remains that LSD
and mescaline share a common site of action in some other area of the CNS.

¢) Mescaline, Methoxyamphetamines, and Noradrenergic Transmission

In the periphery, mescaline can have both agonistic and antagonistic actions on ad-
renergic receptors (CLEMENTE and LYNCH, 1968). When applied to unidentified brain
stem neurons, mescaline at high iontophoretic currents blocks responses to catechol-
amines (GONZALEZ-VEGAS, 1971). In the cerebral cortex, mescaline (again at high ion-
tophoretic currents) exerts both excitatory and depressant actions (BRADSHAW et al.,
1971; BEvAN et al., 1974). Regardless of the direction of change, the effects of mesca-
line have a higher correlation with the effects produced by NE than with those pro-
duced by 5-HT. However, mescaline is a much weaker “agonist” than either of the
endogenous amines and its effects are not antagonized in a specific way by adrenergic
or serotonergic antagonists.
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Of course, it is possible that mescaline and methoxyamphetamine have their effects
on monoamine transmission through an indirect action, such as on uptake (DENGLER
et al., 1961) or release of endogenous transmitter (TILSON and SPARBER, 1972), rather
than through a direct action on receptors. Mescaline, as well as LSD and the simple
indoleamine hallucinogens, induces a decrease in levels of NE in brain (BARCHAS and
FREEDMAN, 1963; Diaz et al., 1968; LEONARD and TONGE, 1969). However, NE metab-
olite patterns are not altered in a consistent fashion, indicating that the various psy-
chotomimetic drugs may not share a common effect on brain NE neurons (STOLK et
al., 1974).

Recently, the effects of mescaline on the firing pattern of single NE neurons of the
locus ceruleus have been studied in rats (AGHAJANIAN, 1980). In low systemic doses
(1-4 mg/kg) mescaline has a dual action on these neurons. It induces a suppression
of baseline firing rate while reactivity to peripheral stimuli remains the same or in-
creases. NE neurons of the locus ceruleus respond to a noxious stimulus applied any-
where on the body by an initial activation followed by a period of suppressed activity
(CEDARBAUM and AGHAJANIAN, 1978 a). The activation appears to be via direct spinal
afferents, although some relay neurons may be involved (CEDARBAUM and AGHA-
JANIAN, 1978a and b). There is evidence that the postactivation suppression in firing
is mediated by NE released from a direct axon-collateral negative feedback system
(AGHAJANIAN et al., 1977; CEDARBAUM and AGHAJANIAN, 1978 a). Mescaline prolongs
the period of postactivation inhibition and thus behaves like desipramine, an inhibitor
of NE uptake (AGHAJANIAN et al., 1978). As in the case of desipramine, the extended
postactivation suppression induced by mescaline can be reversed by the presynaptic
(2) adrenoceptor antagonist piperoxan (AGHAJANIAN, in preparation). However,
mescaline differs from desipramine, amphetamine, and the a2-agonist clonidine as the
latter drugs depress reactivity to peripheral stimuli (AGHAJANIAN, 1980). Mescaline al-
so differs from the a2-antagonist piperoxane; the latter diminishes postactivation col-
lateral inhibition, but does not increase the initial reactivity to peripheral stimuli.
Thus, mescaline possesses a unique action upon NE neurons which cannot be classi-
fied according to simple agonism or antagonism. Microiontophoretic results are con-
sistent with this view: mescaline does not directly depress the firing of NE neurons (ex-
cept at high iontophoretic currents), nor does it antagonize the depressant effects of
NE.

d) Conclusions

Mescaline and the methoxyamphetamines do not fit into any simple category as ag-
onists or antagonists with respect to either 5-HT or NE neurons. Indeed, the enhance-
ment of NE-neuronal reactivity in relation to a reduction in baseline activity which
is produced by mescaline represents an effect unlike that seen with known adrenergic
agonists or antagonists that act at that site. Recent single-cell recording studies show
that low doses of LSD (5 pg/kg, 1.v.) also enhance reactivity of NE neurons to periph-
eral stimuli (AGHAJANIAN, in preparation). These findings are reminiscent of the ear-
lier studies that show an activating effect of low doses of LSD on evoked potentials
in specific sensory systems (PURPURA, 1956). Moreover, the activation of EEG by
LSD is enhanced by increased external stimuli (BRADLEY and KEy, 1958). Similarly,
clinical reports show that the subjective effects of LSD are accentuated with increased
environmental stimulation (ELKES et al., 1954; CoHEN and EDWARDS, 1964). Further-
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more, the ECoG-activating effect of the psychedelic drugs differs from the stimulants,
such as amphetamine, that activate the ECoG independently of the level of ambient
stimulation (BRADLEY and ELKES, 1957). More recently, it has been shown that LSD
(Davis and SHEARD, 1974; MILIARESSIS and ST-LAURENT, 1974) and mescaline (GEYER
et al., 1978) enhance startle responses to acoustic and tactile stimuli, respectively.
Thus, the mechanisms by which LSD or mescaline enhance NE-cell reactivity to pe-
ripheral stimuli may offer a clue to an understanding of mechanisms these psychedelic
drugs may have in common.

II. Stimulants

In large doses, the amphetamine and other stimulants can induce a psychosis that
bears a close clinical resemblance to spontaneous paranoid psychoses or paranoid
schizophrenia (CONNELL, 1958; BEaMisH and KiLoH, 1960; BELL, 1965; ELLINWOOD,
1967). Because of their obvious similarity in chemical structure to the catecholamines,
the amphetamines have long been presumed to act via these neurotransmitters (SNY-
DER, 1972). Single-cell recording and microiontophoretic studies support the concept
that amphetamine acts indirectly through the release or blockade of reuptake of en-
dogenous catecholamines (e.g., BOAKES et al., 1972; BUNNEY et al., 1973; GROVEs et
al., 1976).

Several studies have indicated that paranoid symptoms can be elicited in human
subjects with similar doses of L- and b-amphetamine (ANGRIST et al., 1971; JANOWSKY
and DAvis, 1976). These results suggest that brain systems in which the two isomers
have nearly equal actions may be involved in mediating the psychotomimetic effects
of these drugs. Thus, a major strategy in approaching their biochemical, behavioral,
and physiologic actions on catecholaminergic neurons has been to compare relative
potencies of the amphetamine isomers in various test systems (SNYDER et al., 1974).

1. Comparison of Amphetamine Isomers on the Activity
of NE and DA Neurons

Most (SVENSSON, 1971; Costa et al., 1972; FERRIS et al., 1972; SCHEEL-KRUGER, 1972;
HARRIS and BALDESSARINI, 1973; Jori1 et al., 1973; THORNBURG and MOORE, 1973;
HoLMEs and RUTLEDGE, 1976, PETERSON and SPARBER, 1976) but not all (ROFFMANN
et al., 1978) recent biochemical and behavioral studies have indicated that p- and L-
amphetamine are approximately equipotent in the NE system, but that D-isomer is
much more potent than the L-isomer in the DA system. Similar differences have been
found in single-cell recording studies (BUNNEY et al., 1975). DA neurons of the sub-
stantia nigra (zona compacta) are 5-20 times more sensitive to the depressant effect
of D- and L-amphetamine given intravenously. On the other hand, the potency of L-
amphetamine in depressing the firing of NE neurons is equal to that of b-amphetami-
ne. From these results it would appear that low doses of L-amphetamine have a pref-
erential action on the firing of NE as opposed to DA neurons. There is evidence from
single-cell studies that the depression of DA cell firing by D-amphetamine is mediated
indirectly by a postsynaptic neuronal feedback circuit (BUNNEY and AGHAJANIAN,
1976). An alternative view is that D-amphetamine depresses the firing of DA neurons
by releasing DA locally from dendrites (GROVES et al., 1975). In this case, the local
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“self-inhibitory” effect of DA could be mediated by DA autoreceptors (AGHAJANIAN
and BUNNEY, 1977). In either case, the much greater effect of b-amphetamine on DA
cells firing correlates with the greater potency of this isomer in affecting the firing of
postsynaptic striatal neurons innervated by the DA neurons of the zona compacta
(ReBeC and GRrROVES, 1975). Comparisons between D- and L-amphetamine have been
made on NE-innervated postsynaptic neurons in the cerebellum (Wise and HOFFER,
1977); the two isomers have an equal ability to inhibit Purkinje cell discharge in this
region. If D- and L-amphetamine prove to have equal actions at other postsynaptic
NE sites as well, then the NE rather than DA system would seem more likely to be
responsible for the amphetamine-induced paranoid psychosis. However, new data on
differential actions of D- and L-amphetamine within subgroups of DA neurons neces-
sitates a modification of this conclusion (see below).

2. Differential Actions of Amphetamine Isomers
on Striatal and Nonstriatal DA Systems

It hat been proposed by a number of investigators that while the nigrostriatal DA sys-
tem is involved in extrapyramidal motor functions, the nonstriatal mesocortical and
mesolimbic DA projection systems, which arise in the ventral tegmental area, may be
involved in schizophrenia (Costa and GEssA, 1977). In a recent single cell recording
study, the potencies of L- and D-amphetamine in decreasing the firing of DA neurons
in both the substantia nigra (A 9) and the ventral tegmentum area (A 10) were com-
pared (BROWDER et al., to be published). In agreement with previous results (BUNNEY
et al., 1975), the firing rate of A9 neurons is much more sensitive to D- and than L-
amphetamine. In addition, the dose-response of A 10 cells to b-amphetamine is com-
parable to that of A9 cells.

Surprising, however, A 10 cells are at least as sensitive to the depressant action of
L- as D-amphetamine. These data show that the various DA nuclei are not pharma-
cologically homogenous. Moreover, as the two amphetamine isomers have similar
potencies on A 10 neurons, the mesolimbic and mesocortical DA systems represent a
possible site through which the stimulant drug could produce a paranoid psychosis.

III. Deliriants

A delirious state (or toxic psychosis) is characterized by confusion, disorientation,
memory deficits, and hallucinations. When produced by nonspecific toxic agents the
delirium is often accompanied by generalized metabolic dysfunctions. The
antimuscarinic drugs (e.g., atropine and scopolamine), which block cholinergic trans-
mission at muscarinic receptor sites, are of particular pharmacologic interest as model
psychotomimetic agents since they can reliably induce a delirious state in normal sub-
jects without also inducing concomitant metabolic disturbances (e.g., KETCHUM et al.,
1973). As the antimuscarinic drugs have a structural relationship to the neurotrans-
mitter acetylcholine (ACh) (ABooD and BIEL, 1962), it may be hypothesized that the
antimuscarinic drugs act upon cholinergic receptors in the brain, as they do in the peri-
phery. A further clue about central mechanisms of action comes from the fact that
anticholinesterase agents such as physostigmine, which block the hydrolysis of ACh,
are able to reverse the delirium produced by antimuscarinic drugs (K LEINWACHTER,
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1864; FOrRRER and MILLER, 1958; CROWELL and KETCHUM, 1967; GOLDNER, 1967,
DuvoisiN and KA1z, 1968; HEISER and GILLIN, 1971; KETCHUM et al., 1973). These
clinical findings clearly link the psychotomimetic effects of the antimuscarinic drugs
to cholinergic mechanisms.

With the discovery of presumptive cholinergic pathways in the brain by means of
acetylcholinesterase (AChE) straining (SHUTE and LEwis, 1963) combined with more
specific biochemical assays (LEWIS et al., 1967) it has become possible to apply single-
cell recording techniques to the investigation of the actions of antimuscarinic drugs
on central cholinergic neurotransmission.

1. Antimuscarinic Drugs and Central Cholinergic Pathways

Perhaps the best-characterized cholinergic pathway in brain lies within the septohip-
pocampal projection. Some of the evidence is as follows: (1) ACh is located in the hip-
pocampus and ACh levels are greatly reduced following lesions of the medial septum
that interrupt the septohippocampal tract (KUHAR et al., 1973); (2) stimulation of the
medial septal nucleus results in the release of ACh from the dorsal hippocampus
(ROMMELSPRACHER and KUHAR, 1974; SMITH, 1974; DUDAR, 1975); (3) choline acetyl-
transferase, the enzyme necessary for the synthesis of ACh, is localized to the neuropil
adjacent to the pyramidal cell layer of the hippocampus (FONNUM, 1970); (4) the ac-
tivity of this enzyme in the hippocampus is decreased by medial septal lesions (LEWIS
et al., 1967; KUHAR et al., 1973); (5) AChE, the enzyme responsible for the degrada-
tion of ACh, is localized to the neuropil adjacent to the pyramidal cells (SHUTE and
Lewis, 1966; STORM-MATHISEN and BLACKSTAD, 1964); and (6) septal lesions result in
a marked decrease in AChE activity in the hippocampal cell layer (LEWIS et al., 1967
STORM-MATISEN, 1972; MELLGREN and SREBRO, 1973). It should be noted, however,
that there is not as yet a universally accepted histochemical method for cholinergic
neurons (e.g., by using choline acetyltransferase as a marker).

The hippocampus has been linked with the functions of memory (SCOVILLE, 1957,
VICTOR et al., 1961), learning (MEISSNER, 1966), and spatial orientation (OLTON and
IssAcsoN, 1968; O’KEErE and DOSTROVSKY, 1971; MAHUT and ZoLaA, 1973). As these
are major functions disrupted by the antimuscarinic drugs, the hippocampus repre-
sents a relevant system for exploring the mechanism of action of their drugs. Hippo-
campal pyramidal cells are exceedingly sensitive to the excitatory action of ACh and
muscarinic agonists, but not to nicotinic agonists applied by microiontophoresis
(HErz and NACIMENTO, 1965; BISCOE and STRAUGHAN, 1966; BIRD and AGHAJANIAN,
1975 and 1976; SEGAL, 1978). Muscarinic antagonists (i.e., atropine, scopolamine, and
quinuclidinyl benzylate) totally and selectively block ACh excitation of hippocampal
cells. Some but not all nicotinic antagonists are also effective, suggesting cholinergic
receptors of the hippocampus are of the mixed type (BIRD and AGHAJANIAN, 1976; SE-
GAL, 1978). Similar findings have been reported for the cerebral cortex (KRNJEVIC and
PHILLIS, 1963), which also receives a cholinergic projection from the septal area. Ex-
citatory responses to ACh are also blocked by antimuscarinic drugs in the lateral
geniculate nucleus (PHILLIS et al., 1967). The latter observation may be of interest in
relation to the visual hallucinatory phenomenon induced by these drugs. Taken to-
gether, these studies establish that antimuscarinic drugs have powerful anticholinergic
actions in identified or presumed central cholinergic pathways.
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2. Action of Physostigmine in Cholinergic Pathways

Since physostigmine, a AChE inhibitor, can reverse the delirium produced by
antimuscarinic drugs, its effect on transmission in known central cholinergic systems
may be relevant to its clinical action. In normal animals, physostigmine greatly enhan-
ces the excitatory effect of ACh on neurons in several brain regions such as the lateral
geniculate nucleus (PHILLIS et al., 1967) and the hippocampus (BIRD and AGHAJANIAN,
1975). When the septohippocampal pathway is lesioned, causing a depletion of AChE,
a marked increase occurs in sensitivity to ACh but not carbachol (which is resistant
to hydrolysis by AChE). In the lesioned animals, with the loss of presynaptic AChE,
physostigmine no longer enhances ACh excitation (BIRD and AGHAJANIAN, 1975).
These results show that denervation supersensitivity to ACh in the septohippocampal
pathway is due primarily to decreased inactivation of ACh by presynaptic AChE. An
implication of this finding is that AChE inhibitors can substantially increase the
amounts of ACh at physiologically active sites. The therapeutic effect of physostig-
mine and other AChE inhibitors in reversing the delirium induced by antimuscarinic
drugs may thus be explained by the fact that the action of ACh in the hippocampus
and possibly other areas of the brain is so critically modulated by AChE.

3. Deliriants as a Model for Human Memory Disorders

Based on the fact that antimuscarinic drugs impair memory processes and anticholin-
ergic drugs improve certain aspects of memory function, it has been suggested that
diminished cholinergic transmission may underlie certain human memory disorders
(DAvis and YAMAMURA, 1978, for review). In support of this hypothesis, an age-re-
lated decrease in the central cholinergic enzymes choline acetyltransferase and AChE
has been observed (MCGEER and MCGEER, 1976). These decrements are more severe
in patients with Alzheimer’s type senile dementia (PERRY et al., 1977). Thus, the possi-
bility arises that drugs or precursors that enhance central cholinergic transmission
might be useful in patients with senile or presenile dementias.

C. General Conclusions

As can be seen from the foregoing review, drugs within each of the major subgroups
of psychotomimetics have dramatic effects on single-cell activity in chemically identi-
fied neuronal systems. Furthermore, each major subgroup appears to be separable ac-
cording to transmitter-specific actions as follows:

I. Stimulants

Based on a large body of biochemical, behavioral, and physiologic evidence, the ef-
fects of stimulants (e.g., D- and L-amphetamine) within catecholaminergic systems can
be attributed to a single overall action: the enhancement of the synaptic availability
of NE or DA through a release and/or block of the reuptake of these catecholamines.
However, a major question remains as to which of the several neuronal systems in
which the stimulants have actions are most responsible for the psychotomimetic ef-
fects of these drugs. The noradrenergic system and the mesolimbic and mesocortical
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DA systems have been implicated in the psychotomimetic effects of - and L-amphet-
amine by virtue of the fact that they affect neuronal activity in these systems to a simi-
lar degree and have approximately equal effects in eliciting a paranoid psychosis. On
the other hand, p-amphetamine, which has much greater activity than the L-isomer
in the nigrostriatal DA system, can be linked to disturbances in extrapyramidal motor
functions. However, several caveats should be mentioned. Knowledge about relative
psychotomimetic potencies of D- and L.-amphetamine is based on clinical studies invol-
ving relatively few subjects; ultimately further confirmation will be required. Further-
more, even if the nigrostriatal DA system could be ruled out in psychotogenesis, the
remaining catecholamine pathways (both NE and DA) project so extensively within
the brain that a multitude of other sites remain to be considered. Thus, much work
needs to be done to define more precisely which brain systems are most closely in-
volved in the psychotomimetic effects of the stimulant drugs.

II. Deliriants

As in the case of the stimulants, the central effects of the delirium-inducing
antimuscarinic drugs can be attributed to a single action: the blockade of cholinergic
transmission at muscarinic receptors. Moreover, certain of the major cholinergic
pathways in the brain project to regions whose presumed functions are similar to func-
tions that are disturbed in states of delirium. For example, the hippocampus, which
receives the cholinergic septohippocampal projection, has been implicated in aspects
of memory and orientation. However, the precise manner in which the cholinergic in-
puts modulate hippocampal function is not known. Moreover, the complete delinea-
tion of cholinergic systems in the brain has been hampered by the lack of a workable,
specific histochemical method for mapping. A more complete picture of central cho-
linergic pathways will be needed to assess all possible sites at which the antimuscarinic
drugs could be acting to induce the multiple disturbances seen in delirium.

ITII. Psychedelic Drugs

In contrast to the stimulants and deliriants, the effects of psychedelic drugs cannot as
yet be attributed to a single action. In fact, at least two different types of mechanisms
have been hypothesized by which the psychedelic drugs could act. The first can be
termed the “5-HT disinhibitory” hypothesis, which applies best to LSD and the
simple indoleamine hallucinogens. According to this hypothesis these hallucinogens,
by directly inhibiting 5-HT neurons, would release postsynaptic neurons (e.g., in lim-
bic or 2° visual areas) from tonic 5-HT influences, allowing hallucinatory and other
psychedelic phenomena to emerge. However, there are seeming difficulties with the
disinhibitory hypothesis as a unitary explanation. First, lisuride also appears to in-
hibit 5-HT neurons by acting at autoreceptors, yet it is not an hallucinogenic drug.
Secondly, despite the fact that mescaline and the methoxyamphetamines have psy-
chedelic effects that are very similar to those of LSD, they do not act upon 5-HT au-
toreceptors. On the other hand, both LSD and mescaline are similar in enhancing the
responsivitity of noradrenergic neurons to peripheral stimuli. Furthermore, in some
recent single-cell studies it has been observed that mescaline and LSD do share certain
facilitatory actions. For example, they both directly sensitize facilitatory 5-HT recep-
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tors found on motoneurons. Thus, the psychedelic drugs can have a facilitatory as well
as inhibitory and disinhibitory actions on a single-cell level. It remains for future re-
search to ascertain the degree to which each of these mechanisms contributes to the
final common behavioral effects of the two major classes of psychedelic drugs.
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CHAPTER 6

Dependence-Producing Liability of LSD
and Similar Psychotomimetics

A.D. PoLinG ! and J. B. APPEL

A. Introduction: Definition of Drug Dependence

The WorLD HEALTH ORGANIZATION (1975) has defined dependence as “a state, psy-
chic and sometimes also physical, resulting in the interaction between a living organ-
ism and a drug, characterized by behavioural and other responses which will always
include a compulsion to take the drug on a continuous or periodic basis in order to
experience its psychic effects and sometimes to avoid the discomfort of its absence.”
In behavioral terms, this definition seems to imply that any agent that consistently
acts as a positive reinforcer, i.¢., maintains behavior leading to its delivery, induces
dependence. If a compound acts as a positive reinforcer and the physiologic syndrome
of “withdrawal” occurs when the compound is withheld after chronic administration,
the dependence is termed “physical”’; a compound that acts as a positive reinforcer
and does not produce withdrawal effects causes “psychological”” dependence (ScHUS-
TER and JOHANSON, 1974).

An organism that is psychologically dependent upon a drug is not necessarily de-
bilitated: some drugs — such as caffeine in our morning coffee and afternoon tea — are
self-administrated over long periods without obviously deleterious consequences.
Nevertheless, dependence on many drugs is demonstrably harmful either to the depen-
dent individual, to society, or to both, and the understanding and control of depen-
dence (“drug abuse”) is of worldwide concern. Therefore, the purpose of this section
is to briefly consider the dependence-producing liability of the psychotomimetic LSD;
much of what follows also holds true for psychotomimetics that are pharmacologi-
cally related to LSD (e. g. mescaline, psilocybin) although not necessarily for other
psychoactive agents.

B. Discovery of and Effects of LSD

The story of the discovery of LSD (p-lysergic acid diethylamide) in 1939 is well-
known. This indole alkaloid (Fig. 1) was initially synthesized by Albert Hofmann
from the brown protrusions (ergot) formed on rye and certain other grains by the fun-
gus Claviceps purpurea. The discovery was not “accidental” as is sometimes alleged,
but occurred as part of a systematic investigation of the analeptic and other properties
of partially synthetic amides of lysergic acid (HoFrmaNN, 1975). However, Hofmann’s
ingestion of the compound on the afternoon of 6 April 1943 was in fact unplanned.

1 Presently at the Department of Psychology, Western Michigan University,
Kalamazoo, MI 49008.
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Fig. 1. Lysergic acid diethylamide (D-LSD)

The subjective effects experienced on that occasion led him to take intentionally
0.25 mg LSD, about five times the normal effective dose (in humans); his description
of the resultant drug state reads in part as follows (HOFEMANN, 1975, p. 114):

“Asfaras I remember, the following were the most outstanding symptoms: vertigo;
visual disturbances; the faces of those around me appeared as grotesque, colored
masks; marked motoric unrest, alternating with paralysis; an intermittent heavy fee-
ling in the head, limbs and the entire body, as if they were filled with lead; dry con-
stricted sensation in the throat; feeling of choking; clear recognition of my condition,
in which state I sometimes observed, in the manner of an independent observer, that
I shouted half insanely...Occasionally I felt as if I were out of my body.

...Six hours after ingestion of the LSD my condition had already improved con-
siderably. Only the visual disturbances were still pronounced. .. At about one o’clock
(nine hours after taking the drug) I fell asleep and awoke next morning feeling perfect-
ly well.”

Following this first planned exposure to LSD, subsequent experiments on humans
in the Sandoz laboratories confirmed the hallucinatory potency of LSD. A series of
nonhuman studies designed to explore the other effects and mechanisms of action of
the drug was also begun. Such research has continued to the present day and consid-
erable information concerning the physiologic, pharmacologic, and behavioral effects
of LSD has been garnered (e. g., APPEL et al., to be published; CASHMAN, 1966; HOFFER
and OSMOND, 1967; SANKAR, 1975). While it is beyond the scope of the present paper
to even begin to review these effects — one such attempt covers 960 pages (SANKAR,
1975) — it is worth noting that LSD is a relatively nontoxic drug (i. e., the lethal dose/
effective dose ratio is quite low) that probably exerts both central and peripheral ef-
fects by altering the functioning of serotonin-containing neurons in a manner not yet
fully understood. The compound does not produce obvious tissue damage when given
either chronically or acutely, although LSD-induced chromosomal alterations have
been reported by some but no means all investigators (see SANKAR, 1975, p. 471ff.).

In humans and nonhumans alike, tolerance develops rapidly with repeated ex-
posure to LSD, but LSD does not cause physical dependence (JAFFEE, 1965; McIsaac
et al., 1970). The drug induces some degree of psychological dependence at least in
humans (see below); certain groups of individuals have self-administrated LSD since
it was first synthesized in spite (or because) of the fact that governments regularly have
attempted to control this behavior via legislation. For example, it was estimated in
1970 that 7,500,000 Americans had tried LSD on at least one occasion (NATIONAL RE-
SEARCH COUNCIL ON MARIJUANA AND DRUG ABUSE, 1970); in the United States LSD
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is a Schedule 1 drug, the unlicensed possession or sale of which is accompanied by se-
vere penalties.

C. Problems in Assessing Dependence-Producing Liability

It is not easy to quantify the dependence-producing liability (abuse potential) of LSD
or, indeed, of other drugs. Part of the difficulty concerns the lack of a satisfactory op-
erational definition of “drug dependence”. As noted previously, dependence involves
a “compulsion to take a drug on a continuous basis,” but what frequency and time
course of intake define a compulsion? Thus, investigators often present data gathered
from human drug users as number of administrations during some arbitrary period
(e.g., 10% of the subjects took LSD more than 10 but less than 20 times during the
past year), or as less-than-nominal self-evaluations (e.g., 50% of the subjects took
LSD “very frequently” during the past year), and leave the issue of dependence to the
reader. In this manner some consensually validated criterion of dependence (e. g., at
least one incident of self-administration per week over 1 year) can be selected and ap-
plied to the reported data and a relative index of dependence-producing liability can
be obtained from actuarial statistics (by calculating the number of individuals who
have taken the drug on at least one occasion and dividing this by the number of in-
dividuals who are dependent upon the drug). The higher the resultant ratio, the
greater the dependence-producing liability of the substance in question.

While this approach to measuring relative dependence-producing liability is fine
in theory, it is difficult to use successfully in practice, first of all because such use rests
upon the dubious assumption that a single index can categorize meaningfully com-
pounds that differ widely in potency, behavioral effects, and characteristic patterns
of self-administration. Further, acquiring reliable data from (or about) human drug
users poses a major problem. In most countries the possession of LSD and other
abused substances is illegal, and subjects may be unwilling to report illegal experi-
ences; on the other hand, individuals who perceive themselves as members of drug-
using subcultures may exaggerate the extent of their involvement with certain com-
pounds that are, at least momentarily, “in.” Moreover, the true identity of illicit drugs
may not be known by their users (or sellers); “street” LSD can be any of a number
of substances. Finally, there is a problem in choosing an appropriate sample of sub-
jects. As will be discussed subsequently, drug dependence reflects social as well as
pharmacologic factors. Therefore, it is misleading to speak of the potential of a drug
for producing psychological dependence without specifying the group of individuals
under consideration; statements about the dependence-producing liability of LSD
and other drugs derived from data involving both one-time and repeated users are,
at best, of limited value.

For all of these and, no doubt, many other reasons, researchers have attempted
to devise animal models for assessing dependence-producing liability (e. g., SCHUSTER
and THOMPSON, 1969). These models have been used to evaluate a given drug’s ability
to produce both physical or psychological dependence, although primary emphasis
has been directed toward the former. Tests for physical-dependence liability involve
exposing rodents or other animals to a chronic drug regimen, terminating the regimen,
then determining whether physiologic or behavioral signs of withdrawal appear. In
such tests there is no evidence that LSD produces physical dependence.
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Nonhuman procedures for evaluating dependence-producing liability usually in-
volve as a first step a demonstration that the compound acts as a positive reinforcer
under at least one set of conditions. If so the drug, by definition, produces psycholog-
ical dependence, although further manipulations may be needed to evaluate the drug’s
efficacy in so doing. In general, those classes of drugs that are abused by humans serve
as positive reinforcers for rats and monkeys; a partial listing of such compounds in-
cludes ethanol, 4°THC, nicotine, phencyclidine, cocaine, barbiturates, opiates, and
amphetamines (POLING and APPEL, 1979; THOMPSON and PiCKENS, 1970). Notably
lacking from the list is LSD, which to the best of our knowledge has never been dem-
onstrated to serve as positive reinforcer for nunhumans and in actuality has been
shown to function as a negative reinforcer (HOFFMEISTER, 1975; HOFFMEISTER and
WUTTKE, 1973). This suggests that the pharmacologic properties of the compound are
aversive to animals other than man, although it is possible that the drug might be es-
tablished as a positive reinforcer for nunhuman species under certain, presently un-
known, circumstances. In any case, animal models do not predict any dependence-
producing liability of LSD. The finding that nonhumans do not self-administer the
drug suggests that uniquely human, social factors may be of primary importance in
determining its consumption by humans.

D. Social Factors and the Dependence-Producing Liability of LSD

By social factors, we mean the contingencies that a group arranges for its members;
i.e., the consequences that are made to follow actions such as drug-taking. The social
environment determines in part the history of an individual, as well as the events that
occur immediately before, during, and after a drug experience; it has been convinc-
ingly demonstrated within and outside the laboratory that both past experience and
current circumstances exert powerful control over drug-taking behavior (e. g., HARRIS
et al., 1970; WEEKS, 1975; THOMPSON and PICKENS, 1970; POLING and APPEL, 1979).
For example, a drug may be self-administered in order to avoid an aversive conse-
quence, . g., electric shock in the laboratory and social ostracism in society, or to gain
access to a reward, e. g., food or social interaction. Although drug taking in this sense
is an operant response maintained by nondrug stimuli, repeated pairings of a drug
state with positive consequences may serve to establish the drug as a positive (condi-
tioned) reinforcer such that drug-taking behavior is maintained by the drug alone.
Further, in practice it matters little and is seldom possible to tell whether drug intake
is controlled by the direct pharmacologic effects produced by a substance, by social
variables, or, as is usually the case, by some combination of pharmacologic and social
factors.

In any event, LSD self-administration traditionally has been associated with a so-
cial movement. In the eastern part of the United States, such a movement was initiated
(or reawakened from relative quiescence) by Timothy Leary and associates during the
late 1950s (LEARY, 1968). The incidence of LSD use spread among hippies during the
following decade, and seemed to reach a peak on the West Coast in the late 1960s.
Although reliable figures are difficult to obtain (see above), the relative frequency of
LSD use in America reportedly has decreased since that time (SANKAR, 1975, p.
277ft.), perhaps due to the fragmentation or reorientation of the social groups that
once supported its use and the increased popularity of other substances, such as mari-
juana and, more recently, phencyclidine (PCP).
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E. Summary and Conclusions

Even during the height of LSD’s popularity, it is generally accepted that, with some
notable exceptions, few individuals ingested LSD on a regular basis (WiLLIS, 1970);
the predominant pattern of LSD intake seemingly involves a relatively small number
of exposures (often, one) over a brief span of time, followed by complete or nearly
complete abstinence. This suggests that the dependence-producing liability of LSD is
lower than that of other commonly abused substances (e. g., ethanol, opiates, barbi-
turates, amphetamines) which, unlike LSD, regularly maintain a great deal of drug-
seeking and drug-taking behavior even in animals. This conclusion is strengthened by
the absence of programs and procedures specifically designed to treat LSD depen-
dence; interest has centered on dealing with the effects of acute, not chronic, exposure
to LSD.

However, it must be emphasized that some persons, particularly those involved
with groups that condone and support illicit drug use, have taken LSD on a regular
basis for several years (e. g., LEARY, 1968; WILLIS, 1974), and it is not possible to quan-
tify the dependence-producing liability of LSD among such persons. Further, even if
the dependence-producing liability of the substance is low, as it seems to be, this is
in no sense tantamount to saying that LSD is a safe compound. LSD is extremely po-
tent and its effects are striking and potentially dangerous. For example, WiLLIS (1974)
notes that adverse reactions to the drug are common and may involve an acute psy-
chotic reaction characterized by thought disturbance, delusion, and perceptual distur-
bances; a chronic condition characterized by high anxiety and depression; or chronic
and severe feelings of unreality and depersonalization. Each of these conditions can
be decidedly unpleasant, and may also be associated with the emission of behaviors
that are dangerous to the affected individual and to those around him. Thus, LSD
may be “behaviorally toxic.” This is true not only when the compound produces ad-
verse effects, but also when the usual hallucinogenic effects occur: an individual who
is hallucinating may be rendered incapable of safely perfoming a variety of acts, such
as driving a car, yet may attempt to do so — with potentially tragic results.

Nonetheless, it has been argued that exposure to LSD under certain conditions,
which may or may not prevent the occurence of harmful overt acts, can be beneficial:
the drug, for instance, has been claimed to be useful for inducing “religious” experi-
ences, and as an adjunct to psychotherapy (SANKAR, 1975, p. 651ff). Despite the mass
of data collected, debate continues among laymen and professionals alike over the le-
gitimacy of such claims; we expect that such debates will not soon end.
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CHAPTER 7

Chemistry of Cannabis

R. MECHOULAM

A. Introduction

The aim of this chapter is to present a short summary of cannabinoid ! chemistry with
emphasis on those aspects which have pharmacological relevance. A comprehensive
chemical review is beyond the scope of this handbook. Since 1964, when the active
principle of cannabis, 4'-tetrahydrocannabinol (4!-THC), was identified (GAon1 and
MECHOULAM, 1964 a), nearly 5,000 scientific articles on cannabis, 4'-THC and other
cannabinoids have appeared; approximately 1,000 of these articles are chemically ori-
ented. For this reason alone the present review will have to be selective.

The only natural source of cannabinoids is the dioecious plant Cannabis sativa.
Both male and female plants produce cannabinoids, in approximately equal concen-
trations. Botanists recognize numerous “chemotypes” of C. sativa, which differ main-
ly in the ratio of the cannabinoids present in them. Usually chemotypes growing in
Mexico, Lebanon, India, Indochina and Africa contain considerable amounts of 4!-
THC, which in the pure resin (hashish, chagas) may vary between 3% and 10%. The
total dried tops (in the Americas called “marihuana”) contains ca. 0.5%-1% A4*-
THC. The chemotypes grown in colder climates generally have low amounts of A!-
THC. The differences seem to depend on genetic, climatic and ecological factors.
Some chemotypes lack certain constituents. For example, South African C. sativa, the
source of dagga, does not contain cannabidiol (CBD), which is the major neutral can-
nabinoid in Lebanese hashish (for a recent review on the pharmacognosy of cannabis,
see FAIRBAIRN, 1976).

Two numbering systems for the cannabinoids are in use today. In one of them the
formal chemical rules for numbering of pyran type of compounds are used. This sys-
tem is used by Chemical Abstracts. The second nomenclature has a biogenetic basis;
the cannabinoids are regarded as substituted monoterpenoids. The latter system is
used in the present review.

The vast literature on cannabis and cannabinoids has been the object of several
books, reviews and annotated bibliographies. The chemistry, pharmacology, metabo-
lism and clinical effects have been reviewed in two books (MECHOULAM, 1973; NAHAS,
1972). In the first of these considerable emphasis is placed on the chemical aspects,
including structure—activity relationships; it has since been updated (chemistry:
MECHOULAM et al., 1967; pharmacology: PATON, 1975). The chemistry of cannabis has
also been reviewed by RAZDAN, 1973. The analytical problems in this field are discuss-

1 The term “cannabinoids” was introduced (MECHOULAM and GAONI, 1967 a) to embrace the
group of C,; compounds characteristically present in Cannabis sativa, their carboxylic acids,
analogues, homologues and transformation products
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ed in a book published by the U.S. National Institute for Drug Abuse (WILLETTE,
1976). A chapter in the book of LEMBERGER and RUBIN, 1976 and several in those of
BRAUDE and SzARA, 1976 and NAHAS, 1976 are devoted to cannabinoid metabolism.
The medicinal chemistry aspects of cannabinoids, both natural and synthetic, have
been reviewed (COHEN and STILLMAN, 1976; ARCHER, 1974; MECHOULAM and CAR-
LINI, 1978; BHARGAVA, 1978). An annotated bibliography covering the years 1964 to
1974 has been published (WALLER et al., 1976). Work on this valuable bibliographic
tool is continuing and further volumes are expected.

B. Naturally Occurring Cannabinoids

1. Isolation and Structure

The early attempts to isolate the natural cannabinoids was by fractional distillation
or crystallization. Both methods failed as cannabinoids generally boil within the same
temperature range (ca. 155 °C 0.05 mm) and are mostly oily materials which are dif-
ficult to crystallize. The advent of chromatography bypassed cannabinoid chemistry
by nearly 30 years and it was only in the 1960 that serious attempts to separate the
constituents of marihuana and hashish were recorded. Up till 1964 only two (or pos-
sibly three) components had been isolated in pure form. The structure of only one
compound, cannabinol (CBN) had been established. The pure constituents isolated
did not include compounds with psychotropic activity. An impure mixture apparently
containing a high percentage of what was later recognized to be A*-THC was isolated
in 1942 (WOLLNER et al., 1942). Work reported by several groups since 1964 has led
to the isolation of numerous new cannabinoids which today number 56. The structure
of these was determined mainly by the use of physical methods such as mass spectrom-
etry and nuclear magnetic resonance. Figure 1 presents the structures of the predo-
minant natural cannabinoids with references to the original reports of their isolation
or structure elucidation.

Most natural cannabinoids belong to several basic structural types: THC (includ-
ing CBN), cannabigerol, CBD, cannabichromene, cannabicyclol and cannabielsoin.
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Fig. 1. Representative natural cannabinoids

Additional, usually very minor constituents belonging to related structural types have
been shown to be present. They include cannabicitran (BERCHT et al., 1974), cannabi-
triol (CHAN et al., 1976), cannabichromanons (GROTTE and SPITELLER, 1978) and a di-
meric cannabinoid (SPULAK et al., 1968). The variations on the basic types are stan-
dard: a carboxyl group on the phenolic ring (e.g. 4'-THC acid A, 4*-THC acid B);
a methyl, propyl or butyl side chain replacing the pentyl one or dehydrogenation of
the terpene moiety to an aromatic ring (e.g. CBN).

The cannabinoids in the growing plant are present mostly, or exclusively, as the
pharmacologically inactive acids (i.e. 4'-THC acids A and B rather than 4'-THC).
However, during the preparation of the illegal materials — hashish, chagas or even
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marihuana — partial decarboxylation takes place leading to the neutral cannabinoids,
including the active A'-THC.

Most natural cannabinoids have at least two chiral centres — at C; and C,. The
absolute configuration at these centres was determined by MECHOULAM and GAONI,
1967b for 4'-THC (3R, 4R) and CBD (3S, 4R) by correlation with a terpene with
a known absolute stereochemistry. The structures in Fig. 1 are given with the correct
absolute stereochemistry, whenever it has been established.

In addition to cannabinoids, numerous terpenes, phenolic compounds, alkaloids,
flavonoids and other natural products have been isolated from C. sativa (MECHOU-
LAM, 1973; TURNER et al., 1976; EL-FERALY et al., 1977, SEGELMAN et al., 1978). These
non-cannabinoids do not seem to contribute to the typical cannabis-type activity.
However, this point needs further substantiation.

Early work on cannabis claimed that the activity was due to a mixture of (uniden-
tified) isomers. With the identification of most major constituents it was conclusively
shown (GAONI and MECHOULAM, 1964 a) that only one major THC isomer is present,
namely A'-THC, with a second one, 4°-THC, being a minor constituent. On the basis
of a detailed comparison of the activities of several cannabinoids versus a synthetic
mixture it was concluded that, in the particular monkey test used, A'-THC was the
only pharmacologically active cannabinoid (MECHOULAM et al., 1970). However, later
reports have brought evidence that in rodent tests A'-THC cannot always account for
all the activity (KARNIOL and CARLINI, 1972). Whatever should be the chemical basis
for these observations (synergism or additional active constituents) and its possible
relevance to cannabis activity in humans, further research is urgently needed to clarify
this important point.

II. Chemical Properties

In this section I propose to discuss only those characteristics of the cannabinoids
which seem to be relevant to pharmacology and to reluctantly disregard the fascinat-
ing pure chemistry of some of these compounds.

The cannabinoids are lipid soluble compounds which are practically non-soluble
in water. The octanol water partition coefficient of 4'-THC was reported to be of the
order of 6,000 (GILL and JONES, 1972). For administration to animals, therefore, it is
always necessary to use a non-aqueous solvent or to add a dispersing agent. The most
commonly used vehicles have been olive oil (given intraperitoneally), polyethylene
glycol or Tween 80-saline given by any route. Dimethyl formamide, dimethylsul-
phoxide, gum arabic, serum albumin and polyvinylpyrrolidone have also been em-
ployed. The suspensions prepared by dissolving the cannabinoid in a dispersing agent
and diluted with water are not stable and should be used shortly after preparation.
However, solutions of cannabinoids in ethanol kept at 0 °C in the dark are stable for
months or years.

Neither CBD, which has two phenolic groups, nor 4'-THC, which has one such
group, are soluble in dilute base. The pKa’ value of A'-THC has been shown to be
10.6 (GARRETT and HUNT, 1974). This paper also gives detailed information on solu-
bility, partitioning and stability of 4'-THC.

A*-THC is very susceptible to oxidation. On exposure to air it slowly converts into
CBN. This is due to the lability of the C; hydrogen, which is both allylic and benzylic.
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A®-THC is considerably more stable and needs very strong oxidation conditions for
dehydrogenation to CBN. As A%-THC is active in essentially all animal models used
for A'-THC testing it is convenient to employ the 4% isomer for preliminary work.

CBD is easily oxidized, in the presence of base, to coloured quinonic compounds
(MECHOULAM et al., 1968). In the crystal form or in ethanolic solution it is, however,
quite stable. The same applies for cannabigerol. Little is known about the susceptibil-
ity to oxidation of the other cannabinoids. However, in view of the presence of
phenolic groups some oxidation on the aromatic rings is to be expected. Allylic oxi-
dation is also possible. Some of the cannabinoids (especially those present in illegal
preparations) may in fact be artefacts formed on oxidation. Thus cannabichromene
(which has no optical activity, a feature associated with enzymatic synthesis) may be
formed by oxidation of cannabigerol followed by cyclization.

Most cannabinoids are stable to heat in the absence of air. Thus the neutral can-
nabinoids can be distilled at up to 200 °C (at a reduced pressure) or analysed by gas
chromatography at 250 °C. However, the cannabinoid acids undergo decarboxylation
atca. 120 °~150 °C. Therefore on smoking (but not on oral consumption), the amount
of available neutral cannabinoids including THC is potentially higher than in the
crude material. One has, however, to take into account that on smoking, only ca.
20%-25% of the neutral cannabinoids (including those formed on decarboxylation)
enter the body; the rest is burned or lost. SPRONG and SALEMINK, 1978 have investi-
gated the reactions taking place on pyrolysis (a smoking model). Most of these involve
cleavage of the molecule followed by further modifications leading to non-active
molecules. In several cases modifications of the cannabinoid molecule take place. The
cleavage and transformation products seem to be inactive, but at present limited phar-
macological work on these products has been reported. The quantitative aspects of
these transformations are not clear; the impression is that while 4'-THC is relatively
stable, giving some CBN on smoking, CBD is cleaved or cyclized (possibly partly to
A'-THC) or oxidized (to cannabielsoin-type products) with relative ease.

In the presence of acids many cannabinoids undergo transformations (MECHOU-
LAM, 1973). A1-THC with strong acids is easily isomerized into 45-THC. CBD is con-
verted by boron trifluoride into 4'-THC, accompanied by A%-iso-THC; with p-
toluene sulphonic acid it gives A°-THC in essentially quantitative yield (Fig. 2). Can-
nabigerol and cannabichromene undergo complicated cyclizations. However, A4°-
THC and cannabicyclol are relatively stable. In the presence of water or alcohols and
mineral acids, additions to the double bonds may occur (MECHOULAM 1973; GARRETT
and TsAu, 1974). Are the cannabinoids stable in the acid milieu of the stomach? There
is indirect evidence, based on the activity of orally administered 4'-THC, that to a
large extent no major changes occur. However, one can expect some isomerization to
A®-THC, or possibly additions to the double bond. The oral activity of CBD (in anti-
epileptic studies) and lack of psychotropic effects indicate that it is not transformed
to A' or A5-THC in the stomach. However, direct experimental evidence is needed.

The cannabinoids are photolabile compounds. CBD can cyclize to A'-THC or iso-
cannabinoids (SHANI and MECHOULAM, 1971). This reaction may have biogenetic sig-
nificance. It has recently been reported that when a growing cannabis plant is exposed
the sunlight it contains more 4'-THC and less cannabichromene than a non-irradi-
ated plant (VALLE et al., 1978; this observation contradicts previous results, FAIR-
BAIRN and LIEBMAN, 1974). CBD can also undergo reduction of the 4% double bond
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Fig. 2. Some transformations of cannabinoids in acids

or addition of solvent to the aromatic ring. In the presence of oxygen, reactions lead-
ing to cannabielsoic-type compounds are observed (SHANI and MECHOULAM, 1974).
No detailed work on A'-THC has been reported, but one can expect addition
reactions as well as dimerizations through the aromatic ring.

The psychoactive cannabinoids may be classified as partial anaesthetics producing
the same perturbation of the membrane structure as that caused by sub-anaesthetic
doses of general anaesthetics (LAWRENCE and GILL, 1975). This was determined by es-
timation of the degree of disorder of the hydrocarbon chain in phospholipid lipo-
somes. Introduction of various cannabinoids altered the order parameters within the
hydrophobic core of the liposome, and the change in this factor correlated qualitative-
ly with psychotropic potency.

Cannabinoids bind to serum proteins (WAHLQVIST et al., 1970). Albumin appears
to bind 4'-THC much less avidly than a-lipoprotein, which in turn shows a slightly
reduced avidity compared to B-lipoprotein (McCALLUM and EASTWOOD, 1978). 4!-
THC binds to glass or membranes (GARRETT and HUNT, 1974) and the possibility that
there is competition by these surfaces for 4'-THC during in vitro experiments cannot
be ignored.

III. Syntheses

It is beyond the scope of this review to describe all the synthetic routes used to prepare
the various natural cannabinoids. These have been reviewed in considerable detail
(MECHOULAM, 1973; MECHOULAM et al., 1976). It should be pointed out that facile syn-
theses for most cannabinoids are available. 4'-THC can be prepared in high yield and
with high stereospecificty by several methods. The ones generally employed are pre-
sented in Fig.3. They are based on condensation of a suitable monoterpene with
olivetol (5-penthylresorcinol) to yield 4°-THC which can easily be converted into 4*-
THC. RAZDAN et al., 1974 have found that the Petrzilka synthesis can be improved
to yield directly A'-THC if magnesium sulphate is added to the reaction mixture.



Chemistry of Cannabis 125

HO

2 steps
+ CH,; —= A°-THC ——— A'-THC

OH
HO

(MecHouLAM et al., 1967)

HO
F

(PeTRZILKA €t al., 1969)
Fig. 3. Some syntheses of 4-THC

(+)-4*-THC can be obtained from the synthesis based on verbenol (MECHOULAM
et al., 1972) as the latter compound is obtainable in both (+) and (—) forms. The (+)
(unnatural) cannabinoids are of importance as control compounds in pharmacolog-
ical and biochemical work in order to ascertain that effects observed with natural (—)
cannabinoids are specific and are not due to the general liposolubility of this group
of compounds.

The above syntheses have been employed for the preparation of labelled material.
BURSTEIN, 1973 has presented a list of methods used for this purpose. More recent de-
velopments are a detailed report on the syntheses of numerous labelled cannabinoids
(P1TT et al., 1975), the syntheses of labelled cannabinoid acids (SHOYAMA et al., 1978)
and the publication of the method of HOELLINGER et al., 1977 leading to 4'-THC with
a specific activity of 50 Ci/mmol.

C. Structure-Activity Relationships (SARs)

These relationships, mainly as regards the typical cannabis activity, have been sur-
veyed previously (MECHOULAM, 1973; MECHOULAM et al., 1976). These data, together
with newly published results, can be summarized as follows:

1) A tricyclic (preferably benzopyran)-type structure with a hydroxyl group at the
3’ aromatic position and an alkyl group on the 5 aromatic position seems to be a
requirement. Opening of the pyran ring leads to loss of activity.
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2) The phenolic group has to be free. Blocking of this group as an ether causes
complete inactivation while esterfication does not, probably because esters can be hy-
drolysed in the body.

3) Electronegative groups (such as carboxyl, carbomethoxyl or acetyl) on the ar-
omatic ring eliminate activity. Alkyl groups on the C-4’ aromatic position cause no
change in activity, while such a substitution on C-6" eliminates activity.

4) The minimal C-5 alkyl side chain seems to be a pentyl one (though little work
has been reported on the propyl and butyl homologues). The side chains leading to
highest activity apparently are 1,1 or 1,2-dimethyl heptyl or the recently discovered
1-methyl-4-(p-flurophenyl)-butyl groups (PARs et al., 1977).

5) Not all the theoretically possible THCs are active. Thus 4*- and 45-THC are
active in the 3R, 4R series only; 4°>-THC and A”-THC are inactive; 4°-THC is active;
A4*-3,4-cis-THC is inactive.

6) Monohydroxylation on the C-7 methyl group, in either 4*- or 46-THC, the C-6
position on A'-THC, or on the C-2”, C-3”, C-4” or C-5” position of the side chain
leads to active compounds; C-1”-hydroxy-4%-THC is, however, inactive. Hydroxyl-
ation of the C-9 methyl group in 4*-THC also gives an active compound.

7) In the hexahydrocannabinol series the methyl group (or hydroxymethyl group)
on C-1 has to be equatorial, i.e. essentially in the same plane as the phenolic hydroxyl.
The axial methyl isomer is much less active.

8) The terpenoid and pyran rings may be modified considerably. These modifi-
cations do not seem to follow a regular pattern, and even tentative rules cannot yet
be put forward.

Detailed SAR studies of synthetic N-containing cannabinoids as regards various
pharmaceutically important parameters have been published (PArS et al., 1977; Raz-
DAN et al., 1976D).

Several cannabinoids have shown considerable clinical promise (for recent reviews
see MECHOULAM and CARLINI, 1978; BHARGAVA, 1978). A'-THC in humans exhibits
anti-asthma, analgetic, antiglaucoma, antihypertensive and anti-emetic properties.
The analgetic, antiglaucoma and antihypertensive effects cannot be exploited due to
the CNS side-effects. However, they can serve as synthetic leads. The anti-asthma ef-
fect is observed at doses considerably lower than those at which CNS effects are pre-
sent (HARTLEY et al., 1978). Further clinical work is certainly warranted. The most
promising results are in the use of A'-THC as an anti-emetic drug during cancer che-
motherapy or irradiation therapy. Repeated vomiting is a serious side-effect of such
therapy and it is not always improved by existing anti-emetic drugs during cancer che-
motherapy or irradiation therapy. Oral administration of 4'-THC, ca. 2 h before the
anticancer treatment prevents vomiting in most cases (SALLAN et al., 1975).

In a double-blind study CBD was given (at 200 mg daily doses for 3 months) to
epileptics with uncontrolled secondary generalized epilepsy with temporal foci. Very
significant improvement was noticed (CUNHA et al., 1980). Further research is indi-
cated. It is of interest that a close spatial structural relationship exists between CBD
and the anti-epileptic drug phenytoin. In addition, in each of these compounds the dis-
tance between their two electron donating groups is almost the same. It seems possible
that the two compounds act on the same, or a similar, receptor (TAMIR et al., 1980).

The synthetic cannabinoid, nabilone, developed by the American firm Ely Lilly,
is being clinically tested mainly as an anti-emetic in cancer chemotherapy and as an



Chemistry of Cannabis 127

anti-anxiety agent (HERMAN et al., 1977; NAKANO et al., 1978). Nabilone is apparently
not as good a tranquillizer as diazepam; however, it seems to be a good anti-emetic
agent.

Clinical trials with the nitrogen-containing cannabinoid shown below have dem-
onstrated its effectiveness as an analgetic (ca. ten times more active than codeine);
however, the side-effects observed make it a poor candidate for further work in man
(STAQUET et al., 1978).

(0] C=CH

N i :
OH OCO(CH),N *HCl

Nabilone

D. Cannabinoid Analysis

The identification of crude cannabis is routine in forensic laboratories. It is usually
done by a combination of colour tests (Duquenois, Beam etc.) and chromatographic
ones [thin layer chromatography (TLC), gas chromatography (GC) etc.]. These have
been reviewed in detail elsewhere (MECHOULAM, 1973; MECHOULAM et al., 1976;
CrOMBIE, 1976). A problem which has not yet found a fully satisfactory solution is
the analysis of cannabinoids in body fluids, in particular urine. The main reasons for
this difficulty are the low amounts usually consumed by man and the extensive rapid
metabolism (VINSON, 1979).

The most widely used method for detecting cannabinoids on TLC is by spraying
with a feshly prepared solution of di-o-anisidine tetrazolium chloride (fast blue salt
B), which offers both excellent sensitivity of detection (to approximately 50 ng) and
different colour reactions for different components.

By the fluorescent method of FORREST et al., 1971, in which the cannabinoids are
converted to 1-dimethyl-aminoaphthalene sulphonates, cannabinoids may be de-
tected on TLC down to levels of 0.5 ng. VINSON et al., 1977 have developed on alter-
native facile fluorescent method.

Gas chromatography is the method of choice for rapid qualitative and quantita-
tive identifications. A large variety of stationary phases have been found to provide
excellent separations of the cannabinoids on packed columns, and the use of capillary
columns has been found to improve separations considerably (NOVOTNY and LEE,
1973; GROTTE and SPITELLER, 1978). Flame ionization detection, normally used with
GLC, gives a maximum sensitivity of approximately 50 ng. The formation of
trimethylsilyl derivatives increases the maximum sensitivity of detection to about
10 ng.

The use of electron capture detection for suitably derivatized cannabinoids has im-
proved detection sensitivity. SCHOU et al., 1971 report that the use of chloroacetyl de-
rivatives gives maximum sensitivity of approximately 0.04 ng and have applied this
method ot urinalysis. GARRETT and HUNT, 1973 demonstrate a maximum sensitivity
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of detection of approximately 5 pg for 4'-THC pentafluorobenzoate, whereas 1 pg
A*-THC heptafluorobutyrate can be detected when a capillary column and low vol-
ume coaxial electron capture detector are used (FENIMORE et al., 1973).

To overcome the necessity of purification, MCCALLUM et al., 1978 have developed
a method involving GLC with flame ionization detection of cannabinoid phosphate
esters. This method has a sensitivity of 0.5 ng/ml of whole blood. The detection is so
specific that preliminary clean-up procedures are unnecessary.

High pressure liquid chromatographic (HPLC) methods for the separation of can-
nabinoids have been developed (SMITH and VAUGHAN, 1976; KNAUS et al., 1976; GAR-
RETT and HUNT, 1977).

Mass spectrometry (MS) is widely employed in cannabis analysis. AGURELL et al.,
1973 report that a preliminary purification of the extract from human plasma by chro-
matography on Sephadex LH-20 provides adequate clean-up for subsequent quantifi-
cation of the 4*-THC by mass fragmentometry. Their method has been found suitable
for measuring 4'-THC down to levels of 0.3 ng/ml when fragmentograms of the 299
and 314 mass fragments (at 50 eV) are used. Improvements of this method have been
reported by ROSENFELD, 1977. A facile GLC-MS method has been described by
ROSENTHAL et al., 1978.

A number of laboratories have developed immunoassay methods. TEALE et al.,
1975, Gross and SOARES, 1978 and others (see WILLETTE, 1976) have reported prac-
tical procedures. Recently a combined HPLC-radio-immunoassay was described
(WILLIAMS et al., 1978) which is capable of quantifying 0.1 ng of a cannabinoid in 1 ml
plasma. Cars et al., 1975 have developed a free radical immunoassay (comparable to
the one available for morphine).

E. Cannabinoid Metabolites*

Early in 1970 several groups almost simultaneously identified the major primary route
of cannabinoid metabolism — hydroxylation at the allylic C, position (BURSTEIN et al.,
1970; BEN-Zvi et al., 1970; NILSSON et al., 1970; WALL et al., 1970; FoLTZ et al., 1970).
Intensive ongoing work by several groups, mainly in Sweden, United States, Israel
and the United Kingdom, has shown that 4'-THC, 45-THC, CBD and CBN are hy-
droxylated (or oxygenated) by many animal species, including man, at most allylic po-
sitions as well as on the side chain. The relevant positions are indicated by arrows in
Fig.4.

A further minor primary route (which apparently takes place only very early after
administration of the drug) is dehydrogenation of 4!-THC and 4°-THC to CBN
(McCALLUM et al., 1977). It is usually accompanied by further hydroxylation. Meta-
bolic reduction of the 4' double bond has been recorded (HARVEY et al., 1977 a).
Epoxidation of this double bond has also been observed.

The monohydroxylated products can undergo further hydroxylations as well as
oxidations to the corresponding 7-oic acids. The side chain can also be cleaved and
oxidized giving mono- or polycarboxylic acids. Recent publications identifying nu-
merous new metabolites (generally along the above-described pathway) are those by

* Due to the large number of publications on metabolism and metabolites in this area, most
of the pre-1976 work is not given in any detail or referenced. The reader should consult the
reviews cited in the introduction for full coverage
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Fig. 4. Positions of phase I oxidations in cannabinoid metabolism

CH,OH
0
7—-OH-A'-THC 7-OH—A®-THC
.(11-OH-A°-THC)  (11-OH-A%-THC)
CH,0H COOH CH,0H
COOH
(CH,),COOH sHyy

(CH,)COOH

CsHy,y

Fig. 5. Examples of phase I cannabinoid metabolites

HARVEY et al., 1977b; MARTIN et al., 1976, and MARTIN et al., 1977. Some canna-
binoid metabolites, excluding conjugates, are given in Fig. 5. It should be pointed out
that considerable metabolic species specificity exists, although the general pathways
apparently are similar.

As already mentioned in Sect. C, most monohydroxylated (or mono-oxygenated)
THC metabolites are pharmacologically active. It is still a question of heated dis-
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Fig. 6. Examples of phase II cannabinoid metabolites

cussion whether these metabolites (in particular 7-hydroxy-4'-THC) represent the ac-
tive species in the body or even contribute to the activity observed (see LEMBERGER,
1976; WALL et al., 1976; MARTIN et al., 1978).

Two types of secondary metabolites have been identified. The first are esters of fat-
ty acids with cannabinoids or primary metabolites of cannabinoids (LEIGHTY et al.,
1967; Y1sak et al., 1978). These compounds are less polar than the natural canna-
binoids. A second, much more abundant type of secondary metabolites are the glu-
curonides of cannabinoids. HARVEY et al., 1977b observed the in vivo formation of
0-glucuronides of CBD and CBN in mice liver. Suprisingly, 4°- and 4'-THC gave on-
ly traces of such metabolites. O-Glucuronides of CBN, CBD, 4*-THC and 4°-THC
as well as of 7-hydroxy-4*-THC and 5-hydroxy 4*-THC have been obtained in vitro
by enzymatic catalysis (LYLE et al., 1977; PALLANTE et al., 1978). Under slightly dif-
ferent in vitro conditions the unusual C-glucuronide of A°-THC is formed (YAGEN et
al., 1977). This 4%-THC C-glucuronide is also formed in vivo in rat liver (LEVY et al.,
1978). It is as yet unknown whether the C-glucuronides form a significant portion of
the water soluble cannabinoids which represent ca. 75% of the cannabinoid excretion
products in urine. It should be pointed out, however, that in man only ca. 10% of the
cannabinoid excretion is by this route. The rest is through the faeces (WALL et al.,
1976). In Fig.6 some representatives of metabolic cannabinoid esters and glu-
curonides are given.

F. Concluding Remarks

In the last 15 years cannabinoid chemistry has reached maturity. Most natural canna-
binoids have been isolated and their structures elucidated, syntheses are available and
analytical methods have been developed. The basic primary metabolic patterns ap-
parently are known. The secondary metabolism is still, however, partly unexplored
territory.

I believe that now the trend is towards development of new drugs based on the
cannabinoid nucleus. It has been shown that separation between the various activities
is possible. We may look forward to new analgetic, anti-emetic, antiglaucoma, anti-
asthma and anti-epileptic compounds which cause little or no THC-type effects.
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CHAPTER 8

Pharmacology and Toxicology of Cannabis

H. CopPer

A. Introduction

The chemistry, pharmacology, and toxicology of cannabis were described in details
in the Handbook of Experimental Pharmacology, Vol. 54/2 (1977). The purpose of
this article is not to repeat that information, but to supplement it and present other
points of view, as well as to summarize new aspects, €. g., the interaction of cannabis
with other drugs. In addition, attempts to provide explanations for certain phenom-
ena that cannot be definitely interpreted owing to contradictory findings (mostly re-
sulting from the diverse methodologies used) are perhaps not only of heuristic value.

The history, epidemiology, and chemistry of cannabinoids were also treated in the
aformentioned handbook and consequently will not be discussed here. Rather, this
article will focus on the pharmacokinetic and pharmacodynamic effects of cannabis
and cannabinoids, aspects of tolerance, and the interaction of these substances with
other drugs.

B. Pharmacokinetic Effects
I. Absorption

It may be considered as proven that cannabinoids are absorbed rapidly and easily and
that the onset of the effect of equivalent doses is greater in inhaling than after oral
application. Inadequate attention was drawn to the finding that the vehicle in which
A4-9-tetrahydrocannabinol (THC) is administered has a significant influence on the
kinetics and also on the effectivity of the drug.

AGURELL et al. (1969), for example, injected *H-labeled THC into rats in a 10%
sesame oil-saline emulsion (1:9) and found an elimination of less than 50% of the
radioactivity within 1 week. On the contrary, KLAUSNER and DINGELL (1971) de-
scribed for the same species a nearly complete elimination of *#C-labeled THC within
a period of 6 days. In these investigations, a mixture of propylene glycol and rat serum
served as vehicle (30:70).

In rats, the same dose of THC administered in polyethylene glycol evokes a de-
crease in body temperature of more than 3 °C, whereas after administration of THC
dissolved in rape oil no hypothermia occurred. Similar observations were made in re-
spect of cataleptic effects. THC in Cremophor may cause a prolongation of hexobar-
bital-induced sleep for some hours, an effect which is less pronounced after adminis-
tration of THC in rape oil, but, nevertheless, persists for 2 days (Coper et al., 1971;
FerNANDES and COPER, 1971).

Using the disruption of food-reinforced operant behavior of rats as the test-system
for cannabinoid activity, a polyvinylpyrrolidone dispersion had the most rapid onset
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of action while the polysorbate-65-sorbitan monolaurate combination had the longest
duration of action. An olive oil solution had little effect (BORGEN and Davis, 1973).

When injected intraperitoneally, THC was most effective in delaying convulsions
when given in a propylene glycol/Tween 80 (PPG) mixture, fairly effective in poly-
vinylpyrrolidone (PVP), and almost ineffective in bovine serum albumin (BSA) or sa-
line / Tween 80 (TW) (SoF1A, et al., 1974).

Higher '#C plasma concentrations were seen 1 h after intravenous injection of
THC with PPG than with TW and BSA. BSA produced lower values than did PPG
and TW. However, the *C lung concentration was four times higher with BSA than
with PPG and TW. There were no significant differences in !“C brain concentrations
4 h after intravenous administration of THC with TW, BSA, or PPG. However, TW
with THC produces significantly higher 1C brain values 1 h after intravenous injec-
tion. Concentration of 1*C in all tissues was significantly lower after intraperitoneal
or oral administration of THC in corn oil than after TW (MANTILLA-PLATA and HAR-
BISON, 1975).

From these findings it may be deduced that there exists a complex equilibrium be-
tween the water-insoluble cannabinoids, certain vehicles, plasma proteins, especially
a- and f-lipoproteins, as well as tissue constituents (MCCALLUM and EASTWOOD,
1978). Therefore, the affinity of the drugs for these various retaining or uptake sites
and their amount play an important role in the intensity and duration of the different
effects of the cannabinoids. This factor explains many discrepancies in the literature
concerning the effectiveness of THC.

I1. Distribution

In principle, the distribution of cannabinoids and their active metabolites takes place
like that of every other drug, namely in accordance with physical and chemical prop-
erties, especially the lipid solubility, the blood circulation, and the space and medium
of diffusion. The situation concerning cannabinoids is particularly complicated, be-
cause THC, for example, is obviously transformed relatively quickly into active and
inactive metabolites not only hepatically but also extrahepatically. The velocity whith
which the metabolism in the various tissues takes place and the simultaneous concen-
tration of the respective substances over a time course cannot yet be taken for granted.
It must also be realized that measurement of radioactivity in different tissues or sub-
cellular particles does not reflect the content of the active compounds and gives only
limited information about dose-response relationship. Most of the studies of tissue
distribution correspond roughly to this deficient pattern. In acute experiments with
injection of *H-as well as 1#C-labeled drugs, activity is high in lung, liver, and kidney;
moderate in heart, spleen, and some endocrine glands; and relatively low in the brain,
particularly in the gray area. The time course of rise and fall of radioactivity in the
various organs and tissues closely resembled that of thiopental and other strongly li-
pophilic substances. Relatively high levels persisted in fat at 48 h, but levels in brain
were quite low (WILLINSKY et al., 1974). There is no doubt that THC and the active
metabolite are concentrated to a high degree in the synaptosomal fraction of the cells,
but it is a nonspecific binding and is carried out mainly by simple diffusion and not
by an active process (COLBURN et al., 1974; DEWEY et al., 1976; ROTH and WILLIAMS,
1979).
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HARRIS et al. (1978) presented some evidence utilizing hepatoma cells that a high
degree of binding is associated with the crude nuclear fraction. In the brain, it was
shown that binding depends on protein concentration and that a portion of this bind-
ing is temperature dependent. The authors concluded from their experiment that spe-
cific binding of the cannabinoids may occur in certain cells or cell fractions and that
this binding may have stereospecificity. But they stress that they do not know whether
such binding has any relevance to the pharmacologic effect of this class of drugs.

It has largely been accepted that the site of action of THC and other cannabinoids
is the lipid phase of the cell membrane. All psychoactive compounds are very lipophil-
ic, oxygenated hydrocarbons and are devoid of any ionic or strongly bipolar substi-
tuent groups. At low concentrations the molecular pertubation is related to an in-
crease in the molecular disorder of the liposome. At high concentrations, the effects
level off to a more or less constant value. This phenomenon is explained by limited
solubility of THC in phospholipid bilayers (LAWRENCE and GILL, 1975; GILL, 1976).

II1. Elimination

Many investigations have confirmed that cannabinoids are metabolized rapidly,
mainly by hydroxylation into mono- and dihydroxylated compounds. Unmodified
THC or 11-OH-THC were not detected in urine and feces. Thus, elimination takes
place exclusively by metabolism. The particular steps of transformation are described
by MECHOULAM (see Chap. 7). A special aspect in this connection is the interaction of
cannabinoids with other drugs in the microsomal drug-metabolizing enzyme system.
4-9-THC, 4-8-THC, cannabidiol (CBD), and cannabinol (CBN) produce type I spec-
tral changes in rat liver chromosomes, indicating the formation of the enzyme-sub-
strate complex with cytochrome P, s,.

Treatment of rats with SKF-525-A prior to administration of tritium-labeled
(-)-4-9-THC resulted in a decrease of nearly 50% of 11-OH-THC and 4-9-THC in
both the brain and liver as compared with the animals without SKF-525-A pretreat-
ment. The microsomal oxidation inhibitor also caused a reduction of the dihydroxy-
lated metabolite, 8, 11-(OH),-4-9-THC, to 14% of control values. The large reduc-
tion of the acid metabolite in the brain (65% of controls) and the liver (16% of con-
trols) by SKF-525-A indicates that the oxidative pathway producing the acid is a mi-
crosomal process (ESTEVEZ et al., 1974).

Pentobarbital, phenobarbital, and amphetamine also produce in vitro an ap-

parently noncompetitive inhibition of THC metabolism. The inhibition engendered
by meprobamate was at least partly competitive. Morphine and mescaline had no evi-
dent effect. With the exception of SKF-525-A none of the drugs tested in vivo in-
fluenced the biliary 1“C excretion or metabolite pattern or the final tissue levels. (SIE-
MENS et al., 1975).
Finally, CBD is a strong inhibitor of microsomal drug metabolism and is therefore
capable of suppressing THC metabolic degradation (JONES and PERTWEE, 1972; FEr-
NANDES et al., 1973; Borys and KARLER, 1979). Thus, using a cannabis extract, the
elimination and, partly, the effect of THC and obviously of other pharmacologically
active cannabinoids such as tetrahydrocannabivarol depends on the amount of CBD.
Using pure substances it depends on the affinity with which the competing com-
pounds are bound to the microsomal oxygenase system.
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Excluding the influence of different perfusion conditions, there is no doubt that
THC is also metabolized extrahepatically, for example, by isolated perfused lungs of
rabbit and dog. At least five metabolites were shown to be present in lung tissue and
perfusate (WIDMAN et al., 1975; Law, 1978). THC is also obviously metabolized in
brain. COLBURN et al. (1974) reported that most of the radioactivity in brain super-
natant fraction (*}H THC metabolites) was not extractable in heptane 2.5 h after in-
tracisternal injection of 20 pg *H-4-9-THC in rats. BEN-Zvi et al. (1976) found as well
that 4-9-THC could be 7-hydroxylated in the intact monkey brain following an intra-
ventricular injection of radiolabeled 4-9-THC. On the other hand, MARTIN et al.
(1977) found no evidence for metabolism of 4-9-THC by perfusion of the isolated rat
brain with #C-4-9-THC.

MAGOUR et al. (1976) have shown that after the intraperitoneal injection of 10 mg/
kg *H4-9-THC, the relatively specific activity of 4-9-THC and 11-OH-THC is dimin-
ished in each subcellular fraction of the rat brain. Meanwhile, the concentration of
highly polar metabolites which cannot be totally transported from liver increases in
all subfractions, especially in the cytosol, so that net radioactivity in the whole brain
within 12 h is decreased only to a minor extent.

C. Pharmacodynamic Effects
I. In Information-Bearing Macromolecules

Indications that cannabinoids, especially 4-9-THC, inhibit DNA, RNA, and protein
synthesis, have led to the study of their cytostatic, anti-immune, and chromosome-
damaging effects in vitro and in vivo (STRENCHEVER et al., 1972; BLEVINS and REGAN,
1976; CARCHMAN et al., 1976; HARRIS et al., 1976; Mon et al., 1978). These investi-
gations have been carried out with quite different schedules and in various systems.
Thus, no clear statements can be made about the conditions under which canna-
binoids interfere with the metabolism of macromolecules.

Damaged or broken chromosomes are not typical in cannabis users, and they also
occur after various other external chemical stimuli. Moreover, findings on the muta-
genicity of THC were not reproducible (HERHA and OBE, 1974; CoHEN, 1976; VAN
WENT, 1978). Genetic damage by use of cannabis cannot be excluded with certainty.
However, this risk is probably not more significant than that occuring with other un-
physiological environmental stimuli. A review of the literature (FLEISCHMAN et al.,
1975) which describes the results of 25 experiments conducted in rats, mice, hamsters,
rabbits and chimpanzees indicates, with just a few exceptions, a general lack of terato-
genesis following subcutaneous, intraperitoneal or oral administration of marihuana
extract of pure THC. These results are confirmed recently by Soria et al. (1979) in
New Zealand rabbits.

There is no doubt that immune suppressive effects are demonstrable in vitro de-
pending on the structure of the compounds, but to evoke these effects in vivo consid-
erable doses are needed (GAUL and MELLORS, 1975; LEFkowitz and KLAGER, 1978;
SmitH et al., 1978). In such high doses, 4-9-THC also suppresses the induction of aryl-
hydrocarbon hydroxylase and aminopyrine demethylase by phenobarbital or 3-
methylcholanthrene. RNA synthesis is the probable site of action. (FRIEDMAN, 1976),
since 4-9-THC interfered with phenobarbital stimulation of nuclear RNA synthesis,
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but had no effect on protein synthesis. Similarly, retardation of Lewis lung adenocar-
cinoma growth and of Friend leukemia virus-induced splengomegaly occurs only with
very high doses (MUNSON et al., 1975).

11. In Functional Macromolecules

The mechanism of interaction between two different substances on the microsomal
oxygenase system clearly indicates that the net effect does not take a single pathway
to an inhibition of THC by the other drug. The cannabinoids, especially CBD, are
able to suppress in vitro and partly in vivo the metabolism of typical type I com-
pounds. The hydroxylation of testosterone is inhibited competitively also by A4-9-
THC and 4-8-THC. The effect is dose dependent over the dose range tested (25—
100 uM) (CHAN and Tsg, 1978). Testosterone synthesis is also markedly reduced by
cannabinoids (DALTERIO et al., 1977, BURSTEIN et al. 1978 and 1979a).

Aminopyrine demethylation is competitively diminished by 4-9-THC, 4-8-THC,
CBN, and CBD, by the latter in concentrations below 10 uM. The inhibitor constants
were found to be 58, 68, 80, and 5 pM, respectively. In a similar way, morphine de-
methylation was also inhibited. A4-8-THC, however, did not suppress this reaction,
and inhibition of CBD was mixed at all concentrations. These inhibitory potencies of
cannabis constituents on drug metabolism in vitro parallel the results obtained in vivo
by interaction studies with hexobarbitone (FERNANDES et al., 1973). PATON and PEr-
TWEE (1972) reported that CBD is a stronger inhibitor of phenazone metabolism in
mouse liver supernatant than THC.

Thus, it must be concluded that CBD, which is by far more potent in inhibiting
drug metabolism than other cannabinoids, contributes significantly to the effects of
crude cannabis preparations, at least in rodents.

Induction of some enzymes by THC has also been noted. WiTscHI and SAINT-
Francois (1972) first described a dose-dependent enhancement of benzpyrene hy-
droxylase activity in lung and liver 24 h after treatment of male rats with high doses
of crude cannabis resins. After exposure to smoke produced by burning cigarettes
made from cannabis sativa the activity of pulmonary aryl-hydrocarbon hydroxylase
is enhanced. But it needs to be considered that the activity of the enzyme is also in-
creased 6-24 h after inhalation of cigarettes from which the cannabinoids have been
extracted (MARCOTTE and WITSCHI, 1972). Enhanced biotransformation of theophyl-
line in marihuana and tobacco smokers is described by Jusko et al. (1978). Ho et al.
(1973) have shown that chronic administration of THC to rats increases the metab-
olism of the compound in the liver but not in the lungs. On the other hand, KUPFER
et al. (1973) found no effect of the vitro microsomal demethylation of aminopyrine
and p-chloro-N-methyl-aniline or the oxidative metabolism of 4-9-THC. Recently,
WRENN and FRIEDMAN (1978) have described a dose-related stimulation of tyrosine
aminotransferase 12 h after 4-9-THC.

In contrast to prior results (CHARI-BITRON and BNo, 1971; JAIN et al., 1974), 4-
9-THC produces a dose-dependent (2.5-40 pM) inhibition of Na*K* and Mg?*
Ca’* (adenosine triphosphatase, ATPase) in all subcellular particles without Mg?*
ATPase in the crude mitochondrial fractions (BLooM et al., 1978a; HERSHKOWITZ et
al., 1977).

Another membrane-bound enzyme inhibited by 4-9-THC, the acyl coenzyme A
from brain synaptosomes, was detected by GREENBERG and co-workers in 1978.
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Monoamine oxydase (MAO) activity is slightly suppressed by THC, CBD, and
hashish extract, in enzyme preparations from which the phospholipids were extracted,
the sensitivity to 4-9-THC essentially disappeared. Sensitivity could be regained upon
addition of phosphatidylcholine (SCHURR et al., 1978; STILLMAN et al., 1978). In ap-
parent contrast to these findings are the results of BANERJEE et al. (1975a) who report-
ed that the intraperitoneal administration of 10 mg/kg and 50 mg/kg 4-9-THC in-
creased the activity of MAo in blood platelets in whole brain, and in hypothalamus
and heart mitochondria. They discussed an increased accessibility and/or permeability
of the mitochondrial membrane lipid component.

Low doses of THC (0.1-1.0 mg/kg) caused 50%—160% elevations of cAMP levels
in mouse brain, whereas higher THC concentrations depressed cAMP levels (DoLBY
and KLEINSMITH, 1974). A similar biphasic effect has been reported in cultured human
lung cells (KELLY and BUTCHER, 1979).

Pharmacologic evidence that THC causes an increase of the biosynthesis of pros-
taglandins was given by KAYMAKCALAN et al. (1975), who found that THC has
diuretic and vasodilatory effects on isolated perfused rabbit kidney, which are in-
hibited by acetylsalicylic acid but not by atropine, phenylbutazone, or mepyramine.
On the other hand, JACKSON et al. (1976) found a dose-related antagonism between
THC and prostaglandin E, in the abdominal constriction response.

BURSTEIN and HUNTER (1978) confirmed enhancement of prostaglandin produc-
tion in intact cells by THC, whereas in earlier investigations the authors found an in-
hibition of prostaglandin synthesis in all microsome preparations (BURSTEIN et al.,
1973).

In addition to reports on cannabis-induced inhibition of spermatogenesis and
steroidogenesis as well as suppression of growth hormone (GH), luteinizing hormone
(LH), and follicle-stimulating hormone (FSH) secretion in animals (DixiT et al., 1974;
CoLLuU et al., 1975; DALTERIO et al., 1977; BURSTEIN et al., 1979a, b); SMITH et al.,
1979), KOoLODNY et al. (1974, 1976) described low plasma testosterone levels in heavy
marihuana smokers. But testing of this observation by MENDELSON et al. (1978) yield-
ed no confirmation. KUBENA et al. (1971), as well as KokkA and GARCIA (1974), dem-
onstrated that in rats THC in doses of 2-16 mg/kg or 5-20 mg/kg, respectively, in-
creased plasma corticosterone concentrations. CBD was inactive. Recently, JACOBS et
al. (1979) have shown that the combination of stress and S mg/kg THC results in
higher corticosterone values than either stress or THC alone. CBD acts opposite to
THC.

All these effects are not related to psychoactive properties of the drugs. It must
be kept in mind that independent of apparently specific or nonspecific effects of can-
nabinoids, all their actions on structural of functional macromolecules, including in-
tervention in the immune system, are attributed to an interaction with the phos-
pholipids of the different cell membranes (LAWRENCE and GirL, 1975; BAcH et al.,
1976; KALOFOUTIS et al., 1978).

III. In Functional Systems

1. Neurotransmission

The effects of cannabinoids upon biogenic amines are not yet established firmly. The
numerous data about the involvement of cannabinoids in transmitter level and turn-
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over rate are to some extent documented by HARRIS et al. (1977). Most of the de-
scribed changes were slight and occurred only with extremely high doses. Fundamen-
tal new judgments are not available. Inhibition of amine uptake, decrease in acetyl-
choline release, and depression of presynaptic cholinergic transmission seem to be re-
producible effects of THC (CAVERO et al., 1972; GRAHAM et al., 1974; BENSEMANA and
GASCON, 1974; BANERJEE et al. 1975b; McConNELL et al., 1978; RoTH, 1978). RE-
VUELTA et al. (1979) gave some evidence that THC causes reduction of turnover rates
of acetylcholine in the cholinergic septalhippocampal pathway by increasing the re-
lease of y-aminobutyric acid (GABA) from septal GABAergic interneurons. In addition
to these direct, obvious effects on membranes, THC acts indirectly on amine-mediated
functions such as lipolysis (MALOR et al., 1978; WING and PATON, 1978).

The effect of THC in suppressing signs of the quasi-morphine withdrawal syn-
drome (COLLIER et al., 1974) is presumably not connected to the opiate receptor, do-
paminergic mechanisms or sedation (ZALUZNY et al., 1979).

2. Cardiovascular and Respiratory Systems

The most distinct, dose-related effect of hashish extract, 4-8-THC, or 4-9-THC upon
the cardiovascular system is tachycardia (JoHNsON and DomiNo, 1971; WErss et al.,
1972; CLARK et al., 1974; PRAKASH et al., 1975; Conen, 1976; KANAKIS et al., 1976).
The increased heart rate is accompanied by a shortened preejection period and a pro-
longed left ventricular ejection time with no change in afterload. The peak heart rate
increase after THC is attenuated by atropine and propranolol and nearly abolished
by atropine-propranolol pretreatment. Changes in forearm blood flow and vascular
resistance are also reduced. Under the chosen conditions, propranolol has no substan-
tial influence on psychomotor performance (MARTZ et al., 1972; SULKOWSKI et al.,
1977; BeNowrTz et al., 1979). The data suggest that THC induces sympathetic stim-
ulation and parasympathetic inhibition of cardiovascular control pathways. But using
a cross-circulation preparation in dogs, CAVERO et al. (1973) found some evidence that
THC also induces cardiovascular alterations by central mechanisms.

The same is valid for the antagonism between THC and phentolamine after intra-
ventricular perfusion of cats (LOKHANDWALA et al., 1977). Moreover, 4-9-THC (0.2-
1 mg/kg) blocks the cardiac conditioned response (tachycardia as well as bradycardia)
in monkeys in a dose-related manner. The effects were similar to those of diazepam
(MCcLENDON et al., 1976), and it has to be taken into consideration that the animals
show some sedation.

In man, hypertension with bradycardia occurred when the blood pressure control
was challenged by a change in posture or blood volume (PEREZ-REYES et al., 1973).
A significant decrease in the systolic pressure and heart rate by THC was also ob-
served in hypertensive rats and dogs (CAVERO et al., 1973; VARMA and GOLDBAUM,
1975).

In urethane-anesthetized rats, 4-8-THC and 4-THC produce a dose-related tran-
sient increase in blood pressure followed by prolonges hypotensive response and bra-
dycardia (ADAMS et al., 1976). In a single- and double-blind trial, CLARK et al. (1974)
recorded forearm venous and arterial pressure, forearm blood flow, and heart rate
while the subject was supine. Again, tachycardia was the most consistent cardiovascu-
lar response to marihuana inhalation (600 mg). But they also found increased venous
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pressure and increased peripheral resistance as well as decreased reflex sympathetic
response. In contrast to the effect of single doses, prolonged ingestion of THC slows
heart rate, reduces supine and standing blood pressure, and impairs circulatory re-
sponse to exercise (BENOWITZ and JONEs, 1975). Under these conditions, atropine ele-
vates systolic and diastolic blood pressure as well as heart rate (BENOWITZ and JONES,
1977). Thus, the effects of cannabis compounds upon the cardiovascular system are
not uniform, but always suggest some disturbance in homeostatic mechanism. More-
over, they vary with species, particular compound (cannabinol and cannabidiol are
ineffective) and vehicle used, dose, frequency, and duration of application, the route
of administration, and finally, the condition of measuring (whether the subject was
anesthetized, supine or upright, etc.).

Concerning respiration, it has been confirmed more than once that smoked or
orally applied 4-9-THC reduces airway resistance, without alteration of functional re-
sidual air or carbon dioxide sensitivity (VACHON et al., 1973; TASHKIN et al., 1973).
These findings are similar to those obtained with isoproterenol. However, THC does
not operate as a f-adrenergic agonist (SHAPIRO and TASHKIN, 1976). Intravenous in-
jection of 0.5 mg/kg 4-9-THC in anesthetized dogs resulted in an increase of lung re-
sistance, which appeared to be vagally mediated and was not accompanied by a de-
crease in lung compliance or blood gas changes (BRIGHT et al., 1975). In a recent place-
bo study, it was again ascertained that smoking marihuana significantly increases
ventilation and hypercapnic ventilatory response. Blood pH, pCO,, and ventilatory
response to hypoxia were unchanged. Propranolol completely abolished the increase
in hypercapnic ventilatory response, but did not affect the other changes (ZWIiLLICH
et al., 1978). Also, CoHEN (1976) found that, unlike isoproterenol, the THC-induced
increase in specific airway conductance is not blocked by propranolol. In contrast to
atropine, the effect of THC on bronchial diameter is also not influenced by metacho-
line. Therefore, THC apparently works independently of f-adrenergic or muscarinic
mechanisms (DAVIES et al., 1975; SHAPIRO and TASHKIN, 1976). In asthmatic patients,
A4-9-THC produces bronchiodilatation (HARTLEY et al., 1978). The rate of onset, mag-
nitude, and duration of the effect were dose related.

3. Food Consumption and Temperature Regulation

THC exerts a dose-dependent depressant effect on water and food intake (FERNANDES
et al., 1974; JOHANSSON et al., 1975). Since the reduction in food consumption exactly
parallels the reduction in motility (running wheel, activity, and crossings), it is as-
sumed that the changed pattern of feeding following 4-9-THC may be a direct con-
sequence of the rats’ alterated state of arousal. This hypothesis is consistent with the
action of tranquilizers and barbiturates (DREWNOWSKI and GRINKER 1978).

Similar to morphine, THC at low doses produces hyperthermia, and, at higher
doses, hypothermia. Depending on the ambient temperature, the decrease in body
temperature is dose related (HAAVIK and HARDMAN, 1973a, b; FERNANDES et al., 1974;
JOHANSSON et al., 1974; HATTENDORF et al., 1977; HAAVIK and HARDMAN, 1979; TAY-
LOR and FENNESSY, 1977; BLooM and DEWEY, 1978; BLOOM et al., 1978b). In all effects
on autonomically regulated functions such as food intake or body temperature, can-
nabidiol and cannabinol are ineffective. But in combination with CBD, the actions
of THC are prolonged.
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4. Analgetic and Anticonvulsant Effects

Marihuana produces analgesic activity in animals (SOFIA et al., 1975; BLooM and DE-
WEY, 1978) and man (MiLSTEIN et al., 1974). THC, 11-OH-THC, and cannabinol work
dose dependently; CBD is inactive (WILSON and MAY, 1975; WELBURN et al., 1976).
In the hot plate test, however, there exists a synergism between CBD and THC (TAKA-
HASHI and KARNIOL, 1975).

In the mouse, the abdominal constriction response induced by formic acid, phenyl-
quinone, 5-HT, prostaglandin E,, and bradykinin is antagonized by THC (ED 5, be-
tween 1.0 and 2.6 mg/kg) (JACKSON et al., 1976; SANDERS et al., 1979). Certainly, it re-
mains to be considered whether THC also produces an attenuation of the escape re-
sponse. PARKER and DuUBAS (1973) have discussed the extent to which altered qualities
of perception are related to the analgesic effects of THC.

Using the method of limited ascending and descending thresholds for painful and
nonpainful stimulation, HILL et al. (1974) have some evidence that smoked marihuana
(14 mg THC) has no analgesic properties. NOYES et al. (1975) demonstrated a mild
analgesic effect of THC in patients with cancer. But in a dose of 20 mg, the drug in-
duces severe side-effects that prohibit its wide therapeutic use.

Since thosefirst observations of LoEweand GOODMAN (1947), dose-related anticon-
vulsant effects of 4-9-THC and CBD have been well documented in laboratory ani-
mals (FRIED and MACINTYRE, 1973; CORCORAN et al., 1973; CONSROE et al., 1976c;
ConsrOE and WOLKIN, 1977). Interestingly, in New Zealand white rabbits 4-9-THC
and cannabinol in low doses (0.5 mg/kg) produce seizures which are antagonized by
CBD and anticonvulsants such as carbamazepine, diazepam, and phenytoin (CoNs-
ROE et al., 1977).

5. Motor System, Psychomotor Performance Tasks, and EEG

Hashish, like most of the psychoactive drugs, has depressant as well as excitatory ef-
fects. Depending on the dosage, both actions can be present in parallel (HOLLISTER
and GILLESPIE, 1973; HiLL et al., 1974). In man, after 5-7 mg 4-9-THC, the sedative
component predominates, at higher doses (15 mg and more), stimulating symptoms
prevail. In animals, cannabis and THC mainly tend to suppress spontaneous and ex-
ploratory locomotion. Higher doses were necessary for rodents than for other species.
A summary of findings on the effect of THC on the motor system of behavioral effects
in animals is given by MILLER and Drew (1974).

In rats, THC induces dose-related catalepsy. The effect is triggered by intracister-
nal but not by intrapallidal injections. CBD is not effective, but extends the cataleptic
response of THC. Amphetamine attenuates A-9-THC catalepsy, whereas intrapallidal
administration of amphetamine potentiates the effect (FERNANDES et al., 1974; GOUGH
and OLLEyY, 1978).

In general, cannabis inhibits aggressive response. Shock- and isolation-induced
aggressive activities, as well as predatory aggression, are inhibited by doses that do
not impair motor function (Miczek, 1978). The mouse- and frog-killing activity of
rats is blocked (ABEL, 1975; MiczEk, 1976a), but under starvation and sleep depriva-
tion, non-mouse killers developed muricidal behavior (FusiwAraA and Ueki, 1978).

THC disrupts performances on Rotarod and an established conditioned avoid-
ance response (CAR) in rats and monkeys as well as the acquisition and extinction
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of reinforcement schedule behavior in a dose-related fashion. Maze learning is also
impaired under the influence of THC (KILBEY et al., 1973; MCDONOUGH et al., 1972;
PRrYOR et al., 1976).

In man, too, THC produces decrements in general performance (reaction speed,
cognition, and psychomotor coordination), including the ability to perceive emotions
in others (BELGRAVE et al., 1979; CLOPTON et al., 1979). Handling performance in
automobile driving and psychomotor tracking is decreased by cannabis in the rela-
tively high dose of 5.9 mg/kg THC (HANSTEEN et al., 1976). Memory is influenced in
the sense that marihuana obviously affects storage processes but not perception, reg-
istration, and retrieval (ABEL, 1971; DARLEY et al., 1973; DORNBUSH et al., 1971).

WIKLER and LLOYD (1945) were one of the first who described a decrease in EEG
a-activity and an increase in the fast frequencies. Later, EEG frequency changes were
carefully quantified by power density spectral analysis. The results were inconsistent.
FInk (1976) studied EEG profiles in occasional cannabis users in New York and long-
term, high-dose hashish users in Athens. The EEG effects of enhanced a-activity, de-
creased f-activity, and decreased mean frequency were dose dependent, both in inten-
sity and in duration. The behavioral measures, particularly selfratings of euphoria
(“high” or “mastura”) and heart rate, were also dose dependent and interrelated with
the EEG measures. Similar results are described by Koukkou and LEHMANN (1978)
in an acute trial with volunteers who were abstinent during the 3 months prior to the
study. In the report of COHEN (1976), marihuana smoking is associated with down-
ward alpha shift and a narrowing of band width.

D. Aspects of Tolerance

Since the fundamental considerations of KALANT et al. (1971), it is well known that
tolerance can be quantified only by measuring the parallel shift of dose-response
curves for acute and chronic drug treatment. The usual procedure for measuring tol-
erance ensuing from a fixed dose leads to a high probability of error. If a test is carried
out constantly in a maximum effective dose range, tolerance to the action examined
is hardly perceptible. The same can happen if the dose is below the tolerance-inducing
level. Moreover, with a single dose, the parallelism of the shift to the right cannot be
evaluated.

This statement is valid not only for functional tolerance where development of tol-
erance to some effects is different in time and intensity at various doses, but also for
dispositional tolerance, where in principle all effects of the drug are diminished after
chronic administration. In that case, some effects can yet be realized in spite of a
forced metabolism, if only a sufficient amount of the drug remains for those reactions.
On the other hand, effects which require comparatively higher concentrations can de-
crease under the threshold of effectiveness.

Because these basic facts are often ignored, it is not yet determined whether toler-
ance to cannabis is caused metabolically or functionally, or if both phenomena are
of relevance.

In their review of 1978, LEMBERGER and RUBIN argue that in animals tolerance is
not due to alterations in the disposition of the drug with chronic administration since
apparently no major differences were seen in absorption, distribution, metabolism, or
excretion of cannabinoids. In humans, however, differences were observed between
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naive subjects and chronic marihuana smokers in plasma half-lives of 4-9-THC as
well as in its metabolism. But the authors question whether dispositional alterations
could be solely responsible for tolerance in man. In their opinion, it is more likely that
tolerance is related to an adaptation by the cells of the CNS.

The synopsis in the review of HARRIS et al. (1977) may indicate dispositional tol-
erance, because all of the more than ten different effect listed are reduced. Distinctly
differentiated tolerance to depressive effects and not to excitatory ones, as seen in
chronic opioid use, apparently has not yet been established.

The favored assumption that tolerance to cannabis is not mediated by forced me-
tabolism is not totally convincing. As indicated in the discussion of pharmacokinetic
effects, especially for cannabinoids it is not valid to use measurements of radioactivity
to assess the proportion and intensity of drug metabolism. The occurrence of en-
hanced transformation in animals was shown by Ho et al. (1973) and confirmed by
MAGOUR et al. (1977). The discrepancy between the results concerning distribution of
THC in animals after subchronic treatment may be caused also by the vehicle used.
MARTIN et al. (1976) found after intravenous injection of Emulphor EL-620:ethanol:
saline (5:5:490) that the distribution of 4-9-THC in the organism was not significantly
different in tolerant and nontolerant animals. (A marked reduction, however, was
found in the gray area of the brain in tolerant rats.) PRYOR et al. (1976) even demon-
strated an accumulation of radioactivity following subacute treatment with 4-9-THC
dissolved in sesame oil and given orally. In their investigations, subacute pretreatment
with 10 mg/kg 4-9-THC for 6 days caused significant tolerance to all five measures
(CAR, photocell activity, heart rate, body temperature, and time on Rotarod).

Moreover, daily 12 mg/kg intraperitoneal injections of THC produced tolerance
during a 9-day drug series on a number of behavioral measures in rats performing on
a discriminated-Sidman avoidance schedule and reversed completely during a similar
period under vehicle-only injections (WEBSTER et al., 1973).

Important evidence for the mechanism of functional tolerance is provided by the
mouse-killing behavior. THC or cannabis extracts consistently suppress predatory,
attack, and killing behavior in rats and cats after acute administration. But daily ad-
ministration of high doses induces mouse-killing behavior (MICZEK et al., 1976a and
b, 1979). Thus, after depressive effects have diminished, the excitatory ones, e. g., kill-
ing behavior, prevail. However, it must be pointed out that this kind of aggression is
connected with special conditions. In aggressive behavior induced by tactile and visual
isolation, TEN HaMm and DeJoONG (1974) found no attenuation although tolerance to
hypothermia was seen.

Another indicator for functional tolerance may be temporally different attenu-
ation of hypothermia, intestinal motility, and spontaneous locomotor activity after
chronic THC administration (ANDERSON et al., 1975). Lack of tolerance to a negative
chronotropic effect of THC in rats has been described by KAYMAKCALAN et al. (1974).

Further arguments for the existence of functional tolerance are the results of inves-
tigations on cross-tolerance between THC and ethanol. In agreement with the find-
ings of SPRAGUE and CRAIGMILL (1976), SiEMENS and DoyLE (1979), using Rotarod
performance, demonstrated cross-tolerance which was not a function of changes in
drug degradation.

Some of the inconsistency in the preceding report about tolerance to cannabis in
humans is based on a simple but important fact, often overlooked or forgotten. In
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1963, SEEVERS and DENEAU pointed out that the development of tolerance requires
“continual neuronal exposure” to the drug without interruption. Failure to recognize
this requirement has led to “erroneous conclusions from poorly designed ex-
periments.” Therefore, it is not quite correct to compare the results of experiments in
which volunteers have smoked varying amounts of hashish cigarettes under standard-
ized conditions with defined substances, doses, and kind and frequency of application
to data obtained from occasional or chronic hashish users.

In agreement with most other authors, JONES et al. (1976) found that tolerance de-
veloped to many physiologic effects of cannabis in humans. The changes followed a
time course similar to that of subjective intoxication judgements and are listed below
(see also Liakos et al., 1976, GiBBINS et al., 1976; NowLAN and CoHEN, 1977).

Mood changes EEG slowing

Tachycardia EEG evoked potential alterations
Orthostatic hypotension Sleep EEG changes

Skin temperature decrease Sleep time and quality

Body temperature increase Eye tracking

Salivary flow decrease Psychomotor tast performance

Intraocular pressure decrease ~ Ward behavior alterations

Obviously, the effect depends on the dose and frequency of consumption. BABOR
et al. (1975) found that heavy users indicated a progressive decline in ratings of intoxi-
cation and duration of pulse rate effect; moderate users showed no changes in either
of these reactions. CoHEN (1976) found disappearance of tachycardia after chain
smoking of marihuana cigarettes; PEREZ-REYES et al. (1974; 1976) documented that
marihuana does not produce tolerance to accelerated heart rate. RENAULT et al. (1974)
demonstrated in man that tolerance does not develop to the two most reliable indexes
of marihuana intoxication, the heart rate increase and subjective feelings of highness,
unless rather heavy doses of 4-9-THC are self administered repeatedly.

MENDELSON et al. (1976) tried to study behavioral and social reactions to mari-
huana when smoked under conditions that approached typical social usage. He found
in casual and heavy users a significantly declined activity level; this decline is reflected
in the subject’s tendency to prefer more passive activities. But the relationship between
marihuana and physical activities seems not to be causative, because subjects smoked
at those times when they would ordinarily be inactive. Behavioral tolerance in heavy
smokers suggests that some of the effects are pharmacologic rather than learned.

There is no doubt that in the establishment of tolerance to the psychomotor effects
of 4-9-THC, the influence of learning is a special problem. It was again KALANT et
al. (1971) who showed that in animal behavior, e. g., lever pressing in some difficult
task, the disturbance in function produced by a drug may not be present unless the
animal attempts to perform the task. Therefore, it is not surprising to find that toler-
ance to a drug develops more rapidly if the animal performs or attempts to perform
the function while under the influence of the drug. Using numerous examples, WIKLER
(1976) has discussed this aspect thoroughly. He concluded that tolerance at all levels
of complexity in the brain involves “learning” in the sense of the acquisition of com-
pensatory adaptations to the consequences of the presence of a drug-produced distur-
bance in function. Depending on the function tested, species and dose of cannabis
used, tolerance, behaviorally augmented (to induce disturbed function) or not, de-
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velops at different rates or not at all, e. g., to impairment of the logical sequence of
thoughts, to which tolerance has yet been demonstrated.

LARSEN and PRYOR (1977) showed attenuation of the impairing effect of 4-9-THC
on the avoidance task when the drug was given independent of the opportunity to per-
form the conditioned avoidance response (pole climb). These results differ from those
of MANNING (1976), who found that independent exposure was insufficient to induce
tolerance to the impairing effect of A-9-THC. But he used another operant schedule
that required a low rate of spaced responding (30-s reduction of food reinforcement).

JARBE (1978) treated rats with 4-9-THC for 14 days and found tolerance to THC-
induced hypothermia and depression of CAR in shuttle box. The noncontingent ex-
posure also produced tolerance to spontaneous (unlearned) behavior as measured in
an open field test. He concluded from this data that there is no essential role of learned
tolerance under the influence of THC.

E. Interactions with Other Drugs

Interactions of cannabis and other drugs have to be differentiated in metabolic and
functional interactions.

Concerning functional interactions of cannabis and other drugs, general problems
in this field must be remembered. THC interferes with several centrally regulated mo-
toric, sensory, and vegetative functions. The linear part of the log-dose response curve
of the various effects does not proceed in a simple additive and parallel manner. Thus,
variation of the dose does not only change the intensity of the single partial actions
to a different degree, but also can modity the whole profile of action. Therefore, de-
pending on dose, the steepness of the dose-response curve, and the duration of treat-
ment, THC in combination with other drugs, which dispose also of large spectrum of
action, may lead to different results, especially if the effects of the two substances oc-
cur in different systems and receptors (LEVY 1976; MITCHELL, 1976; COPER, 1979).

In earlier investigations, KUBENA and BARRY (1970) reported that a dose of 4 mg/
kg THC antagonized the stimulating effect of 2 mg/kg methamphetamine, whereas a
dose of 16 mg/kg THC failed to diminish the stimulant effect of 0.5 mg/kg metham-
phetamine. On the other hand, PIRCH et al. (1973) found a dose-related antagonism
of the stimulation caused by amphetamine. In aggregated mice, THC augmented the
locomotor activity produced by 0.5 mg/kg methamphetamine. The effect was dose re-
lated and lasted for 2 h (Evans et al. 1976a).

With the aid of reciprocal dose-response curves, PRYOR et al. (1978) studied the
interaction of THC with D-amphetamine, cocaine, and nicotine in rats on conditioned
avoidance response (CAR), photocell activity, heart rat, temperature, and Rotarod
performance. Neither the two stimulants nor nicotine influenced CAR performance,
but the increased intertrial response with amphetamine and cocaine was partially an-
tagonized by THC. The cannabinoid completely blocked the stimulated photocell ac-
tivity of amphetamine, whereas there was mutual antagonism between 4-9-THC and
cocaine. Nicotine markedly potentiated the THC-mediated depression. Amphetamine
and cocaine tended to offset the impairment of Rotarod performance caused by 4-9-
THC, whereas this performance was augmented by nicotine. THC-induced bradycar-
dia and hypothermia were increased by the stimulants and by nicotine.
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Also CoNSROE et al. (1976a) gave evidence for the concept that depending upon
the parameters being investigated, the interaction of THC with catecholaminergic
drugs (amphetamine, cocaine, and apomorphine) may result in an antagonism or po-
tentiation of the effect. In another study CoNsROE et al. 1975; (1976b) described in rab-
bits an antagonism between caffeine and THC in cortical and hippocampal EEG,
whereas nicotine reversed the EEG alterations. But this combination caused behavior-
al collapses preceded by behavioral disturbances.

Under a double-blind, randomized, complete block design, subjects were given ei-
ther placebo or 10 mg/70 kg dextroamphetamine sulfate orally, followed 1.5 h later
with a marihuana cigarette prepared to deliver 25 pg/kg THC. The evaluation of sub-
sequent psychomotor performance showed an impairment which was related to smok-
ing marihuana. No difference could be distinguished between marihuana alone and
marihuana-dextroamphetamine sulfate combination. Subjective evaluations as mea-
sured by the modified Cornell Medical Index demonstrated only additive effects for
the combination (EvANS et al., 1976b).

PrYOR et al. (1976) showed that an ineffective dose of phenobarbital in combina-
tion with THC increases impairment of CAR performance and vice versa. The dose-
related results suggest that a critical level of either THC or phenobarbital is sufficient
to trigger the impairment of CAR performance. The results for ethanol show a some-
what different pattern. The interaction appears to be more critically dependent on the
dose of ethanol than on that of 4-9-THC. A third pattern is illustrated by the results
for phenycyclidin caused a graded dose-related increase of impairment. With the
lower doses of phenycyclidin, the potentiation was more than additive, whereas with
the highest dose it was less. All these studies strengthen the notion that the interactions
between THC and other drugs are the result of a complex interplay involving various
receptor sites and neurohumoral systems.

Without interference with the metabolism of ethanol in rats, THC but not CBD
enhanced the depressant action of ethanol, although ethanol reduced THC-affected
brain and Blood levels (SIEMENS and KHANNA, 1977).

CHESHER et al. (1976, 1977) investigated the effects in man of THC alone and in
combination with ethanol on perceptual and cognitive motor functions. Both THC
(0.14 mg/kg) and ethanol (0.54 mg/kg) have little effect when administered alone. The
combination of the drugs, however, induced a significant decrement in performance
and was considered to be at least additive. The peak blood ethanol concentration was
higher when the subjects received both drugs. If the dose of THC was increased to
0.21 mg/kg, THC alone produced markedly decrements.

When this dose was combined with 0.14 mg/kg ethanol, an additive effect ap-
peared in the first part of the investigation, but later there was a suggestion of antag-
onism. Subjects who received the drugs in combination performed better than those
who received only the high dose of THC.

THC significantly prolonged the anesthesia induced by cetamin, pentobarbitone,
thiopentone, and propanidid in a dose-dependent manner. Cannabinol and canna-
bidiol prolonged pentobarbitone-induced anesthesia (FrizzA et al., 1977). This inter-
action is obviously metabolically and not centrally mediated, as confirmed by former
investigations by CHESHER et al. (1974) and FERNANDES et al. (1974) who demonstrat-
ed that CBD prolonged hexobarbital-induced sleep by inhibition of the metabolic de-
gradation of the anesthetic.
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As described in Sect. III, cannabinoids, especially CBD, suppress the metabolism
of phenazone, aminopyrine, and other drugs (PATON and PERTWEE, 1972; FERNANDES
et al., 1973).

In rodents, CBD also inhibits the degradation of THC. But in man, this mecha-
nism obviously is without relevance, because a combination of THC (20 mg) with
CBD (40 mg) produces no detectable changes in quality, intensity, or duration of the
effect of THC alone (HOLLISTER and GILLESPIE, 1975).

F. Conclusion

During the past 10 years much has been learned about the pharmacology and toxicol-
ogy of cannabis and from that about the therapeutic potency of its pure constituents
(TASHKIN et al. 1978). But balancing benefit against risk, the therapeutical value of
cannabinoids remains small. Bronchodilation, reversal of bronchospasm and a de-
crease in airway resistance after THC for example, are advantageous. These effects
were the basis for the study of marihuana in asthma therapy. However, the smoke has
a directly irritating effect on the lungs, and chronic inhalation is associated with im-
pairment of pulmonary functions, including slight respiratory depression and respira-
tory disorders such as laryngitis, pharyngitis, bronchitis, and their consequences
BELLVILLE et al., 1975; VACHON, 1976; FLEISCHMAN et al., 1979).

Due to disturbances in the homeostatic mechanism of the cardiovascular system
THC has no therapeutic value in subjects with heart or circulatory insufficiency. In
patients with coronary artery disease, marihuana-smoking decreased myocardial oxy-
gen delivery and the exercise time until the onset of anginal pain and increased myo-
cardial oxygen demand. In addition, it significantly enhanced the cognitive impair-
ment of subjects, as measured by the content of speech, and blocked the usual, non-
drug psychocardiovascular correlations. Therefore, for anginal patients marihuana is
more a medical hazard than a help (GOTTSCHALK et al., 1977).

The efficacy of cannabinoids as an anticonvulsant drug has been investigated
mainly in animals. Information about its antiepileptic properties in man is insufficient
(CoHeN and STILLMAN, 1976).

Reduction of intraocular pressure after oral or inhaled THC is undisputed
(GRreeN, 1975). In the meantime it could be shown in rabbits that after topically ap-
plied THC intraocular pressure diminished. No tolerance has been noted (GREEN et
al., 1977). Thus, in the future cannabinoids may offer an alternative medication for
glaucoma.

All other efforts to take cannabinoids for the treatment of various disorders or dis-
ease symptoms (anxiety, depression, nausea, pain, and cancer, or even infectious dis-
eases) were not successful until recently now (COHEN, 1978).

Sensational news about the therapeutic possibilities of the “devil’s weed”, canna-
bis, is obviously not to be expected. Nevertheless, many important unsettled ques-
tions, especially about the basic mechanisms of action, have to be solved and make
it necessary to continue research on cannabinoids.
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CHAPTER 9

General Pharmacology and Toxicology of Alcohol

T.L. CHRUSCIEL

A. Introduction

Ethyl alcohol (Alcohol aethylicus, C,HsOH) has been used since the dawn of history
in various beverages and, much later in the history of mankind, as a pure fluid sub-
stance, for nonmedical, pseudomedical, and medical purposes. At one time it was con-
sidered an important remedy for all diseases: the word “whisky” is believed to have
its roots in the Gaelic usquebough, meaning “water of life” (RITcHIE, 1977). It is now
recognized that the therapeutic value of alcohol is limited to its local external use;
however, the social use of alcoholic beverages leading eventually to alcohol depen-
dence and concurrent chronic intoxication, as well as frequently occurring cases of
acute intoxication, calls for detailed knowledge of its pharmacology and toxicology.

Ethyl alcohol is an inflammable, volatile fluid resulting from carbohydrates fer-
mentation by various species of the genus Saccharomyces. It ist also biosynthesized
as a byproduct in the process of hexoses oxidation in plant and animal cells. There-
fore, small amounts of ethyl alcohol constitute a normal element of animal tissues. In
man the blood contains 0.027 mg-%, the liver tissue 0.227 mg-%, and the brain tissue
0.187 mg-% (SUPNIEWSKI, 1965).

B. General Pharmacology

The main effects of ethanol are on the central nervous system. The well-known signs
and symptoms, during and following periods of intoxication, from mild inebriation
on through drunkenness and the following hangover and to deep coma, illustrate that
ethanol has typical and significant effects upon man. The earliest changes are upon
the emotional and autonomic functions; a number of intellectual phenomena are ad-
versely affected as intoxication progresses. It should be borne in mind that from the
very beginning of its action in man ethanol is always a depressant.

I. Absorption

Alcohol is rapidly absorbed from the stomach, small intestine, and colon. The rate of
absorption is variable among individuals and in the same subject at different times.
Numerous factors modify the absorption of alcohol from the stomach: the volume,
character, and concentration of the alcoholic beverage; the presence in the stomach
of food and its characteristics (HAGGARD et al., 1941; LIN et al., 1976); the time se-
quence of eating and drinking (LIN et al., 1976); the rapidity of ingestion; delayed
stomach emptying time; the occurrence of pylorospasmus due to high concentration
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of alcohol. All these factors may influence considerably the absorption time. Alcohol
itself can inhibit gastric emptying (HAGGARD et al., 1941; Nimmo, 1976). Food (par-
ticularly milk) delays alcohol absorption. An high-carbohydrate meal may have a
greater inhibitory effect on alcohol absorption than one rich in fat (WELLING et al.,
1977). Fasting will bring about an increase in the rate of absorption.

Absorption from the small intestine is extremely rapid and complete: the presence of
food does not interfere. Alcohol increases gastric and intestinal perfusion (MAGNUS-
SEN, 1968). The time of gastric emptying may well be the main factor determining the
wide individual variation of absorption of alcohol (2-6 h or more).

I1. Distribution

Alcohol is fairly uniformly distributed throughout all tissues and body fluids. It passes
through placenta and has free access to the fetus. It is soluble and mixes well with wa-
ter in all proportions. It dissolves lipids, and its water-lipid dissolution coefficient is
relatively high. According to Overton-Meyers theory on the role of lipid-water disso-
lution coefficient in narcotic action of lipid soluble substances, ethanol has no signif-
icant surgical anesthesia potential. In the brain the alcohol concentration quickly ap-
proaches that of the blood. The lethal concentration of alcohol in the brain was found
to be 270-510 mg-% (ISSELBACHER, 1977).

III. Metabolism

Up to 98% of the alcohol that is ingested is completely metabolized yielding slightly
over 7 calories per gram. The metabolic clearance of alcohol obeys the kinetics of
Michaelis-Menten (LuNDQuisT and WOLTHERS, 1958; WAGNER and PATEL, 1972;
WAGNER et al., 1976). The rate of alcohol oxidation is constant with time (zero-order
pharmacokinetics). The amount of alcohol oxidized is proportional to body weight.
The average rate of oxidation is 85 and 100 mg/kg body wt. per hour in women and
men, respectively. The constant rate of metabolizing results in risk of accumulation
after ingestion of higher doses. An adult man can metabolize 34 g/kg body wt. per
day. Kalant (ROTSCHILD et al., 1975) determined the daily maximal metabolism of al-
cohol to be about 450 ml. At least 80% of alcohol oxidation proceeds via a two-step
pathway in which the initial oxidation takes place in the liver. Alcohol dehydrogenase
(ADH, alcohol: NAD oxidoreductase; E.C. 11.1.1) oxidizes ethanol to acetaldehyde.
ADH is a zinc-containing metalloproteid that utilizes NAD as the hydrogen acceptor
(RUBIN and LIEBER, 1967). Human alcohol dehydrogenase is an NAD-dependent zinc-
metalloenzyme (VALLEE and HocH, 1957). Limited studies suggest that human ADH
may be dimeric, and its gross physical characteristics are similar to those of well-stud-
ied horse ADH (VON WARTBURG et al., 1964).

CH,CH,0H — 2H—CH,COH + 0, + H,0—
CH,COOH(+ H,0,)—4H—2CO, — 2H,0
CH,CH,0H +H,0,—CH,COOH +2H,0..

The second step is convertion by NAD-dependent aldehyde dehydrogenase, a
molybden containing flavoproteid, of acetaldehyde to acetylcoenzyme A, which is
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then oxidized through the citric acid cycle or utilized in various lipid synthesis cycles.
The oxidation of ethanol increases the NADH: NAD ratio. The blood concentration
of acetic aldehyde averages between 20 and 50 pM in humans after consumption of
an intoxicating dose of alcohol (MAJICHROWICZ and MENDELSON, 1970). Acetic alde-
hyde at millemolar levels will inhibit Na*-, K*, and Mg* *-activated ATPase
(TABAKOFF, 1974) protein synthesis (PERIN et al., 1974), and the release of biogenic
amines (SCHNEIDER 1974); yet, at lower, potentially physiological levels it does not af-
fect many biological reactions. Westcott et al. (WESTCOTT et al., 1979) have shown that
acetic aldehyde enters the brain of the rat treated with ethanol. It appears that an ef-
fective acetic aldehyde-metabolizing system exists in the brain that keeps acetic alde-
hyde at a low level during ethanol metabolism. This is most likely due to the presence
of aldehyde dehydrogenase. The finding that acetic aldehyde is detectable in the ex-
tracellular fluid (WESTCOTT et al., 1979) shows that acetic aldehyde can cross the
blood-brain barrier and is not totally metabolized in the capillaries. Pyrazole and its
derivatives inhibit oxidation of ethanol and its elimination from the blood. THEORELL
and YONETANI (1963) noted that pyrazole inhibits the activity of hepatic alcohol dehy-
drogenase. At high blood ethanol concentrations, only 50% of in vivo alcohol oxida-
tion can be suppressed by the potent ADH inhibitor, pyrazole, or its alkyl derivatives
(BURNETT and FELDER, 1980).

More recent studies suggest that microsomal oxidases from the smooth endoplas-
mic reticulum of the liver cell, a microsomal ethanol-oxidizing enzyme system
(MEOS) may play a major role (LIEBER and DECARLI, 1968; RoAcH, 1975) Catalase
also oxidizes alcohol. LiEBER et al. (KALANT et al. 1971) have found the inhibition
of MEOS as well as catalase by pyrazole.

Pyrazole is known to activate succinic dehydrogenase and cytochrome oxidase
and inhibit lactid dehydrogenase (BESKID et al. 1978a; BESKID et al., 1978Db;
CeEDERBAUM and RUBIN, 1974; KOELICHEN-SUDZILOWSKA et al., 1978; SKEADZINSKI,
1976; SkL.ADZINSKI and BESKID, 1978).

Concomitant application of pyrazole with ethanol produces hepatic necrosis (LEL-
BACH, 1971; LiEBER et al., 1970; SKLADZINSKI, 1976; SKEADZINSKI and BESKID, 1978)
and cortical lesions (BESKID et al., 1978 a; BESKID et al., 1978 b; KOELICHEN-SUDZILOW-
SKA et al., 1978). Pyrazole-insensitive ethanol oxidation has been attributed to a
peroxidative activity of catalase and/or a microsomal ethanol-oxidizing system which
bears some relation to the microsomal drug-metabolizing system.

Some portion of in vivo alcohol oxidation and in vitro microsomal alcohol oxida-
tion is suppressed by the catalase inhibitors sodium azide and aminotriazole (BURNETT
and FELDER, 1980).

The elevation of the ethanol clearance rate in response to chronic ethanol con-
sumption is a well-established phenomenon (KORVULA and LINDROS, 1975; LIEBER
and DE CarLi, 1968; ToBoN and MEzey, 1971).

BURNETT and FELDER (1980), using an AdhN/AdhN deer mouse strain from labo-
ratory populations of Peromyscus maniculatus which lack liver ADH activity (BUR-
NETT and FELDER, 1978), have found that these animals eliminated ethanol at a signifi-
cantly slower rate than those of the normal strain. A comparison of the blood ethanol
elimination in the AdhN/Adh and normal strains indicated that, at high blood
ethanol concentrations, non-ADH mediated pathways may account for as much as
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two-thirds of normal elimination in this species (BURNETT and FELDER, 1980). These
results suggest that ethanol consumption may induce an increase only in the ADH
pathway of alcohol oxidation. The increases of the blood alcohol elimination rate, fol-
lowing chronic alcohol consumption, are mediated primarily via the ADH pathway.

IV. Excretion

Normally, about 2% of ingested alcohol is excreted unchanged through the lungs, in
perspiration, and with the urine. Exceptionally, this value may be as high as 10%. Ef-
forts to hasten the detoxication by the use of diuretics or hyperpnea-inducing drugs
are valueless.

V. Mechanism of Action

Ethanol is a protoplasmic poison which seems to act primarily by disrupting cell mem-
branes (CHIN and GOLDSTEIN, 1977; SEEMAN, 1972; SEEMAN, 1974). This action lacks
chemical specificity and apparently results simply from a slight reduction in viscosity
of the lipid bilayer. Ethanol precipitates proteins and dehydrates tissues; in the con-
centration of 70% v/v it is a potent bactericidal agent. Some chronic actions (e. g.,
physical dependence) of various alcohols correlate with lipid solubility. Four to five
times more ethanol than t-butanol exposure was required to produce a given with-
drawal reaction severity (McComB and GOLDSTEIN 1979). This ratio is the same as the
relative lipid solubilities of the two alcohols (LEO et al., 1971; LigBER, 1978). McCoMB
and GoLDSTEIN (McComB and GOLDSTEIN, 1979) have shown that physical depen-
dence accumulates progressively when the two alcohols are given sequentially.

Quite recently, JEFFCOATE et al. (JEFFCOATE et al., 1979) have shown in double-
blind, crossover study of 20 male volunteers that a single intravenous infusion of
0.4 mg naloxone, a typical opiate-receptor blocking agent, prevented the impairment
of psychomotor performance induced by low levels of blood alcohol. Naloxone has
been used to rouse comatose patients in alcohol intoxication (MACKENZIE, 1979;
SCHENK et al., 1978; SURENSON and MATTISON, 1978). The effects of naloxone tend to
agree with the hypothesis that alcohol intoxication is mediated, at least in part, by an
action on central opiate (endorphins) receptors. In 1970 Davis and WALSH underlined
that dependence on alcohol was analogous to morphine-type dependence and sug-
gested that the effects of alcohol may be caused by the generation of endogenous mor-
phinelike alkaloids. Davis and WALSH (1970) noted that acetic aldehyde can condense
with noradrenaline or serotonin to form Schiff bases and then undergo spontaneous
rearrangement to tetrahydroisoquinolines or tetrahydropapaveroline. Such sub-
stances may be dependence producing and this was suggested as an explanation of the
dependence-producing properties of alcohol (RAHWAN, 1975). CoHEN and COLLINS
(Conen and CoLLINS, 1970) demonstrated the formation of such alkaloids from cat-
echolamines and acetaldehyde in bovine adrenal tissue in vitro. The recent discovery
of enkephalins and endorphins, the endogenous opioid peptides, enables one to com-
plement and to rephrase the original Davis and Walsh theory. It is likely that alcohol
produces intoxication by causing release of endorphins. Further research along these
lines is necessary.
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V1. Central Nervous System

Alcohol is a primary and continuing depressant of the central nervous system. The
threshold effects appear when the concentration of ethyl alcohol in the blood is 20—
30 mg-%; gross intoxication is seen at concentrations of 100 to 150 mg-%. Tolerance
developes easily with chronic drinking. The average concentration in fatal cases is
about 400 mg-% (Committee on Medico-legal Problems, 1968). Alcohol exerts its ac-
tion first on the highly organized structures, particularly on the reticular activating
system and the cortex, which is thus released from its integrating control (ToBON and
MEZzEY, 1971). The lack of inhibition produces the behavioral primary stimulation.
The affection of mental processes depending on training and previous experience lig-
uidate self-restriction and soberness. Discrimination, memory, concentration, and in-
sight are dulled and then lost (ISSELBACHER, 1977). Changes in mood and behaviour,
well described in all textbooks, follow. In general, the effects of alcohol are propor-
tional to its concentration in the blood, and central effects, due to rapid absorption,
may be rapidly obtained. They are, however, of relatively short duration (BEGLEITER
and PraT1z, 1972).

The EEG responses to alcohol differ greatly between individuals — even between
fraternal twins. Monozygotic twins show an almost identical reaction of the EEG to
alcohol (PROPPING 1977). An average a-EEG in a pair of twins in the resting state and
after alcohol loading shows that the extent of the alcohol-induced synchronization is
similar (PROPPING, 1978) and seems to depend on the genetically determined nature
of the resting EEG. PROPPING (1978) assumed that the variability of the normal hu-
man EEG may depend to a large extent on the differential tonic influence of the de-
synchronizing ascending reticular activating system (ARAS). Alcohol has been shown
to diminish the spontaneous activity of the ARAS, thus improving synchronization
of cortical discharges (CASPERS, 1957; CASPERS, 1958) i.e., the number of a- and 9-
waves as well as the amplitudes for all frequency classes increase, whereas f-activity
is diminished.

Chronic alcoholics show no consistent pathological changes in rhythm (Commit-
tee on Medico-legal Problems, 1968).

There is still no adequate understanding of the effect of ethyl alcohol on the human
brain. The phenomenon of tolerance for alcohol has never been fully explained. The
psychobiological factors predisposing to alcoholism remain unknown. The reason
why certain heavy users do not become dependent are unknown.

Purely biological aspects of the effects of alcohol on the brain require further study
(WEsT, 1972). Alcohol increases neither mental nor physical abilities. Psychometric
tests indicate that efficiency is decreased. Only in some special circumstances, e.g.,
when release of inhibitions is helpful, may alcohol cause some short-lasting improve-
ment of performance. Like morphine, alcohol also causes euphoria, and it changes the
patient’s reaction to pain from one of concern to one of relative detachment (RITCHIE,
1977). Alcohol anesthesia lasts much longer than conventional anesthesia, and large
doses may easily and dangerously depress respiration. For these reasons alcohol is no
longer employed as a general surgical narcotic.

The diagnosis of alcohol intoxication is frequently quite easy; for the courts, par-
ticularly because of accidents resulting from driving of motor vehicles by persons who
are drunk, the determination of blood alcohol concentration is essential for an assess-
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ment of drunkenness, and permits the establishment of the degree of intoxication. In
most countries recommendations are similar to those issued in the United States by
the National Safety Council and the American Medical Association. These recom-
mendations can be summarized as follows: if the defendant’s blood has a concentra-
tion of alcohol of 100 mg-% or over, he should be considered as being under the in-
fluence of alcohol; if 50 mg-% or under, not under the influence; if between 50 and
100 mg-%, other positive evidence indicating the guilt or innocence of the defendant
must be considered. RiTcHIE (1977) provides a number of examples of the relation of
ingested alcohol beverage dose to blood alcohol concentration: on the average the in-
gestion of 44 g of alcohol taken as whisky (4 0z) or martini cocktail (5.5 0z) on an
empty stomach results in a blood alcohol concentration of 41-79 mg-%. After a
mixed meal the concentration would be considerably lower: 30-53 mg-%. The same
amount of alcohol ingested on an empty stomach as conventional strength beer (1.2 1)
results in a maximal blood concentration of 41-49 mg-%; after a mixed meal,
23-29 mg-%. After absorption is complete, the concentration in the blood at some de-
sired time (e.g., at the time of the accident) can be estimated from the volume of dis-
tribution of the alcohol, which is 0.68 of the total body weight in men and 0.55 in wo-
men, and the metabolic rate of disappearance from the blood, which is about 10-25
(median 18) mg-%.

VII. Cardiovascular System

In general, the effects, particularly the immediate ones, on the heart and circulatory
system are minor. Moderate amounts of alcohol do not significantly change the cir-
culatory functional parameters. The pulse rate may temporarily increase. However,
in laboratory animals and in men, a depression of the heart was observed after large
doses. In the rat the concentration required (1250 mg-%) is about 30% greater than
that which produces respiratory arrest (HAGGARD et al., 1941). The toxic effect on res-
piratory tract function remains the most important preoccupation in acute inebri-
ation. However, recent studies make it clear that chronic excessive dependent use of
alcohol has a harmful effect on the heart (BURCH and GILES, 1974; MYERSON, 1971).

Alcohol in moderate doses causes vasodilatation, especially of the cutaneous
vessels, and produces the feeling of warmth and flushed skin. The vasodilatation is
central in origin since the direct effect of alcohol on vasculary muscles is negligible.
Alcohol in man in doses sufficient to produce facial vasodilatation does not change
cerebral blood flow, cerebral metabolism, or cerebral vascular resistance (RITCHIE,
1977). Only large, intoxicating doses increase cerebral blood flow. Alcohol does not
significantly dilate the coronary vessels. Its pseudo-nitroglycerinlike action seems to
be due to its central depressant action.

VIII. Skeletal Muscles

The total amount of work accomplished by a person under the influence of small
doses of alcohol may be increased (MYERSON, 1971; RiTCHIE, 1977), mainly due to the
central action of alcohol (lessened appreciation of fatigue). Large doses of alcohol de-
crease the amount of muscular work performed and damage the muscles (SONG and
RuBIN, 1972).
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Alcohol ingestion can cause rhabdomyopathy in man (LANE and MASTAGLIA,
1978). Alcoholic myopathy can be acute, subacute, or chronic (CURRAN and WET-
MORE, 1972; EXBOM et al., 1964; KUNKERFUSS et al., 1967; PERKOFF et al., 1967; P1TT-
MAN and DECKER, 1971). Acute (or subacute) myopathy is related to the ingestion of
excessive amounts of alcohol and is generally characterized by diffuse or focal tender-
ness and muscle cramps. The serum creatinine phosphokinase (CPK) activity is ele-
vated, and muscle biopsy specimens frequently show a nonspecific pattern with degen-
eration and regeneration of muscle fibers (EKBOM et al., 1964; LAFAIR and MYERSON,
1978). Chronic alcohol myopathy is characterized by proximal muscle weakness with
minimal, nonspecific changes on muscle biopsy specimens (EXBOM et al., 1964; PEr-
KOFF et al., 1967; PITTMAN and DECKER, 1971). An alcohol challenge may be a useful
diagnostic test in adult patients with unexplained myopathy or elevation in the serum
CPK activity (SPECTOR et al., 1979). Alcoholic patients who drink large amounts or
beer while eating little food may develop muscular weakness, dizziness, and confusion
associated with hyponatremia, and a low serum and urinary osmolarity (hypoos-
molarity syndrome). With a low dietary protein intake urea production is reduced and
is insufficient to maintain the minimum urinary osmolarity; sodium is therefore lost
in the urine and hyponatremia develops, since beer contains little sodium. Patients
usually improve rapidly on a normal diet (HILDEN and SVENDSEN, 1975).

IX. Gastrointestinal Tract

Gastric and salivary secretions are both psychologically and reflexly stimulated by
small, individually variable, doses of alcohol. The gastric juice, thus stimulated, is nor-
mal in pepsin content and is acidic (RITcHIE, 1977). In addition, alcohol more directly
stimulates gastric secretion, probably through indirect stimulation of histamine H, re-
ceptors. This stimulation cannot be inhibited by therapeutic doses of atropine. Alco-
hol is, consequently, strongly contraindicated in patients with gastrointestinal dis-
eases, particularly those with peptic ulcers of the stomach and/or duodenum.

Higher doses of alcohol, resulting in the presence of alcohol in the stomach in con-
centrations of above 20%, produce a stepwise inhibition of gastric secretion and de-
pression of peptic activity. Strong alcoholic beverages (above 40% concentration) ir-
ritate the mucosa, cause hyperemia and may provoke inflammation serious enough
to lead to erosive gastritis (LEEVY et al., 1971). One of three heavy drinkers suffers
from chronic gastritis (RITCHIE, 1977). Very high doses inhibit gastrointestinal motor
functions.

Alcohol in moderate amounts has little deleterious effect on intestinal functions.
However, in chronic alcohol use a number of abnormalities may occur. Alcohol is an
etiological factor in acute and chronic pancreatitis (PIROLA and LIEBER, 1974). Alco-
holic liver disease is universal wherever alcoholic beverages are consumed. Alcohol is
the major etiological factor in about two-thirds of cases of liver cirrhosis (Editorial,
1978).

Ethanol has a direct toxic effect on the liver and was shown to increase the rate
at which isolated liver slices synthesize fat. The enhanced lipid anabolism resulting in
deposition of fat in the liver cell occurs because the redox potential of liver is deranged
by the constant drain on the coenzyme NAD. The oxidation of ethanol through acet-
aldehyde to acetic acid results in an increased NADH:NAD ratio. The consequent re-
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duction in fatty acids oxidation results in hepatic fat deposition. The earliest and most
common lesion is fatty infiltration, which may develop within 8 days after the start
of heavy drinking (LIEBER and JONES, 1965). Most patients with fatty liver do not de-
velop cirrhosis, but some progress to alcoholic hepatitis, a precirrhotic lesion prognos-
tic of later cirrhosis (LIEBER, 1978). Electron microscopy has shown abnormalities of
the subcellular organelles of liver cells. Structurally the changes are most evident in
the mitochondria and include swelling and cavitation of the mitochondria, disorien-
tation of their membrane convolutions (cristac) and the appearance of inclusion
bodies (FisCHER and RANKIN, 1977; SvoBODA and MANNING, 1964). Such abnormal
mitochondria have a reduced capacity to metabolize intermediary products of meta-
bolic cycles and to oxidize fatty acids. It is noted, however, that not every mitochon-
drial function need be depressed and that individual constituents of the liver cell are
damaged by alcohol in a varying degree.

Alcohol may also promote the fatty infiltration indirectly, for it causes the mobi-
lization of fat from peripheral tissues (RITCHIE, 1977).

In spite of these effects, in acute alcoholic intoxication in man, hepatic function
tests do not indicate any great change in hepatic function (BEAZELL et al., 1942). Du-
ration of drinking is important: most patients with alcoholic hepatitis or cirrhosis
have been drinking heavily for many years (BEAZELL and Ivy, 1940; WALLGREN and
BARRY, 1970).

X. Miscellaneous

Alcohol decreases renal tubular reabsorption of water, and hence it exerts a diuretic
effect. It inhibits the secretion of the antidiuretic hormone. The diuretic effect is dose
dependent, but repeated doses have an antidiuretic effect (BEARD and KNotT, 1971).

It is a popular conviction that alcohol is an aphrodisiac. However, the experimen-
tal evaluation of the influence of alcohol on sexual reflexes (RiTcHIE, 1977) support
the frequently quoted citation of Shakespeare (Macbeth, act 2, scene 1): Mac Duff:
What three things does drink especially provoke? Porter: Marry, Sir, nose-painting,
sleep, and urine. Lechery, Sir, it provokes, and it unprovokes; it provokes the desire,
but it takes away the performance. ..

In chronic alcohol use atrophic changes were noted in ovaries and testes; aspermia
and infertility were observed.

Fetal alcohol syndrome was first recognized in the United States by Ulleland in
1972 (Government of the USA, 1978). It results in a characteristic pattern of congeni-
tal abnormalities including craniofacial and neurological abnormalities and those of
the extremities. The syndrome is diagnosed in the United States annually in some
1,400-2,000 newborns, born mostly to alcoholic mothers. OUELLETTE et al. (1977)
found a high percentage of identifiable abnormalities, in children of heavy drinkers.
Of 27 women who drank heavily throughout pregnancy, 25 had children with abnor-
malities including microcephaly, short fissures of the eyelids, midfacial defects, and
a flattened elongated vertical groove in the upper lip; abnormal palmar creases;
joined, deviated or permanently flexed fingers and toes. In nearly half of reported
cases there were cardiac septal defects, genital malformations, and hemangiomas.
Prenatal growth retardation, delay in development, and low IQ of affected children,
were also observed (Government of the USA, 1978; JonEs, et al., 1976).



General Pharmacology and Toxicology of Alcohol 169

XI. Tolerance

The repeated use of alcohol results in the development of tolerance. Psychological tol-
erance is well known: the inexperienced drinker achieves a much greater response to
the same dose of alcohol than does the experienced user. Bodily tolerance apparently
develops gradually, and the user may become dependent. The degree of tolerance
toward various effects of alcohol may differ individually, but in general the degree
of tolerance is not as marked as for morphine-like drugs.

C. Interaction of Ethanol and Other Drugs
I. General Remarks

Both acute and chronic ethanol ingestion can alter both the pharmacodynamics and
pharmacokinetics of other drugs and/or influence their behavioral effects. Action of
ethanol is particularly visible and evident in concomitant use with psychotropic drugs
of the depressant type. In general, enhanced effects of all anxiolytics and neuroleptics
can be observed after ethanol use, if adequate and sufficiently sensitive measures of
drug effects are used. Psychodepressant drug-alcohol interactions are mostly pharma-
codynamic in character; potentiation of depressant action of alcohol on the central
nervous system is prevalent in the clinical picture. The sedative and hypnotic action
of alcohol is increased; the mood and intellectual capacity decreases and depression
of respiration may be fatal. The pattern and magnitude of such pharmacodynamic in-
teractions are not easily predicted and are difficult to evaluate because of the un-
limited number of possible dose combinations (CARPENTER, 1975, LoEw1, 1953; SEL-
LERS and HoLLOWAY, 1978). A further confusion is due to differences in the pharma-
cokinetic properties, especially the elimination rate, of each drug. Pharmacokinetic
drug-alcohol interactions concern the influence of alcohol on resorption, distribution,
metabolism, and elimination of drugs. Alcohol increases resorption from the stomach
and intestines, influencing both the vessels and the passage of content in the gastro-
intestinal tract.

Drugs with long biological half-life, such as benzodiazepines, may potentiate alco-
hol effects even in cases in which intake of alcohol was 10-11 h preceded by drugs of
this group.

Interaction is additionally complicated by changes related to chronic use of alco-
hol. It leads to tolerance that frequently decreases the pharmacological actions of
neuroleptics, anxiolytics and narcotic drugs, if these are given shortly after alcohol is
eliminated (KALANT et al., 1971; SELLERS and HOLLOWAY, 1978). This phenomenon,
known as cross-tolerance, may in practice prohibit evaluation of interaction, particu-
larly following the use of small doses. SELLERS and HOLLOWAY (1978) emphasize that
for psychotropic drugs modification of their action by ethanol is probably much more
important than pharmacokinetic interactions. However, our knowledge of the phar-
macokinetics of a great number of drugs is as yet incomplete, and studies on pharma-
cokinetic interactions of alcohol and drugs in man are scarce.

The presence of ethanol in body fluids can alter drug distribution in the brain and
other tissues.

There are considerable data indicating the mechanisms by which ethanol might in-
fluence drug disposition. It affects not only the central nervous system functions, but
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also circulation, including tissue blood flow, general metabolism of the body, inter-
mediary metabolism, protein synthesis, and function of cell membranes (ISSELBACHER,
1977; RoTscHILD et al., 1975; RUBIN and LIEBER, 1967; ToBON and MEZzEY, 1971). The
resulting changes in organ and tissue function may at least contribute to or modify
completely kinetics of other drugs. Again, it is very difficult to foresee the character
and direction of changes in effects in view of the complexity of the factors involved.
In addition, chronic administration of ethanol stimulates drug metabolism, while
acute large doses inhibit action of some enzymes, €.g., oxidase (KALANT et al., 1976;
KHANNA et al., 1976; PIROLA, 1977; RUBIN and LIEBER, 1968). Alcohol dehydrogenase
catalyzes the oxidation of alcohol to acetic aldehyde with formation of reduced NAD.
In chronic users the concentration of NADH in the hepatic cells increases and other
dehydrogenases, NAD dependent, decrease their activity. The accumulation of
NADH in the liver is hepatotoxic and results in inhibition of glucose catabolism with
increase of lactates, compensatory stimulation of lipid synthesis, fatty infiltration, and
inhibition of neoglucogenesis (DINNENDAHL, 1980). This complex picture is based on-
ly partially on human data, and much additional research is necessary to clarify the
issues. SELLERS and HOLLOWAY (1978) note that if ethanol were to substantially modi-
fy drug disposition, dosage adjustment might be required for some drugs with narrow
margins of safety administered to chronic alcoholics.

II. Interaction of Alcohol with Psychotropic Drugs

LinNoILA and MATTILA (1973) determined that the decrease in driving skill following
the intake of 1.2-1.5 g/kg alcohol equalled the decrease resulting when one-third of
this dose of alcohol was taken concomitantly with a tranquilizer. WHITEHOUSE et al.
(WHITEHOUSE et al., 1977) have found in rats that blood concentrations of methaqua-
lone were statistically significantly higher in rats dosed with ethanol than in controls
receiving only methaqualone. Other animal studies with diazepam (PAUL and WHITE-
HOUSE, 1977), glutethimide, SHETLAND and CouRri, 1974) pentobarbital (SEIDEL, 1967),
and tetrahydrocannabinol (SIEMENS et al., 1977) have also shown modifications of tis-
sue drug concentrations. In man the plasma elimination half-life of meprobamate,
pentobarbital, and tolbutamide is increased by acute ethanol intake (CARULLI and
MANENTI, 1971; RUBIN et al., 1970). In the rat ethanol is a less potent inducer of aug-
mentation in drug-metabolizing ability of the microsomes (KHANNA et al., 1972; Mis-
RA et al., 1971; ToBoN and MEzEy, 1971). Changes in plasma protein binding of drugs
due to ethanol intake, although possible, do not seem to have clinical significance
(KocH-WESER and SELLERS, 1976; SELLERS, 1978). Alcohol pharmacokinetic inter-
actions occur predominantly with uptake-limited binding-sensitive drugs (BLASCHKE,
1977) e.g., benzodiazepines, phenytoin, tolbutamide, warfarin, etc. Less affected are
meprobamate, glutethimide, pentobarbital, and phenobarbital, all binding insensi-
tive. Resorption of diazepam (HAYES et al., 1977), barbiturates, meprobamate, and
amphetamines is increased. Alcohol increases the toxic gastric side-effects of non-
steroidal antiinflammatory drugs. In general, SELLERS and HoLLowAY (1978) con-
clude that for psychoactive drugs cross tolerant with alcohol, the direct additive phar-
macological action and the extent of central nervous system tolerance to ethanol will
probably be more important than the effects of ethanol on drug metabolism.
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III. Interaction of Alcohol with Nonpsychotropic Drugs

Interaction of alcohol with analgesics of the morphine type is particularly dangerous.
Fatal cases were described (GREENE et al., 1974; SIMONSES, 1977; SUNDQUIST and PE-
TROVICS, 1977).

Antihypertonics’ (methyldopa, guanethidine) orthostatic action is increased by al-
cohol. f-adrenolytic drugs’ central depressant effects are increased.

Antidiabetic biguanides producing lactic acidosis interact with alcohol (BLOCH
and LENHARDT, 1960; CARULLL et al., 1971; FITZGERALD et al., 1962; KATER et al.,
1969; KREISBERG et al., 1972; NELSON, 1962; SHAH et al., 1972; WARDLE and RICHARD-
SON, 1971) endangering the life of patients.

Since alcohol depresses the activity of NAD-dependent dehydrogenases necessary
for steroid synthesis, in chronic use the decrease of the level of sex hormones was re-
corded, with decrease of libido and symptoms of feminization.

Interactions of alcohol with sulfonylureas, chloramphenicol, griseofulvin, met-
ronidazol, and nitrofurantoin resemble disulfiram-alcohol interactions (FITZGERALD
et al., 1962; WARDLE and RICHARDSON, 1971). Bromocryptine decreases alcohol tol-
erance.

In chronic use MEOS enzymes are involved to a larger extent in alcohol metabo-
lism. Their participation in metabolism rises from approximately 10% to 25%. Drugs
susceptible to such enzymes, contained in the endoplasmic reticulum of the liver cell,
are not metabolized and their level may be increased, leading to stronger or toxic ef-
fects. Therefore, in the presence of alcohol the metabolism of some drugs can be
lowered and their effects potentiated, while in the alcohol-free phase in alcoholics such
substances are quickly metabolized and their effectiveness diminished.

Enzyme induction in chronic alcoholism results in lower blood level of dicoumarol
derivatives, leading to decrease of anticoagulant action. On the contrary, in chronic,
high use of alcohol, due to liver damage, inhibition of synthesis of coagulation factors
results; the action of dicoumarol is increased and bleeding readiness can occur.

Enzyme induction is also the reason for decrease of blood levels of phenytoin.
Even the occasional use of alcohol may lead to the decrease of anticonvulsant prop-
erties of this drug.

During concurrent use of strong diuretics (furosemid, thiazide derivatives) and al-
cohol, an increased frequency of occurrence of acute pancreatitis is noted.

Hepatotoxic effects of some tuberculostatic drugs (rifampicin, isoniazide) are in-
creased by alcohol. Oculotoxic side-effects of ethambutol (retrobulbar neuritis) are in-
creased; the chemotherapeutic activity of p-aminosalicylic acid is decreased.

Table 1. Drugs interacting with alcohol

Amphetamines Chemotherapeutics
Analgesics, narcotic Cytostatics
Antidepressants Diuretics
Antidiabetics Hormones
Antihistamines Hypno-sedatives
Antihypertonics Muscle relaxants
Anticoagulants Neuroleptics

Anticonvulsants Tranquilizers
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Similarly, in cytostatic therapy with methotrexate or podophyllin and their deriv-
atives the use of alcohol potentiates the frequency and increases the expression of side-
effects (DUKES, 1979).

References

Beard, J.O., Knott, D.M.: The effect of alcohol on fluid and electrolyte metabolism. In: The
biology of alcoholism. Biochemistry. Kissin, B., Begleiter, H., (eds.), Vol. 1, pp. 353-376.
Ney York: Plenum Press 1971

Beazell, .M. Berman, A.L., Hough, V.H., Ivy, A.C.: The effect of acute alcoholic intoxication
on hepatic function. Am J. Dig. Dis. 9, 82-85 (1942)

Beazell, J.M., Ivy, A.C.: The influence of alcohol in the digestive tract. Q.J. Stud. Alcohol 1,
45-73 (1940)

Begleiter, H., Platz, A.: The effects of alcohol on the central nervous system in humans. In: The
biology of alcoholism. Physiology and behaviour. Kissin, B., Begleiter, H., (eds.), pp. 243-
343. New York: Plenum Press 1972

Beskid, M., Koelichen, A., Kwiatkowska, J.: Ultrastrukturalna ocena komoérek kory mozgowe;j
szczura w toku skojarzonego stosowania etanolu z pirazolem. Neuropatol. Pol. /6, 361-373
(1978)

Beskid, M., Skiadzinski, J., Sudzitowska, A., Kwiatkowska, J., Skierkowska, B., Majdecki, T.:
Badania morfologiczne i histochemiczne komorek kory mozgowej szczura w toku skojar-
zonego stosowania etanolu i pirazolu. Probl. Lekarskie 2, 321-337 (1978)

Blaschke, T.F.: Protein binding and kinetics of drugs in liver disease. Clin. Pharmacokinet. 2,
32-44 (1977)

Bloch, J., Lenhardt, A.: Vorteile und Nachteile bei der Umstellung von Diabetikern von Rasti-
non auf Diabinese. Wien. Med. Wochenschr. 110, 101-105 (1960)

Burch, G.E., Giles, T.D.: Alcoholic cardiomyopathy. In: The biology of alcoholism. Clinical
pathology. Kissin, B., Begleiter, H. (eds.), Vol. 3, pp. 435-460. New York: Plenum Press
1974

Burnett, K.G., Felder, M.R.: Ethanol metabolism in Peromyscus genetically deficient in alco-
hol dehydrogenase. Biochem. Pharmacol. 29, 125-130 (1980)

Burnett, K.G., Felder, R.N.: Genetic regulation of liver alcohol dehydrogenase in Peromyscus.
Biochem. Genet. 16, 443-454 (1978)

Carpenter, J.A.: Some methodological considerations in research on joint action. In: Clinical
pharmacology of psychoactive drugs. Sellers, E.M. (ed.), pp. 147-164. Toronto: Alco-
holism and Drug Addiction Research Foundation 1975

Carulli, N., Manenti, F.: Microsomal oxidation of ethanol and the drug metabolizing system.
Studies in animals and man. In: Metabolic changes induced by alcohol. Martini, Bode
(eds.), pp- 93-100. Berlin, Heidelberg, New York: Springer 1971

Carulli, N., Manenti, F., Gallo, M., Salvioli, G.F.: Alcohol-drugs interaction in man. Alcohol
and tolbutamide. Eur. J. Clin. Invest. I, 421-424 (1971)

Caspers, H.: Die Beeinflussung der corticalen Krampferregbarkeit durch das aufsteigende Re-
ticuldrsystem des Hirnstammes. I. Reizwirkungen. Z. Ges. Exp. Med. 129, 128-144 (1957)

Caspers, H.: Die Beeinflussung der corticalen Krampferregbarkeit durch das aufsteigende Re-
ticuldrsystem des Hirnstammes. II. Narkosewirkungen. Z. Ges. Exp. Med. 129, 582-600
(1958)

Cederbaum, A.J., Rubin, E.: Effects of pyrazole, 4-bromopyrazole and 4-methylpyrazole on
mitochondrial function. Biochem. Pharmacol. 23, 203-213 (1974)

Chin, J.H., Goldstein, D.B.: Effects of low concentrations of ethanol on the fluidity of spin-
labeled erythrocyte and brain membranes. Mol. Pharmacol. 13, 435-441 (1977)

Cohen, G., Collins, M.: Alkaloids from catecholamines in adrenal tissue: possible role in alco-
holism. Sciene 167, 1749-1751 (1970)

Committee on Medico-legal Problems: Alcohol and the impaired driver: a manual on the
medicolegal aspects of chemical tests for intoxication. Chicago: Am. Med. Assoc. 1968

Curran, J.R.,Wetmore, S.J.: Alcoholic myopathy. Dis. Nerv. Syst. 33, 19-22 (1972)

Davis, V.E., Walsh, M.J.: Alcohol, amines, alkaloids: a possible biochemical basis for alcohol
addiction. Science 167, 1005-1007 (1970)



General Pharmacology and Toxicology of Alcohol 173

Dinnendahl, V.: EinfluB von Alkohol auf den Stoffwechsel von Arzneimitteln. Pharm. Z. 125,
122-126 (1980)

Dukes, M.N.G.: Side effects of drugs. Amsterdam: Excerpta Medica 1979

Editorial. Towards prevention of alcoholic liver disease. Lancet 1978 1, 353-354

Ekbom, K., Hed, R., Kirstein, L., Astrom, K.E.: Muscular affections in chronic alcoholism.
Arch. Neurol. 10, 449-458 (1964)

Fischer, M.M., Rankin, J.G. (eds.): Alcohol and the liver. New York: Plenum Press 1977

Fitzgerald, M.G., Gaddie, R., Malins, J.M., O’Sullivan, D.J.: Alcohol sensitivity in diabetics
receiving chlorpropamide. Diabetes 17, 40-43 (1962)

Government of the USA: Alcohol and your unborn baby. DHEW Publ. Nr. (ADM) 78-521,
Washington, DC: U.S. Government Printing Office 1978

Government of the USA: Third special report of the U.S. Congress on alcohol and health.
DHEW Publ. No. (ADM) 78-568. Washington, DC: U.S. Government Printing Office,
June 1978

Greene, M.H., Luke, J.L., Dupont, R.L.: Opiate “overdose” death in the District of Columbia.
1. Heroin related fatalities. Med. Ann. D. C. 43, 175-178 (1974)

Haggard, H.W., Greenberg, L.A., Cohen, L.H., Rakieten, N.: Studies on the absorption, dis-
tribution and elimination of alcohol. IX. The concentration of alcohol in the blood causing
primary cardiac failure. J. Pharmacol. Exp. Ther. 71, 358-361 (1941)

Haggard, H.W., Greensberg, L.A., Lolli, G.: The absorption of alcohol with special reference
to its influence on the concentration of alcohol appearing in the blood. Q. J. Stud. Alcohol
1; 684-690 (1941)

Hayes, S.L., Pablo, G., Radomski, T., Palmer, R.F.: Ethanol and oral diazepam absorption.
New Engl. J. Med. 296, 186-189 (1977)

Hetland, L.B., Couri, D.: Effects of ethanol on glutetimide absorption and distribution in rela-
tionship to a mechanism for toxicity enhancement. Toxicol. Appl. Pharmacol. 30, 26-35
(1974)

Hilden, T., Svendsen, T.L.: Electrolyte disturbances in beer drinkers. A specific “hypo”-os-
molality syndrome”. Lancet 1975 II, 245-246

Isselbacher, K.J., Metabolic and hepatic effects of alcohol. New Engl. J. Med. 296, 612-616
(1977)

Jeffcoate, W.J., Herbert, M., Cullen, M.H., Hastings, A.G., Walder, C.P.: Prevention of effects
of alcohol intoxication by naloxone. Lancet 197911, 1157-1159

Jones, K.L., Smith, D.W. Hannson, J.W.: The fetal alcohol syndrome: clinical delineation.
Ann. N. Y. Acad. Sci. 273, 130-139 (1976)

Kalant, H., Khanna, J.M., Lin, G.Y., Ghung, S.: Ethanol - a direct inducer of drug metabo-
lism. Biochem. Pharmacol. 25, 337-342 (1976)

Kalant, H., Leblanc, A.E., Gibbins, R.J.: Tolerance to and dependence on some non-opiate
psychotropic drugs. Pharmacol. Rev. 23, 135-191 (1971)

Kater, R.M.H., Tobon, F., Iber, F.L.: Increased rate of tolbutamide metabolism in alcoholic
patients. J. Am. Med. Assoc. 207, 363-365 (1969)

Khanna, J.M., Kalant, H., Lin, G.: Significance in vitro of the increase in microsomal ethanol-
oxidizing systems after chronic administration of ethanol, phenobarbital and chlorcycli-
zine. Biochem. Pharmacol. 21, 2215-2226 (1972)

Khanna, J.M., Kalant, H., Yee, Y., Chung, S., Siemens, A.J.: Effect of chronic ethanol treat-
ment on metabolism of drugs in vitro and in vivo. Biochem. Pharmacol. 25, 329-335 (1976)

KunkerfuB, G., Bleisch, V., Dioso, M.M., Perkoff, G.T.: A spectrum of myopathy associated
with alcoholism. II. Light and electron microscopic observations. Ann. Intern. Med. 67,
493-510 (1967)

Koch- Weser, J., Sellers, E.M.: Binding of drugs to serum albumin. New Engl. J. Med. 294, 526
531 (1976)

Koelichen-Sudzitowska, A., Kwiatkowaska, J., Beskid, M.: Histochemiczna ocena mozgu
szczura w toku skojarzonego stosowania etanolu z pirazolem. Neuropatol. Pol. 4, 519-531
(1978)

Korvula, T., Lindros, K.O.: Effects of long-term ethanol treatment on aldehyde and alcohol
dehydrogenase activities in rat liver. Biochem. Pharmacol. 24, 1937-1942 (1975)

Kreisberg, R.A., Owen, W.C., Siegal, A.M.: Hyperlacticacidemia in man. Ethanol-phenformin
synergism. J. Clin. Endocrinol. Metab. 34, 29-35 (1972)



174 T.L. CHRUSCIEL

Lafair, S., Myerson, R.M.: Alcoholic myopathy with special reference to the significance of cre-
atine phosphokinase. Arch. Intern. Med. 122, 417-422 (1978)

Lane, R.J.M., Mastaglia, F.L.: Drug-induced myopathies in man. Lancet 1978 II, 562-566

Leevy, C.M., Tanribilir, A.K., Smith, F.: Biochemistry of gastrointestinal and liver disease in
alcoholism. In: The biology of alcoholism. Kissin, B., Begleiter, H. (eds.), vol. I, pp. 307-
325. New York: Plenum Press 1971

Lelbach, W .K.: Experimental hepatocellular necrosis induced by ethanol after partial inhibi-
tion of liver alcohol dehydrogenase. In: Metabolic changes induced by alcohol, pp. 62-67.
Berlin, Heidelberg, New York: Springer 1971

Leo, A., Hansch, C., Elkins,D.: Partition coefficients and their uses. Chem. Rev. 71, 525-616
(1971)

Lieber, C.S.: Pathogenesis and early diagnosis of alcohol liver injury. New Engl. J. Med. 298,
888-893 (1978)

Lieber, C.S., DeCarli, L.M.: Ethanol oxidation by hepatic microsomes: adaptive increase after
ethanol feeding. Science 162, 917-918 (1968)

Lieber, C.S., DeCarli, L.M.: Hepatic microsomal ethanoloxidizing system. In vitro characteris-
tics and adaptive properties in vivo. J. Biol. Chem. 245, 2505-2512 (1970)

Lieber, C.S., Jones, D.P., DeCarli, L.M.: Effects of prolonged ethanol intake: production of
fatty liver despite adequate diets. J. Clin. Invest. 44, 1009-1021 (1965)

Lieber, C.S., Rubin, E., DeCarli, L.M., Misra, P., Gang, H.: Effects of pyrazole on hepatic
function and structure. Lab. Invest. 22, 615-621 (1970)

Lin, Y.J., Weidler, D.J., Garg, D.S., Wagner, J.G.: Effects of solid food on blood levels of al-
cohol in man. Res. Commun. Chem. Pathol. Pharmacol. 13, 713-716 (1976)

Linnoila, M., Mattila, M.J.: Drug interaction on driving skills as evaluated by laboratory tests
and by a driving simulator. Pharmakopsychiatrie 6, 127-132 (1973)

Loewi, S.: The problem of synergism and antagonism of combined drugs. Arzneim. Forsch. 3,
285-290 (1953)

Lundquist, F., Wolthers, H.: The kinetics of alcohol elimination in man. Acta Pharmacol.
Toxicol. 14, 265-269 (1958)

Mackenzie, A.: Naloxone in alcohol intoxication. Lancet 19791, 733-734

Macy, R.: Partition coefficients of fifty compounds between olive oil and water at 20 °. J. Ind.
Hyg. Toxicol. 30, 140-143 (1948)

Magnussen, M.P.: The effect of ethanol on the gastrointestinal absorption of drugs in the rat.
Acta Pharmacol. Toxicol. 26, 130-144 (1968)

Majchrowicz, E., Mendelson, J.H.: Blood concentration of acetaldehyde and ethanol in chronic
alcoholics. Science 768, 1100-1102 (1970)

McComb, J.A., Goldstein, D.G.: Additive physical dependence: evidence for a common mech-
anism in alcohol dependence. J. Pharmacol. Exp. Ther. 210, 87-90 (1979)

Misra, P.S., LeFevre, A., Ischii, H., Rubin, E., Lieber, C.S.: Increase of ethanol, meprobamate
and pentobarbital metabolism after chronic ethanol administration in man and in rats. Am.
J. Med. 51, 346-351 (1971)

Myerson, R.M.: Effects of alcohol on cardiac and muscular function. In: Biological basis of
alcoholism. Israel, Y., Mardones, J. (eds.), pp. 183-208. New York, John Wiley and Sons,
1971

Nelson, E.: Zero-order oxidation of tolbutamide in vivo. Nature 193, 76-77 (1962)

Nimmo, W.S.: Drugs, diseases and altered gastric emptying. Clin. Pharmacokinetics , 189-203
(1976)

Ouellette, E.M., Rosett, H., Rosman, P., Weiner, L.: Adverse effects on offspring of maternal
alcohol abuse during pregnancy. New Engl. J. Med. 297, 528-530 (1977)

Paul, C.J., Whitehouse, L.W.: Metabolic bases for the supraadditive effect of the ethanol-diaze-
pam combination in mice. Brit. J. Pharmacol. 60, 83-90 (1977)

Perin,A., Scalabrini, G., Sessa, A., Arnaboldi, A.: In vitro inhibition of protein synthesis in rat
liver as a consequence of ethanol metabolism. Biochem. Biophys. Acta 366, 101-108 (1974)

Perkoff, G.T., Dioso, M.M., Bleisch, V., Klinkerfuss, G.: A spectrum of myopathy associated
with alcoholism. I. Clinical and labroatory features. Ann. Intern. Med. 67, 481-492 (1967)

Pirola, R.C.: Drug metabolism and alcohol. Baltimore: University Park Press 1977

Pirola, R.C., Lieber, C.S.: Acute and chronic pancreatitis. In: The biology of alcoholism. Clini-
cal pathology, vol. 3, pp. 359-402. New York: Plenum Press 1974



General Pharmacology and Toxicology of Alcohol 175

Pittman, J.G., Decker, J.W.: Acute and chronic myopathy associated with alcoholism. Neurol-
ogy 21, 293-296 (1971)

Propping, P.: Genetic control of ethanol action on the central nervous system.An EEG study
in twins. Hum. Genet. 35, 309-334 (1977)

Propping, P.: Pharmacogenetics. Rev. Physiol. Biochem. 83, 123-173 (1978)

Rahwan, R.: Toxic effects of ethanol: Possible role of acetaldehyde, tetrahydroisoquinolines
and tetrahydro-f-carbolines. Toxicol. Appl. Pharmacol. 34, 3-27 (1975)

Ritchie, J.M.: The aliphatic alcohols. In: Goodman, L.S., Gilman, A.: The pharmacological ba-
sis of therapeutics. 5th ed., pp. 137-151. New York: Mac Millan Publ. Co. Inc. 1977
Roach, M.K.: Microsomal ethanol oxidation: activity in vitro and in vivo. Adv. Exp. Med.

Biol. 56, 33-55 (1975)

Rotschild, M.A., Oratz, M., Schreiber, S.S. (eds.): Alcohol and abnormal protein biosynthesis-
biochemical and clinical. Oxford: Pergamon Press Inc. 1975

Rubin, E., Gang, H., Misra, P.S., Lieber, C.S.: Inhibition of drug metabolism by acute ethanol
intoxication. A hepatic microsomal mechanism. Am. J. Med. 49, 801-806 (1970)

Rubin, E., Lieber, C.S.:Early fine structural changes in the human liver induced by alcohol.
Gastroenterology 52, 1-13 (1967)

Rubin, E., Lieber, C.S.: Hepatic microsomal enzymes in man and rat: induction and inhibition
by ethanol. Science 162, 690-691 (1968)

Schenk, G.K., Engelmeier, M.P., Matz, D., Pach, J.: High dosage naloxone treatment in acute
alcohol intoxication, p. 386. Proc. CINP Congress, Vienna 1978

Schneider, F.H.: Effects of length of exposure to and concentration of acetaldehyde on the re-
lease of catecholamines. Biochem. Pharamcol. 23, 223-229 (1974)

Seeman, P.: The membrane actions of anesthetics and tranquilizers. Pharmacol. Rev. 24, 583—
655 (1972)

Seeman, P.: The membrane expansion theory of anesthesia: Direct evidence using ethanol and
a high-precision density meter. Experientia 30, 759-760 (1974)

Seidel, G.: Distribution of pentobarbital, barbital and thiopenthal under ethanol. N.S. Arch.
Pharmakol. Exp. Pathol. 257, 221-229 (1967)

Sellers, E.M.: The clinical importance of interactions based on displacement of protein bound
drugs. Proc. VIIth Intl Congress of Pharmacol., Paris 1978

Sellers, E.M., Holloway, M.R.: Drug kinetics and alcohol ingestion. Clin. Pharmacokinet. 3,
440-452 (1978)

Shah, M.N., Clancy, B.A., Iber, F.L.: Comparison of blood clearence of ethanol and tolbuta-
mide and the activity of hepatic ethanol-oxidizing and drug-metabolizing enzymes in
chronic alcoholic subjects. Am. J. Clin. Nutr. 25, 135-139 (1972)

Siemens, A.J., Jatinder, M., Khanna, J.M.: Acute metabolic interactions between ethanol and
cannabis. Alcoholism. Clin. Exp. Res. 1, 343-348 (1977)

Simonses, J.: Accidental fatal drug poisoning with particular reference to dextropropoxyphene.
Forens. Sci. 10, 127-131 (1977)

Sktadzinski, J.: Morfologiczne, histochemiczne i ultrastrukturalne badania watroby szczura w
toku skojarzonego stosowania pirazolu i etanolu. Zeszyty Naukowe ASW, Suppl. 14, 1-3

1976

Skia(dziﬁs)ki, J., Beskid, M.: Combined action of pyrazole and ethanol on a rat liver: Histo-
chemical and ultrastructural study. Folia Histochem. Cytochem. 16, 13-18 (1978)

Song, S.K., Rubin, E.: Ethanol produces muscle damage in human volunteers. Science 175,
327-382 (1972)

Sorensen, S.C., Mattison, K.W.: Naloxone as an antagonist in severe alcohol intoxication.
Lancet 197811, 688-689

Spector, R., Choudhury, A., Cancilla, P., Lakin, R.: Alcohol myopathy. Diagnosis by alcohol
challenge. J. Am. Med. Assoc. 242, 1648-1649 (1979)

Sundquist, L., Petrovics, J.: Fatal poisoning with dextropropoxyphene containing analgetics —
suicide or not? Acta Med. Scand. 196, 467-470 (1977)

Supniewski, J.: Farmakologia. Warszawa: PZWL 1965

Svoboda, D.J., Manning,R.T.: Am. J. Pathol. 44, 645-650 (1964)

Tabakoff, B.: Inhibition of sodium, potassium and magnesium activated ATPases by acetalde-
hyde and “biogenic” aldehydes. Res. Commun. Chem. Path. Pharmacol. 7, 621-624 (1974)



176 T.L. CHRUSCIEL

Theorell, H., Yonetani, T.: Liver alcohol dehydrogenase-DPN-Pyrazole complex. Biochem. Z.
338, 537-553 (1963)

Tobon, F., Mezey, E.: Effect of ethanol administration on hepatic ethanol and drug-metabo-
lizing enzymes and on rates of ethanol degradation. J. Lab. Clin. med. 77, 110121 (1971)

Vallee, B.L., Hoch, F.L.: Zinc in horse liver alcohol dehydrogenase. J. Biol. Chem. 225, 185-
195 (1957)

Von Wartburg, J.P., Bethune, J.L., Vallee, B.L.: Human liver alcohol dehydrogenase kinetic
and physicochemical properties. Biochemistry 3, 1775-1782 (1964)

Wagner, J.G., Patel, J.A.: Variations in absorbtion and elimination rates of ethyl alcohol in a
single subject.Res. Commun. Chem. Path. Pharmacol. 4, 61-67 (1972)

Wagner, J.G., Wilkinson, P.K., Sedman, A.J., Kay, D.R., Weidler, D.J.: Elimination of alcohol
from human blood. J. Pharm. Sci. 65, 152-158 (1976)

Wallgren, H., Barry, H. III: Actions of alcohol, vols. I and II. New York: Elsevier Publ. Co.
Inc. 1970

Wardle, E.N., Richardson, G.O.: Alcohol and glibenclamide. Brit. med. J. 197111, 309-310

Welling, P.G., Lyons, L.L. Elliott, M.S.; Amidon, G.L.: Pharmacokinetics of alcohol following
single low doses to fasted and nonfasted subjects. J. Clin. Pharmacol. 199-206 (1977)

West, L.J.: Research strategies in alcoholism. Ann. N.Y. Ac. Sci. 197, 13-15 (1972)

Westcott, J.Y., Weiner, H., Shultz, J., Myers, R.D.: In vivo acetaldehyde in the brain of the
rat treated with ethanol. Biochem. Pharmacol. 29, 411-417 (1979)

Whitehouse, L.W., Peterson, G., Paul, C.J., Thomas, B.H.: Effect of ethanol on the pharma-
cokinetics of 2-*C-methaqualone in the rat. Life Sci. 20, 1871-1878 (1977)



CHAPTER 10

Behavioral Pharmacology of Alcohol

N.K. MELLO

A. Introduction

Although alcohol is one of the earliest drugs used by man to change behavior and to
modulate subjective states, less is known about its behavioral pharmacology than
about many drugs of more recent origin. This is probably due to a complex interweav-
ing of social attitudes and beliefs about alcohol which have evolved from a common
familiarity with drinking and the effects of alcohol intoxication. For many years, the
assumption that all is known, coupled with denial that alcoholism is a form of drug
addiction, and ambivalence about problem drinking, tended to limit experimental in-
terest in the study of alcohol and behavior (MELLO, 1976 b, 1978 b). Gradually, over
the past 15 years, an increasing number of studies have examined the behavioral ef-
fects of alcohol in normal social drinkers and in alcohol addicts. The early evidence
that alcoholism is a form of addiction (VICTOR and ADAMS, 1953; ISBELL et al., 1955;
MENDELSON, 1964) has been consistently reaffirmed (MELLO and MENDELSON, 1977
for review). As more empirical studies have examined the effects of alcohol during in-
toxication rather than relying on retrospective self-reports, the limitations of com-
monly shared expectancies about alcohol’s effects have become increasingly evident.
The disparities between anticipated and observed effects of intoxication illustrate how
far we now are from a comprehensive understanding of the behavioral pharmacology
of alcohol (MELLO and MENDELSON, 1978a for review).

This review will discuss some methodological issues which continue to affect the
interpretation of behavioral data (MELLO, 1968). A selective review of clinical research
will focus on the effects of alcohol intoxication on those aspects of behavior and sub-
jective states which are often alleged to account for alcohol abuse. The implications
of these findings for understanding the way in which alcohol maintains behavior lead-
ing to its administration, i.e., alcohol’s reinforcing properties, will also be considered.
The clinical aspects of alcoholism, i.e., tolerance and physical dependence, the clinical
expression and treatment of the alcohol withdrawal syndrome, and theoretical models
which attempt to account for alcohol dependence were described in a previous volume
of this handbook (MELLO and MENDELSON, 1977). Consequently, this review will be
restricted to the behavioral pharmacology of alcohol in man and animal models.

Alcohol has now been shown to be an effective reinforcer in primate drug self-ad-
ministration models. The reinforcing properties of alcohol have been demonstrated
in preparations which are not physically dependent on alcohol. Systematic analysis
of the variables which influence alcohol self-administration has begun quite recently
and illustrative studies will be described. Since these data are best understood in the
context of the struggle to develop adequate animal models of alcoholism, the current
status of models of alcohol dependence will also be summarized. This review will not
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include studies of the effects of alcohol on psychomotor performance or schedule-con-
trolled behavior, since recent descriptions of these data are available elsewhere (Is-
RAELSTAM and LAMBERT, 1975; MCMILLAN and LEANDER, 1976; MELLO and MENDEL-
SON, 1978 a).

B. Issues in Measurement and Interpretation

Clinical studies of the behavioral and subjective effects of alcohol have shown that the
consequences of intoxication often are not entirely predictable from the dose of alco-
hol given or from the blood alcohol level achieved. In addition to physiologic factors
which influence the rate of alcohol absorption and the effective dose achieved, a num-
ber of nonpharmacologic factors, such as expectancy, experience with alcohol, and
motivation to perform accurately, may also modulate the behavioral effects of alco-
hol. Studies of the behavioral effects of alcohol continue to share a series of method-
ological problems which often limit the generality of the findings obtained. Some
frequent common problems are discussed in this section. Several problems are specific
to behavioral studies of alcohol, and others apply equally to behavioral studies of any
drug.

I. Methodological Issues Specific to Alcohol Studies
1. Blood Alcohol Level Measurement

Alcohol offers a particular advantage over many other psychoactive drugs for be-
havioral studies in man. The effective dose of alcohol can be rapidly and efficiently
measured, at any point in time, by some variant of a breathalyzer device, which
measures the concentration of alcohol in expired air (DuBowskl, 1970). Consequent-
ly, it is not necessary to rely on estimates of effective dosage on the basis of the amount
of alcohol administered; the effective blood alcohol concentration can be quantita-
tively assessed. Direct measures are important because blood alcohol levels are not
constant through time, but rather rise to a peak and then fall at a rate which is in-
fluenced by all of the factors which affect absorption, distribution, and metabolism.
There are now considerable behavioral data which support Goldberg’s (GOLDBERG,
1943) early observation that the greatest impairment in performance occurs during the
rising phase of the blood alcohol curve, and there may be no impairment at equivalent
blood alcohol levels during the falling phase of the curve (JonEs, 1973; JoNES and
VEGA, 1972). In animals, alcohol concentration in small samples of blood can be mea-
sured with a variety of enzymatic and gas chromatographic techniques. It is also pos-
sible to measure alcohol concentration in urine.

It is unfortunate that many investigators still neglect to determine the effective al-
cohol concentration, fail to report blood alcohol levels, and occasionally even fail to
specify the alcohol dosage. This perpetuates the inconsistent and ambiguous status of
behavioral data on alcohol. Without information about alcohol dose and blood alco-
hol level it is impossible to compare studies and identify the basis for discrepant find-
ings. Some would argue that since alcohol is metabolized at the rate of about 1 oz per
hour, it is possible to estimate changes through time, if the initial dose is known. The
difficulties involved in the quantitative analysis of blood levels of many other psy-
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Fig. 1. Factors which Influence Blood Alcohol Levels are shown schematically. These are some
variables which can affect alcohol absorption, distribution, and metabolism. A combination of
these factors in turn determine the effective blood alcohol level following a standard dose of
alcohol

choactive drugs have forced behavioral pharmacologists to rely on this approach.
However, in studies of alcohol effects, such extrapolations are extremely hazardous
and almost certainly unjustified because blood alcohol levels are influenced by so
many factors. Physiologic variables and species differences also affect blood alcohol
levels in animals.

Some of the major variables which can affect the concentration of alcohol, follow-
ing administration of a standard dose, are summarized in Fig. 1. Each contributes to
the variability in alcohol absorption or metabolism and to the resulting unpredictabil-
ity of alcohol effects for the drinker and the investigator alike.

2. Alcohol Absorption

The rate of alcohol absorption determines when peak blood alcohol levels occur. Ab-
sorption is influenced by a number of factors, including the presence of food in the
stomach, the concentration of alcohol consumed, the carbonation of the alcohol ve-
hicle, and the speed of drinking. It is essential to specify the number of hours of fasting
before oral alcohol administration. Since alcohol is absorbed primarily from the small
intestine, food in the stomach will delay the gastric emptying with a resultant delay
in absorption and peak blood alcohol concentration. Alternatively, if a large amount
of alcohol is consumed rapidly on an empty stomach, pylorospasm and vomiting may
occur. Since the emptying time of the stomach is estimated at between 3% and 4 h,
a 6-8 h fast prior to the administration of alcohol will insure that absorption rates are
not altered by food in the stomach. If alcohol is consumed slowly, normal social drink-
ers can usually tolerate doses up to 2 mg/100 ml without emesis.

The higher the concentration of beverage alcohol, the more rapid the absorption
up to a maximum of about 40% — the alcohol concentration of most distilled spirits.
Distilled spirits, e.g., bourbon, scotch, and gin, will be absorbed considerably more



180 N.K. MELLO

rapidly than low concentration alcohol beverages such as beer and wine. Alcohol is
absorbed more rapidly in a carbonated vehicle, and for this reason champagne is ab-
sorbed more rapidly than still wine. However, distilled spirits have a higher congener
content than wine or beer, and the rate of alcohol absorption decreases with increasing
congener concentrations. Rapid drinking will produce a higher concentration of alco-
hol in blood than slowly sipping an equivalent amount of alcohol (MoskowiTz and
Burns, 1975).

However, the common impression that beer and wine are less intoxicating than
distilled spirits appears to be incorrect. KALANT and co-workers (1975) examined
the effects of a standard dose of alcohol (1.3 g/kg), administered in the form of
rye whiskey, beer, and sparkling wine, on sensory-motor tasks and the physiologic
variables in normal drinkers. Peak blood alcohol levels ranged between 90 and
120 mg/100 ml. No significant differences between the effects of these three alcoholic
beverages on sensory-motor or physiologic measures were observed at any blood al-
cohol level. The relevant variable influencing performance appeared to be blood alco-
hol concentration as a function of dose of alcohol ingested, and not the type of bev-
erage consumed (KALANT et al., 1975).

3. Alcohol Distribution

Once alcohol has been absorbed, the effective concentration in the central nervous
system (CNS) is influenced by the body weight and the relative obesity of the subject.
Following absorption, alcohol is distributed equally throughout body water. Even if
two subjects are of equal weight, total body water may be less in an obese subject, be-
cause water content of tissues which contain a high concentration of lipid is lower than
a similar tissue mass with high protein content (MENDELSON, 1968). Consequently, an
obese subject would attain a higher blood alcohol level than a nonobese subject after
administration of the same alcohol dose, because alcohol would be distributed in a
smaller total body water pool. Obtaining equivalent alcohol doses in subjects of dif-
ferent weights is even more difficult. After the same initial dose, a 180-1b man will have
a lower blood alcohol level than a 130-1b man, due to the relatively larger body water
compartment.

4. Alcohol Metabolism

Once alcohol has been absorbed and distributed, several factors may affect the rate
at which it is metabolized. The primary factor is the status of hepatic function. Most
alcohol is metabolized by the liver, and impairment of liver function may retard the
rate of alcohol metabolism. The presence of other drugs may also interact with alcohol
to reduce the rate of metabolism. Malnutrition can also slow the rate of alcohol me-
tabolism (SMiTH and NEwWMAN, 1959; MENDELSON, 1970).

Suggestions that certain ethnic groups may metabolize alcohol differently (and
therefore the risk of problem drinking is concomitantly enhanced or reduced) have
not been substantiated in controlled studies (BENNION and Li, 1976). Differences in
blood alcohol levels as a function of age or sex (DuBowsk1, 1976) do not appear to
be related to metabolism per se, but rather reflect the proportional composition of
lipid, protein, and water in the body.



Behavioral Pharmacology of Alcohol 181

In summary, these several factors which may interact to accelerate or retard the
rate of alcohol absorption make it impossible to accurately predict blood alcohol con-
centrations following alcohol ingestion. Different behavioral effects may occur at dif-
ferent points on the blood alcohol curve and interpretation requires specification of
the effective alcohol dose through time. There is no substitute for periodic monitoring
of blood alcohol levels in both clinical and animal studies. Under optimal conditions,
breath-alcohol values correspond closely to serum alcohol determinations carried out
with enzymatic or gas chromatographic methods (DuBowskl, 1970). However, the ac-
curacy of a breathalyzer can be affected by several variables including smoking, eat-
ing, residual alcohol in the mouth of the subject, and incorrect calibration of the in-
strument.

II. General Problems of Experimental Design

There are many methodological considerations which may affect the interpretation of
data from the clinical and animal studies reviewed in Sect. C and D. Often, these are
specific and unique to the type of study and the variables measured. However, there
are also some general problems in design which transcend the specific ones and seri-
ously limit generalizations from studies so afflicted.

1. Baseline Assessments

It is obvious that evaluation of the effect of alcohol upon any behavioral or biologic
variable requires baseline assessment of that variable under conditions of sobriety.
Evaluation of normal functioning under nondrug conditions is essential, whether sub-
jects are used as their own control, during successive phases of a sequential study, or
whether subjects are compared with a “matched” control group. Unless a behavioral
baseline is obtained prior to alcohol intoxication, it is impossible to determine the con-
tribution of alcohol to apparent changes in behavior. If one group of subjects per-
forms less well than a matched control group, it is impossible to ascertain whether this
is the effect of alcohol or some preexisting deficit. Although this basic principle of ex-
perimental design is so elementary that its elaboration may seem unnecessary, many
behavioral studies of alcohol effects have neglected to assess baseline functioning.

2. Sex and Menstrual Cycle Phase

Failure to control for the sex of the subject may present a further complication. There
is recent evidence that women develop higher blood alcohol levels than men after an
equivalent dose of alcohol (JONES and JONES, 1976a, b; DuBowski, 1976). Women al-
so absorb alcohol faster and reach a peak blood alcohol level sooner than male con-
trols (JoNEs and JONES, 1976b). These data presumably reflect the fact that alcohol
is distributed throughout the total body water, and women have less water per body
unit than men. However, there are no significant differences in the rate of alcohol
elimination in men and women (DUBOWSKI, 1976).

Moreover, there is suggestive evidence that blood alcohol levels following a stan-
dard dose of alcohol tend to vary as a function of the phase of the menstrual cycle
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in women. Specifically, blood alcohol levels were higher at ovulation and during the
premenstruum than at other phases of the menstrual cycle (JONES and JONES,
1976a, b). The extent to which behavioral and subjective effects of alcohol covary
with these apparent biologic changes associated with phases of the menstrual cycle re-
main to be determined, and existing data are inconsistent (MELLO, 1980 for review).
In studies unrelated to drug effects, there is considerable evidence that objective per-
formance measures usually fail to show any menstrual cycle-related changes (SOMMER,
1973). However, it does appear that sensory acuity may change as a function of men-
strual cycle phases (SOMMER, 1973; WARD et al., 1978).

Although the replicability and generality of reported sex specific and menstrual
cycle-related differences in alcohol effects remain to be demonstrated, it is apparent
that additional controls may be necessary in studies of alcohol effects in women. In
addition to baseline measures under alcohol-free conditions, it may also be important
to compare alcohol effects across several phases of the menstrual cycle.

3. Expectancy About Drug Effects

Although it is generally agreed that nonpharmacologic, situational, and social factors
influence reactions to psychoactive drugs, the fact that the expectancy of a drug effect
can influence behavior even when no drug is given has rarely been considered. The
potent effects of expectancy have recently been demonstrated in an elegant series of
carefully designed studies of drug effects (MARLATT and RouseNow, 1980 for review).
It has now been shown that diverse behaviors, such as aggressivity, anxiety, laughter
in response to humorous stimuli, and arousal to sexual stimuli, may be enhanced by
the expectation of receiving alcohol, even though an alcohol-placebo was given. On
tasks involving motor performance, the effects of expectancy were diminished, and
variables such as reaction time were consistently affected by alcohol. Moreover, alco-
hol adversely affected performance of subjects who had expected to receive the place-
bo, but subjects who had expected to receive alcohol appeared able to compensate for
this effect.

MARLATT and RoHSENOW (1980) argue convincingly for the importance of a bal-
anced placebo design to control for the effects of expectancy about drug effects on be-
havior. This design involves two groups of subjects; one group expects to receive drug
and the other expects to receive placebo. Within each of these two groups, half of the
subjects actually receive drugs and half actually receive placebo. This design permits
an independent manipulation of the instructions given to the subject and the actual
substance (active drug or placebo) administered.

Studies using the balanced placebo design have shown that a wide range of be-
haviors are influenced by expectancies about drug effects rather than by the drug it-
self. MARLATT and RoHSENOW (1980) conclude that if the effects of alcohol are be-
lieved to be positive or desirable, then the effects of expectancy may be as potent as
the actual effect of alcohol, whereas if subjects believe that drinking may have a neg-
ative or undesirable outcome, experimental manipulation of expectancy appears to
have less impact.

Since very few of the clinical studies to be reviewed employed a balanced placebo
design, and the effectiveness of double-blind manipulations is often open to question,
the possible influence of expectancy is still one further qualification to be considered
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in evaluation of data obtained. In studies of alcoholic individuals, subjects were
usually aware that they were receiving alcohol and brought a complex host of expec-
tancies to the drinking situation (MCGUIRE et al., 1966).

4. Motivation to Perform

Most studies of the behavioral effects of alcohol require the subjects cooperation and
performance on some task. Unless subjects are motivated to perform as well as pos-
sible, any performance decrement during alcohol intoxication could be accounted for
by boredom, indifference, or fatigue rather than alcohol. Apparently most investi-
gators assume that their subjects will try to perform as well as possible. Subjects are
often paid for their participation in the study. However, this payment is rarely made
contingent upon performance accuracy. There is no reason to assume that paid vol-
unteers will consistently perform at the upper limits of their capacity unless they are
specifically paid to do so, i.e., unless the accuracy of their performance results in a
task-specific reinforcement. The wide diversity of behavioral effects attributed to al-
cohol may reflect in part a failure to insure optimal performance by the subject.

There is a considerable literature attesting to the powerful behavioral control ex-
erted by contingent reinforcements. Both student volunteers and alcohol addicts
might perform better during intoxication if they were reinforced for accurate perfor-
mance. It is also essential to establish that the reinforcement offered is an adequate
reinforcement. Pennies and candy may not be effective reinforcements for college stu-
dents. Alcohol appears to be the only reinforcer that will consistently maintain accu-
rate performance in alcoholic subjects during intoxication (MELLO, 1972; 1973 b). Dif-
ferences in the conditions of reinforcement for accurate performance are probably
among the most important factors which account for reported differences in perfor-
mance on a variety of behavioral tasks during sobriety and during alcohol intoxica-
tion.

5. Attention to the Task

Certain types of behavioral tasks are more vulnerable to subject distractibility than
others. Most tasks which attempt to assess some aspect of cognitive function before
and during alcohol intoxication require the subject to attend to, and perhaps learn,
some verbal, visual, or auditory stimulus pattern. The potentially devastating effects
of inattention and distractibility can be illustrated in studies of memory function. Al-
though it seems obvious that the subject’s attention to the stimuli to be recalled is
essential for the evaluation of drug intoxication on subsequent recall, this variable is
seldom controlled, and apparent memory failure during or after alcohol intoxication
could be a lack of attention to the stimulus to be remembered. Some investigators
have attempted to manipulate attention by presenting materials which are presumably
interesting to the subject, such as erotic movies (GOODWIN et al., 1970).

A more reliable technique for controlling attention, which is independent of
stimulus content, is to require an observing response. This is a standard behavioral
technique commonly used with both human and animal subjects to insure that the
subject does attend to the discriminative stimulus upon which subsequent perfor-
mance is based (e.g., MELLO, 1973b). There are many variations on this procedure,
which in essence requires the subject to produce a stimulus by some motor or verbal
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response. It is assumed that the subject is more likely to attend to a self-produced
stimulus than one which is introduced by the investigator (or the programing appa-
ratus).

6. Patterns of Alcohol Administration

Alcohol can be given in fixed doses at specified times (programed administration) or
the subject can control the dose and frequency of alcohol intake (spontaneous admin-
istration). Each paradigm has limitations and advantages, and the choice ultimately
depends upon the type of questions asked.

Spontaneous alcohol self-administration paradigms necessarily involve unpredict-
able variation in alcohol dose and the interval between successive doses. In some in-
stances, the spontaneous pattern of alcohol self-administration may be the dependent
variable of interest in both clinical (MELLO and MENDELSON, 1978¢) and animal stud-
ies (MELLO, 1976 a). It is generally agreed that data obtained under spontaneous alco-
hol administration conditions are most behaviorally relevant. However, spontaneous
administration paradigms are not optimal for study of the effects of alcohol when pre-
cise time-dose response curves are essential for interpretation of data obtained.

Programed drinking regimens are traditionally used in experimental pharmacol-
ogy. There is little question that a programed dosage regimen provides better control
over dose and interdose interval than does a spontaneous alcohol administration
paradigm. One disadvantage of programed alcohol self-administration is that it bears
little resemblance to naturalistic alcohol use and may have different biologic as well
as behavioral consequences. For example, a comparison of alcoholic subjects during
two successive programed (Q4H) or spontaneous drinking periods indicated that
spontaneous drinking resulted in withdrawal signs and symptoms most concordant
with real-life drinking patterns (MELLO and MENDELSON, 1970). These data were in-
terpreted to suggest that given an equivalent volume and duration of exposure to al-
cohol, the essential determinant of the behavioral and biologic concomitants of alco-
hol intoxication and alcohol withdrawal is the distribution or pattern of drinking
through time. Consequently, clinical studies of alcohol withdrawal are probably best
conducted using a spontaneous drinking paradigm. Al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>