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I. Introduction

A NUMBER of review articles (116, 166) and books (38,
119, 177-179, 210) have been published in recent years
which describe some of the pharmacological effects of
cannabinoids. These articles have been written by many
of the leaders of this field; therefore, an attempt will not
be made in this review to restate all the work which has
been carried out with this important group of compounds.
Also, certain pharmacological aspects of these drugs will
not be described in this review, either because they are
discussed in another article in this series, or because
there has not been much new work since the last time
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this aspect of the pharmacology of the cannabinoids has
been reviewed. For instance, the effects of the cannabi-
noids at the molecular level are discussed by Martin
(182a), the clinical pharmacology of cannabinoids by
Hollister (129a), and the metabolism and pharmacoki-
netics by Agurell and his colleagues (5a) as parts of this
series. The effects of cannabinoids on the immune system
were reviewed recently by Munson and Fehr (207), and
little additional work has been done in the area of the
toxicity of cannabinoids since our last review appeared
in 1977 (116). Additionally, Rosenkrantz published a
detailed review of the toxicological effects of cannabi-
noids in 1983 (235). The objective of this review will be
to evaluate specific reports, allowing a critical assessment
of proposed mechanisms of action for the pharmacolog-
ical effects of these interesting substances. In some in-
stances, very detailed discussions are presented because
there has been considerable work carried out on that
specific aspect of the pharmacology of these chemicals.
In other cases, such work has led to the hypothesis that
one or another of the cannabinoids might be useful as a
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therapeutic agent in man. One could conclude that more
emphasis has been placed on studies suggesting a thera-
peutic use than on the abuse liability of these drugs. This
is surprising when one considers the widespread abuse
of this material as reported by the National Institute on
Drug Abuse (96).

It is clear from the extensive literature in this field
that the cannabinoids have a multiplicity of effects.
However, little if any conclusive evidence has been pre-
sented which shows that the cannabinoids affect any
peripheral system without working at least indirectly
through the central nervous system (CNS). That is to
say, there are no pharmacological effects of the canna-
binoids in whole animals for which the mechanism has
been shown to be due to something other than altering
central nervous system function. There have been a
number of studies of the effects of cannabinoids on cells
in culture and in a number of different in vitro assays.
The cannabinoids are not without effect on these systems
and these observations suggest that, in fact, the canna-
binoids could have direct effects on peripheral organs. In
many sections throughout this review, an objective of the
author will be to elucidate the general concept as to
whether an effect is mediated centrally or is the direct
action of the cannabinoid on peripheral systems.

II. Compounds

It has been suggested that there are 426 chemical
entities in the marihuana plant. Of this total, more than
60 of them are cannabinoids (283). In this review, I will
restrict my comments to the cannabinoids found in
marihuana which have been studied to the greatest ex-
tent. These are A®-tetrahydrocannabinol (A°-THC),
A®-tetrahydrocannabinol (A%-THC), cannabidiol (CBD),
and cannabinol (CBN). Because of the extensive number
of substances found in marihuana, and in particular the
large number of cannabinoids, it is quite possible that
these different cannabinoids might be working synergis-
tically, additively, or possibly even antagonistically in
animals when marihuana itself or a crude extract of the
plant is administered. These interactions are discussed
in some detail in Section XII, “Drug interaction.” When
one reads the literature one must be very acutely aware
of what substance has been administered. Did the au-
thors administer marihuana, smoke from marihuana, or
an extract of marihuana, or have they in fact injected
one of the active constituents, and if so, which one?
Another aspect of the marihuana literature which can be
somewhat confusing is the use of two different number-
ing systems for these compounds. A detailed discussion
of this issue is presented in the review by Razdan (230a)
in this series. However, it is important to reiterate here
that AS-THC is exactly the same compound as A!“®-
tetrahydrocannabinol, and A®-THC is exactly the same
compound as A!-THC. Throughout this review, the di-
benzopyran nomenclature will be used, i.e., A>-THC, A®-
THC, etc.

Another aspect of the cannabinoids worthy of mention
in a general way has to do with the differing pharmaco-
logical effects of the various isomers of the active con-
stituents of marihuana. As previously pointed out in a
number of review articles and mentioned in the review
by Razdan in this series (230a), there are a number of
different isomers of A?-THC. Unless otherwise specified,
I will be talking about the (—)-trans isomer of A*>-THC
and the (—)-trans isomer of the A®-THC in all cases. It
is the (—)-trans isomer of these compounds which ap-
pears naturally in the plant, and it is this isomer of these
two cannabinoids which has the greatest pharmacologi-
cal activity (78).

III1. Vehicle

One of the major problems encountered by researchers
working with cannabinoids has been the choice of an
appropriate vehicle. The physical and chemical charac-
teristics of these substances are such that they have
limited solubility in aqueous solutions. The cannabinoids
are very lipid soluble and hydrophobic. Many of the
compounds, including A®-THC, are difficult to handle in
that they are a gummy-type material which is best de-
scribed in appearance as similar to “rubber cement.”
This makes it difficult to accurately weigh small amounts
and prepare suspensions for injection. Many vehicles
have been used for the administration of cannabinoids
including alcohol, dimethyl sulfoxide (DMSO), the pro-
pylene glycols, polyvinylpyrrolidine (PVP), Tween 80,
and serum albumin. Emulphor was first used by Cradock
and colleagues (59) for the intravenous injection of A®-
THC. This non-ionic surfactant has become a very pop-
ular vehicle for cannabinoids in animal studies as well
as in clinical trials. Differences in the potency of a
specific compound in different studies in the literature
may be due to the different vehicles that were used. For
example, many investigators have studied the effects of
cannabinoids when dissolved in ethyl alcohol. It is clear
that both ethyl alcohol and cannabinoids are predomi-
nantly CNS depressants, and therefore it is not surpris-
ing that these two substances might act at least addi-
tively, and possibly synergistically, when injected to-
gether. A more thorough discussion of the interaction of
these two abused drugs is presented later in this chapter.
We and others have bound A®-THC and other cannabi-
noids to serum albumin, in order to obtain an even
suspension, before injection into animals. One of the
problems with this vehicle is that the A>-THC is bound
to the albumin, and equilibrium is established between
the albumin injected and the albumin in the bloodstream.
Obviously, some of the cannabinoid is bound and not
available for the target tissue. In most procedures, A®°-
THC is less potent when injected as an albumin suspen-
sion than when it is solubilized or suspended in another
vehicle. For instance, we have reported that A*-THC is
considerably more active in the mouse hot-plate test if
administered in Triton X-100, rather than serum albu-
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min (74). The widest discrepancy appears in the effects
of A’-THC when injected in alcohol and when injected
in serum albumin. These examples may be considered to
be the two extremes of the problem of choosing a vehicle
for cannabinoids. One shoud be very critical when read-
ing the literature and keep in mind the importance of
the effects of different vehicles on the potency of the
cannabinoids. To the best of my knowledge, there has
never been a case where the vehicle has changed the
qualitative effects of cannabinoids in animals, only the
quantitative aspects.

Borgen and Davis (24) reported that the vehicle used
could also be important for both the onset and duration
of action. These investigators also found that suspen-
sions of A®-THC in polyvinylpyrrolidone, polysorbate-
80, and a polysorbate-65-sorbitan monolaurate were ef-
fective when they were administered subcutaneously or
intraperitoneally. However, A’-THC was poorly ab-
sorbed by either route when it was administered in olive
oil (24).

The choice of a suspending agent is especially impor-
tant for studying cannabinoids in isolated organ bioas-
says. These compounds have been shown to be active in
a number of these test systems, but exact potencies are
difficult to determine due to the different characteristics
of the suspending agent being used (74). Some of the
vehicles which have been used are tissue solubilizers
which interrupt normal biological functions. Alcohol is
not an appropriate vehicle for these studies since the
cannabinoid comes out of solution when the absolute
alcohol is diluted out in the aqueous electrolyte solution
used in these assays. Although DMSO has been used, it
is important that the appropriate controls be included
since DMSO alters the passage of materials across var-
ious biological membranes.

As indicated above, one of the major problems with
pharmacological investigations of A®-THC and other
cannabinoids has been the lack of water solubility of the
constituents of the plant and of many of the synthetic
analogs. The pharmacological characteristics of the first
cannabinoid with increased water solubility were pub-
lished in 1972. Esters of the phenyl hydroxyl group were
shown to possess biological properties qualitatively sim-
ilar to those of A®-THC (300). However, some caution
should be used since the increase in water solubility of
these compounds is limited. It is still questionable
whether these esters are in fact in solution in aqueous
media, or if minute micells are formed. Alcohol helps put
these substances into solution. A cannabinoid with ade-
quate water solubility has not appeared at this time.

IV. Overt Behavioral Effects

The overt behavioral effects of cannabinoids in man
are quite complex. The subjective effects of cannabis
ingestion include: excitement and dissociation of ideas,
enhancement of senses, errors in judgment of time and
space, damage to emotions, fixed ideas of delusions,

irresistible impulses, illusions, and hallucinations. These
subjective effects are accompanied at appropriate doses
with a decrement in psychomotor performance (176), an
interference in attention span and a loss of efficiency in
memory (65, 70), and a reduction in physical strength
(128, 131). Any of these effects of cannabinoids in man
are very difficult to quantitate in experimental animals,
yet cannabinoids have been shown to produce a rather
unique syndrome of effects on the free ranging behavior
of a wide variety of animal species. These behavioral
changes are characterized at low doses as a unique mix-
ture of depressant and stimulatory effects and at higher
doses as predominantly CNS depression. The behavioral
effects of A°>-THC and related cannabinoids in mice have
been euphemistically termed the “popcorn” effect. That
is, groups of mice are in a sedated state with little or no
movement until a stimulus causes one mouse to jump
(hyper-reflexia). This animal falls on another mouse
which in turn jumps so that this repeated hyper-reflexic
jumping looks like corn popping in a machine. Subse-
quently, all mice will be sedated until another stimulus
reinitiates the process. Often, stimulation is also seen at
the higher doses prior to the onset of the depression.
This may be due to the initial lower blood level and
therefore lower concentration of cannabinoid at the site
of action. The depressant effects of the psychotomimetic
cannabinoids (those that produce a psychological high in
man) differ from the CNS depression induced by barbi-
turates, major tranquilizers, and other CNS depressants.
A state of hyper-reflexia or hyper-stimulation is observed
during the depressive portion of the syndrome. This
unique syndrome has been useful to predict which chem-
ical analogs of the constituents of marijuana would have
psychotomimetic activity in man. Higher doses of can-
nabinoids produce a much more classical type of depres-
sion in rodents including catalepsy (114, 170, 220).

All of the cannabinoids that have been tested cause
CNS depression at some dose, but all do not produce the
typical cannabinoid syndrome. The purpose of many of
the overt behavioral assays has been to differentiate
between the dose that produces psychotomimetic effects
and those doses which produce only depressant effects.
The corneal areflexia test in rabbits was used widely at
one time to predict the psychotomimetic effect of can-
nabinoids but is not used to a great extent at this time
(110, 170, 286). The dog static ataxia assay, as first
described by Walton (291) and modified by Dewey et al.
(75) and later by Martin and his colleagues (186), has
been an excellent predictor of psychotomimetic activity
for all cannabinoids which have been tested in man [see
review by Razdan in this series (230a)]. Edery and his
colleagues (86, 87) have studied the effects of cannabi-
noids on overt behavior in the rhesus monkey and have
used this model to differentiate doses which produce
psychotomimetic effects from those which produce gen-
eral CNS depressant characteristics. Generally, what has

-
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been seen in both dogs and monkeys following adminis-
tration of psychotomimetic cannabinoids is depression
which, as mentioned above, is accompanied by a state of
hyper-reflexia.

Animals medicated with A®>-THC sleep for a consid-
erable period of time during the 24 h after administra-
tion. When aroused, some hyper-reflexia can be observed
throughout this prolonged period. There are many effects
of the cannabinoids which have a very long duration of
action, which suggests that there is a slow elimination of
these compounds from the body [for detail, see the review
written by Agurell et al. in this series (5a)].

A%-THC and other psychotomimetic cannabinoids
have been tested in a number of laboratories for their
effects on the spontaneous activity of rodents. As ex-
pected from the overt behavioral data generated from
other species, the general effect that is observed is a
decrease in spontaneous activity. CBN and CBD are less
potent than A%- or A°-THC in this test system, although
at high doses they also produce a pronounced decrease
in spontaneous activity. For years, it was not possible to
differentiate psychotomimetic cannabinoids from those
that do not produce psychotomimetic effects utilizing
this test procedure. Recently, Martin (181) reported that
cannabinoids which did not produce hypoactivity at
doses less than 20 mg/kg did not produce effects in other
animal species known to be predictive of psychotomi-
metic effects in man. This would be an important bioas-
say for new cannabinoids, since experiments in mice are
faster, less costly, and more acceptable than procedures
which require the use of dogs or monkeys. Similarly, all
cannabinoids produce a decrease in body temperature at
some dose, but this test in itself is not useful for identi-
fying cannabinoids void of psychotomimetic activity.
Martin and coworkers (186) have combined dose-re-
sponse curves in the mouse spontaneous activity and
hypothermia assays with the dog static ataxia test to
generate a profile of activity for compounds expected to
have cannabinoid-like activity.

There appears to be some selectivity for compounds
from different classes even in such nonspecific tests as
spontaneous activity. Both A>-THC and morphine have
been shown to decrease spontaneous activity in rats. The
effect of morphine in these animals was reversed by
naloxone; however, naloxone was ineffective in reversing
the depression induced by A°-THC. An antagonist to the
effects of A>-THC has not yet been identified. When
animals were treated chronically with these drugs, tol-
erance developed to the locomotor depressive activities
of both morphine and A°-THC (276). The possibility of
the development of cross-tolerance was not investigated
in these experiments.

The effects of cannabinoids on behavior in a social
setting have been investigated. A dose of hashish extract
containing 20 mg of A°>-THC/kg weakened the dominant
position of the dominant mouse when it was the only

~

one given the extract. Tolerance developed to the effect
within three administrations. There was no change in
dominance when all three mice in the group were given
this dose of the extract (241). The effect of cannabinoids
on dominance has also been investigated in monkeys
who were housed in groups of four (237). In each group,
some animals were more dominant while others were
more subordinate in their behavior. A daily dose of 2.4
mg/kg of A’-THC was given for up to 3 mo to dominant
monkeys in some groups and subordinate animals in
others. This dose of A’-THC was chosen because in pilot
experiments it produced a state of tranquilization with-
out ataxia. The acute effects of the cannabinoid on these
animals included increased irritability which the experi-
menters associated with stress. The long-term adminis-
tration of the cannabinoid produced a number of changes
in social behavior (such as a decrease in play, an increase
in nonsocial activity, and an increase in self-directed
behavior) which were considered to be long-term effects
of the drug and not due to the last injection of the
cannabinoid. These latter effects were seen only during
chronic drug administration. They were observed at a
significant period of time after the acute effect of the
drug had worn off. The authors hypothesized that the
individual differences observed were in response to long-
term THC treatment and could be associated with an
alteration of sensitivity at central noradrenergic recep-
tors. They proposed that chronic A®-THC increased the
sensitivity to stress induced by increases in catechol-
amines (237) However, a marked effect of A°>~THC on
catecholamines in the brain has not been established.
Subtle changes following chronic treatment as proposed
by the authors have not been investigated. In another
series of experiments, some of the high ranking monkeys
in a free ranging group were medicated chronically with
A®-THC. The administration of the cannabinoid to a few
of the high ranking monkeys decreased the distance
among various members of the group, but these decreases
in distance were not limited to the medicated animals
only. Although the average distances between monkeys
were less after A°-THC, there was more variability in the
distances. These effects were observed following either
acute or chronic treatment, as well as following the end
of the drug administration period (35). One could inter-
pret these results to suggest that the cannabinoid in-
creased the social behavior of all the rhesus monkeys in
the group by decreasing the aggressiveness of the medi-
cated animals.

Overt behavioral assays more than any others have
been used to test the hypothesis that certain constituents
of marijuana might have either additive or antagonistic
activities with each other. This has been found to be the
case, and therefore the ratio of the quantity of each
constituent is a major factor in the different potencies
observed for one plant source versus another. One had
to study various combinations of synthetic supplies of
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the constituents to clarify this point. The interaction of
the active constituents of marijuana has been exceedingly
interesting and is described in Section XII, “Drug Inter-
actions.” Suffice it to say at this point that the multiple
effects of the many constituents of marihuana and their
interactions emphasize even more strongly the point
made earlier that one cannot compare the effects of a
marihuana extract to the effects of one of its constitu-
ents.

Considerable interest emerged concerning the question
of whether A®-THC caused behavioral effects in itself or
if it had to be metabolized to 11-OH-A®-THC to be active
(167). There have been many studies which document
the role of 11-hydroxy-A®-THC in many species (36, 127,
129, 130, 164, 168, 197, 199, 219). Both compounds
produced overt behavioral changes in mice, and 11-OH-
A®-THC was found to be more potent than the parent
compound (50). Ford and his colleagues (97) reported
that, in the monkey, the onset of the behavioral effects
of 11-hydroxy-A®-THC is much less than the onset of
the behavioral effects of an equally active dose of A°-
THC. 11-Hydroxy was 3 times more potent than A°-
THC and had a shorter duration of action. 11-Hydroxy-
A°-THC was absorbed more quickly than A°-THC and
reached its peak brain and plasma levels faster. These
data indicate that the differences in the behavioral ef-
fects of A>-THC and its 11-hydroxy metabolite were
accompanied by a difference in absorption and disposi-
tion of the compounds (97).

Other work has shown that synthetic cannabinoids
which cannot be converted metabolically to 11-OH-A®-
THC or any other known metabolite of A°>-THC produce
a behavioral syndrome similar to that produced by A®-
THC. These results also suggest, but do not prove, that
a metabolic conversion of A®-THC is not required for it
to produce behavioral effects in animals and man. Ad-
ditional support for the hypothesis that A°-THC need
not be converted to a metabolite to produce behavioral
effects was supplied by the study of Carney et al. (43).
These investigators showed that A°-THC produced
marked behavioral effects in the squirrel monkey follow-
ing an injection into the cerebroventricle. They also
showed that A°-THC was not metabolized following its
injection by this route of administration.

As indicated throughout this and other reviews in this
series, a great many analogs of A>-THC have been syn-
thesized and tested for their behavioral effects in ani-
mals. One of the objectives of these experiments has been
an attempt to separate activities of this interesting series
of compounds. One of the more successful approaches to
this have been the investigations of abnormal A®-THC
and abnormal CBD, analogs in which the phenolic hy-
droxyl and the side chain is interposed. They were stud-
ied for their effects on overt behavior in normal dogs and
on the cardiovascular system in anesthetized dogs. Ab-
normal CBD contained potent hypotensive activity in

the anesthetized dogs, but did not exhibit the psychoto-
mimetic effects produced by A%-THC, or the sedative
effects produced by cannabidiol in dogs (4).

In summary, as one might expect, there are a number
of similarities between the effects of cannabinoids in
experimental animals and in man. Clearly, the stimulant
aspect of the overall CNS depression induced by the
cannabinoids is unique to this class of psychotomimetic
agents. Granted, a number of drugs that are predomi-
nantly CNS stimulants or predominantly CNS depres-
sants can produce the opposite effect at a narrow range
of doses or in certain circumstance. For instance, the
excitement state of anesthetic induction is a prime ex-
ample. It is only the psychotomimetic cannabinoids that
produce a constant state of hyper-reflexia throughout
the overall CNS depression. This occurs in all species
tested, yet it is manifested in different aspects of the
behavioral syndrome.

V. Aggressiveness

Considerable anecdotal information suggests that the
ingestion of marihuana by humans leads to an amotiva-
tional syndrome. This is more likely to occur with a CNS
depressant than with a drug that is a generalized stimu-
lant of the central nervous system. One of the most
studied behavioral effects of the cannabinoids is an in-
vestigation of their effects on aggressive behavior. Based
on the amotivational syndrome suspected in man, one
might expect a decrease in aggressiveness by this group
of compounds in experimental animals. Interestingly, the
vast majority of the data indicates that A®-THC and
other cannabinoids increase aggressiveness, at least in
rodents.

Injections of cannabinoids have been used to induce
an aggressive state in animals which were then used as
a model to investigate the effects of other drugs or
modalities on the aggressive state (285). Cannabinoids
have been shown to induce muricide activity in rats (106,
107). This effect was greater in animals kept in isolation
than in those grouped in a cage.

The chronic administration of marihuana extract or
A®-THC produced aggressiveness in rats that had been
food-deprived for 20 h. Although the injection of large
amounts of glucose did not alter the aggressiveness once
it was induced by the cannabinoid, glucose given orally
prior to the exposure of the cannabinoids blocked the
development of this behavior. The aggressiveness was
potentiated when the animals were mantained at a low
temperature of 14°C. The authors suggested that the
stress of the hunger, rather than the lack of specific
nutrients (hypoglycemia or acidosis), was a factor re-
sponsible for the inducement of the aggressive behavior
following the chronic administration of the cannabinoids
(40).

The injection of 6-hydroxydopamine increased mari-
huana-induced aggressive behavior in REM-sleep-de-
prived rats. Dopamine injections into the lateral cere-
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broventricle did not alter the aggressive behavior in these
rats, but the intraventricular injection of norepinephrine
significantly decreased this aggressive behavior. These
results led the authors to suggest that marihuana might
sensitize the dopamine system, which in turn inhibited
the norepinephrine system, thereby producing the in-
creased aggressiveness in these animals (209). Studies by
Carlini and Lindsey (41) showed that the A®-THC-in-
duced aggression in REM-sleep-deprived rats involved
both brain dopamine and serotonin systems.

The cholinergic nervous system has been implicated
in cannabinoid-induced aggression, in that very large
doses (50 to 100 mg/kg) of atropine sulfate significantly
decreased the aggressive behavior induced by cannabis
extract in REM-sleep-deprived rats. This effect was
dose-related, but a dose of 25 mg/kg was without effect.
Scopolamine at a dose of 20 mg/kg also decreased the
aggressive behavior. The quarternary atropine analog,
atropine methyl nitrate, did not alter the fighting behav-
ior of these animals. These authors suggested that their
evidence supported the hypothesis that the antiacetyl-
choline drugs were responsible for the decrease in ag-
gressive behavior induced by the chronic administration
of the extract. They also suggested, however, the possi-
bility that the high doses of these anticholinergic drugs
inhibited the dopaminergic system which has been sug-
gested to be an important factor in the inducement of
aggressive behavior in rats (72). Similarly, doses of 50
and 100 mg/kg of A®-THC produced an increased flight
response to aggression in mice in a social behavior ex-
periment (61). Doses of 0.5 and 1 mg/kg of A>-THC
reduced schedule-induced aggression in pigeons (46).

Doses from 5 to 40 mg/kg of A>-THC and a number of
alcoholic extracts of marihuana produced a dose-related
increase in aggressiveness in rats that had been deprived
of REM-sleep for 96 h. The duration of action of A°-
THC in this test was up to 4 h. The authors concluded
that cannabinoids can produce opposite effects depend-
ing on the conditions of the animal. That is, normally
these compounds produced depression in rats, yet irri-
tability and aggressiveness was observed in stressed an-
imals (6).

A%- and A®-THC both produced a decrease in the
aggressiveness of mice or Chinese hamsters induced by
isolation. Tolerance did not develop to the suppressant
effects of A®- or A®-THC. This lack of tolerance to the
depressant effect of the cannabinoids in these experi-
ments, as opposed to the marked tolerance shown in
many other studies, was suggested to be due to the effect
of metabolites in the other paradigms whereas the parent
compound was thought to be the active constituent in
these aggressive studies (270). There are few data from
other studies to support this hypothesis.

Although the effects of cannabinoids on aggressiveness
have received considerable attention, a clear picture of
the effects of cannabinoids on this syndrome has not

emerged. Generally, cannabinoids induce aggressiveness
in laboratory animals and, at least at some doses, can-
nabinoids potentiate aggressiveness in laboratory ani-
mals induced by other modalities such as foot-shock,
hunger, etc. Attempts to identify an insult to a specific
neurotransmitter system by cannabinoids as the cause
of the induced aggression have not been fruitful. Of
course, this is also true for most effects of most drugs on
complex behaviors such as aggression. It is clear that the
effects of cannabinoids on aggressiveness in laboratory
animals is not predictive of their effects in man.

VI. Behavioral Pharmacology

As one might expect from the overt behavioral studies,
the predominant effect of A>-THC and other cannabi-
noids on stimulus-controlled behavioral patterns in lab-
oratory animals is to produce central nervous system
depression. This is manifested as a decrement of behavior
in most animal species. However, as was also pointed out
in the experiments on overt behavior, A’>-THC and other
psychoactive cannabinoids produce a behavioral state
that has a stimulatory component. In essence, some
reflexes are heightened. The behavioral effects of the
cannabinoids have been characterized in a great many
studies involving conditioned behavior. Black and his
colleagues (18) have shown that dimethylheptylpyran at
the low dose of 0.3 mg/kg caused a decrease in the ability
of a pigeon to peck a key for a food reward for a fixed-
interval schedule. Studies by McMillan and his col-
leagues (191) and other workers have confirmed this
depressant effect of A°>-THC. It has also been shown that
other constituents of marihuana including AS-THC,
CBD, and CBN are also active in these procedures. Yet
again, the potencies of A’- and AS-THC far exceeded
those of the other naturally occurring cannabinoids. It
was obvious from these studies that the cannabinoids
had a very good therapeutic ratio. That is, they altered
stimulus-controlled behavior at doses below those which
produced other effects and much below those which were
toxic to the animal. It is important to point out that this
safety ratio for the cannabinoids has been shown for
many of their pharmacological effects. By and large this
is due to their low toxicity more than to a marked
pharmacological potency.

Carlini (39) reported that acute administration of a
marihuana extract decreased the performance of rats in
the pole-climbing test and in the operant behavior of
water-deprived rats maintained on an intravenous sched-
ule for a positive reward. This same dose of the extract
reduced aggressiveness in mice induced by isolation. Tol-
erance developed to the effects of the cannabis extract
in all of these paradigms.

High doses of cannabis extract in pigeons increased
responding in a color discrimination task but did not
alter accuracy (242). Yet doses of A’-THC within the
effective range for humans caused a decrease in total
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operant timing responses and behavioral accuracy in
chimpanzees (51).

The acute administration of A°-THC at doses of 0.5 or
4 mg/kg did not alter depth perception in rats. Chronic
administration of these doses of the cannabinoid for 22
days did not produce an effect on this response (102).
These results differ from reports that marihuana intake
alters depth perception in man.

The intraperitoneal administration of either 5 or 15
mg/kg of A>-THC did not have a significant effect on
passive avoidance in rats. There was an effect of the 5
mg/kg dose on retention using an active retest procedure.
However, the authors concluded that the drug had more
of an effect on performance than on retention (202).

Black and his colleagues reported in 1970 (18) that a
dose of 10 mg/kg of A’-THC in pigeons significantly
decreased the rate of responding on a multiple schedule
of positive reinforcement. They also showed that toler-
ance developed to these effects when this dose of A®-
THC was administered at 1-wk intervals (18). Tolerance
to the effects of a drug given at such long intervals was
not known. The long half-lives of A>-THC and its me-
tabolites most probably contribute to this unusual prop-
erty of the cannabinoids.

Ferraro and Grilly (92) demonstrated that the admin-
istration of 1 or 4 mg/kg of A’>-THC decreased both
accuracy and speed of performance of chimpanzees in a
delayed matching to sample task. Tolerance did not
develop to this effect when these doses were given daily
for up to 6 wk. Also, they did not observe a change in
behavior which would indicate a withdrawal syndrome
following the end of the chronic administration of the
drug (92). The intramuscular injection of doses of A®°-
THC ranging from 0.5 to 2.0 mg/kg produced a dose-
related reduction in accuracy and rate of responding in
squirrel monkeys trained to press either a two- or five-
colored key sequence (32). Tolerance developed to the
effects of A>-THC on both accuracy and rate.

Cross-tolerance between ethyl alcohol and A’-THC
was demonstrated in rats trained in a one-way avoidance
paradigm. Both compounds depressed behavior when
given acutely. Tolerance developed to these effects and
when the ethyl alcohol was given to A’-THC-tolerant
animals or when A’-THC was given to the ethanol-
tolerant animals, cross-tolerance was observed (211).

Aversive effects of 1 to 32 mg/kg of A®>-THC were
demonstrated in a dose-related fashion in rats deprived
of water and given a saccharin solution immediately prior
to the oral or intraperitoneal injection of the cannabinoid
(88).

It is clear from the behavioral studies described above
and even more so from the overt behavioral studies, that
there are two types of cannabinoids, both of which pro-
duce central nervous system depression as their predom-
inant effect. One of these groups is made up of the
cannabinoids that produce a behavioral depression ac-

companied by a stimulatory component. This group of
compounds is best typified by A>-THC. The other group
is best exemplified by CBD and CBN, which at high
doses also produce central nervous system depression,
but without a stimulatory component. It has been pro-
posed that the cannabinoids which produce a stimulatory
component or a heightened reflex component in their
behavioral effects are those that produce psychotomi-
metic effects in man. For many years, the overt behav-
ioral studies in dogs and monkeys have been used as
assays for the behavioral effects of cannabinoids. In
recent years, an additional bioassay has been used to
characterize the behavioral effect of cannabinoids, with
the major objective of differentiating the two types of
cannabinoids. This relatively new procedure, the drug
discrimination test, has been used to identify compounds
to which animals will generalize from the cue of a training
drug. Rats or monkeys are taught to differentiate be-
tween the cue of a training drug and the cue induced by
vehicle. After the animal has learned to differentiate the
drug cue, the experimental drug is administered. The
ability of the animal to generalize from the training drug
to the experimental drug indicates a similarity in the
cues of the two drugs. Investigators hypothesized that
the A’-THC cue was related to its psychotomimetic
activity in man. This hypothesis was supported by the
results of a number of studies in which metabolites of
A®- and A°-THC and other constituents of marihuana
were tested to determine whether the cue of these agents
would be generalized in animals trained to discriminate
A®-THC. When dose-response curves were generated, the
cue of the compounds which had been shown to have
psychotomimetic activity in man were found to be gen-
eralized to the A°-THC cue.

Balster and Ford (8) reviewed the discriminative stim-
ulus properties of cannabinoids. They concluded that
stimulus generalization studies have promise as a bioas-
say to screen cannabinoids for A®-THC-like activity, or
psychotomimetic properties. This generalization did not
extend to psychotomimetic drugs from other classes (33).
Drug discrimination based on A°-THC in animals has
been shown to be a sensitive and specific assay for
identifying A°-THC-like behavioral effects of drugs (98).
Recently, Semjonow and Binder (240) used the drug
discrimination paradigm to compare the potency of A®°-
THC to that of A*''-THC, an interesting cannabinoid
analog which is being investigated as a tool to elucidate
the molecular effects of cannabinoids on a number of
physiological functions, including effects on the brain
and on the cardiovascular system.

It is clear from the effects of cannabinoids in the wide
variety of procedures used in the studies reviewed in this
section that stimulus-controlled behavior is one of the
most sensitive to all measures for the cannabinoids. The
cannabinoids have been shown to have depressant effects
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in these procedures at doses comparable to those used by
man. In some cases, even lower doses have been effective.

VII. Body Temperature

A°-THC, like most central nervous system depres-
sants, has been shown to produce hypothermia in a dose-
response fashion in most laboratory animal species.
Some tolerance to the hypothermic effect of A>-THC in
rats has been reported (268). A>-THC also lowered the
body temperature of animals with elevated temperatures
due to the injection of yeast. A>THC was more potent
in hyperthermic animals than in euthermic animals.
Orally administered A®-THC was not an analgesic when
the nociceptive stimulus was pressure applied to both
normal and the yeast-implanted inflamed paws. A°>-THC
was also inactive in blocking the carrageenan-induced
edema in the inflamed paw model. These studies showed
that although A®-THC lowered body temperature in both
normal and hyperthermic animals, it did not have the
anti-inflammatory or analgesic potency of a number of
nonsteroid analgesics. These results plus the fact that
A®-THC produced CNS depression at these doses imply
that the effects of A>-THC are in the CNS and are not
due to its ability to release ACTH or adrenal steroids
(157).

The intraperitoneal injection of 10 mg/kg of A°>-THC
to mice produced hypothermia which lasted for 5 or 6 h
and had a peak response at 1 to 2 h (13). This peak
hypothermia was much less than the maximum hypo-
thermia induced by chlorpromazine, reserpine, or other
major tranquilizers. The low magnitude of the hypother-
mia induced by cannabinoids has been a characteristic
of most studies. A>-THC produced a dose-related hypo-
thermia in mice at doses of 5 to 100 mg/kg. The effects
of various drugs that alter the brain neurochemistry on
the hypothermic effect of the cannabinoid caused the
authors to suggest that serotonergic mechanisms were
involved (66). These doses were much higher than the
minimal effective doses of A°-THC required to induce
CNS depression. Bloom and Kiernan (23) reported that
A®-THC produced hypothermia at an ambient tempera-
ture of 10 or 20°C but not at 31°C. The hypothermia was
not responsible for the alteration in brain catecholamines
produced by A®-THC.

The injection of 10 or 20 mg of A’-THC directly into
the preoptic area of the hypothalamus induced a decrease
in body temperature in mice which was maximal 30 min
after administration. A?-THC apparently acts selectively
within the regulatory system in this area. The hypother-
mic doses of A’>-THC decreased heat production in re-
sponse to cold and altered behavioral thermal regulation.
These data support the view that the hypothermic effect
of A°-THC in mice is a central effect since there is no
evidence that the decrease in temperature is due to an
increase in heat loss caused by a decrease in peripheral
vasomotor tone (222).

Recently, Pertwee reviewed (221) the effects of can-

nabinoids on body temperature, and he also concluded
that the site of the hypothermic effect of A>-THC was in
the brain. More specifically, he proposed that the can-
nabinoids alter the thermal input in the thermoregula-
tory centers of the brain. It is clear from the review by
Pertwee, as well as from the other studies referred to in
this section, that A°>-THC and other cannabinoids pro-
duce marked hypothermia only at doses which are above
those that produce minimal behavioral effects.

VIII. Tolerance

An early study in humans (292) demonstrated an in-
creased sensitivity to repeated exposures to marijuana.
However, the majority of the data generated to date
clearly show that a pronounced tolerance develops to
most of the pharmacological effects of marihuana and to
the effects of each of the individual cannabinoids that
have been studied in detail. The tolerance is observed in
most animal species and in human experimental proce-
dures. Pronounced tolerance to A*-THC was first dem-
onstrated by McMillan and his colleagues (196). They
demonstrated that the effect of repeated injections of A®-
THC, which had inhibited a conditioned response in
pigeons, decreased on repeated administrations. Subse-
quent experiments demonstrated that the tolerance was
large and had a fast onset of action as well as a very long
duration (195). Cross-tolerance among cannabinoids has
also been demonstrated. The phenomenon of tolerance
to the pharmacological effects of A°>-THC was soon there-
after demonstrated in a number of laboratory animal
species, including dogs, mice, rats, and monkeys (193).
The work of McMillan et al. (79, 194) demonstrated that
the pronounced tolerance of the cannabinoids was a true
pharmacodynamic tolerance and not due to an alteration
in absorption or metabolism of the parent compound.
Subsequent work by Martin and his colleagues (184)
demonstrated that the tolerance was not due to an alter-
ation in the disposition of the parent compound or its
metabolite in intracellular organelles in dog, rat, or
mouse brain neurons. Characteristics of the tolerance
which develops to A°>-THC in a number of pharmacolog-
ical procedures were reviewed by McMillan et al. (193).

One of the distinct features of the tolerance that
develops to cannabinoids, as opposed to the tolerance
demonstrated for opiates and other compounds, is the
very long duration of the tolerance after cessation of the
drug. When dogs were injected once a day for 8 days with
doses of A>-THC and then not treated for 11 days,
administration of a dose of A*-THC which was effective
in drug-naive dogs, produced very little change in the
overt behavior of these animals. This prolonged tolerance
has now been demonstrated in many species. Although
as mentioned above, there is considerable cross-tolerance
demonstrated among various cannabinoids, cross-toler-
ance between individual cannabinoids and other classes
of drugs is not wide spread. Nonspecific cross-tolerance
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among various types of CNS depressants and the can-
nabinoids has been reported.

Tolerance did not develop to the depressant effects of
A8- or A%-THC on isolation-induced aggressiveness of
mice or Chinese hamsters (270). Tolerance also did not
develop to the depressant effect of A>-THC on either
accuracy or speed of performance in a delayed matching-
to-sample task (92). We found that tolerance did not
develop to the stimulatory effects of A>-THC on ACTH
secretion when the cannabinoid (10 mg/kg) was admin-
istered daily for 5 days. This dose produced significant
secretion of ACTH after either one or five daily injections
(80).

Black and his colleagues (18) demonstrated that tol-
erance developed to the rate-suppressing effects of A°-
THC when the cannabinoid was administered once per
week for 7 wk.

The oral administration of marihuana extract distillate
containing 20 mg/kg of A®-THC produced a significant
decrease in the integrated electroencephalogram (EEG)
which was maximal after one or two daily doses. The
effect decreased gradually with the effect almost com-
pletely gone following the twelfth daily dose. However,
tolerance was not seen to these EEG effects when the
drug was given only once per week over a 30-wk period.
Tolerance developed to most, but not all, of the effects
of cannabinoids on EEG. Tolerance did not develop to
the high voltage “spindle-like” activity induced by mar-
ihuana extract in either dosage schedue (224).

As mentioned in an earlier part of this review, cross-
tolerance between ethyl alcohol and A°-THC has been
demonstrated in a number of studies in rodents (211,
218, 243-245, 257, 258, 265). Recently, Hine (123) re-
ported evidence for two-way cross-tolerance for both the
analgesic and bradycardic effects of A>-THC and mor-
phine in rats. Tolerance developed rapidly to each agent,
but cross-tolerance to the THC-induced bradycardia was
seen only in those rats completely tolerant to this effect
of morphine. There have been a number of reports of the
lack of complete cross-tolerance between A°-THC and
morphine (20, 21). Although the magnitude of tolerance
to cannabinoids was similar to that seen with morphine,
cross-tolerance was not seen between morphine and A®-
THC in pigeons on a fixed-ratio 30 fixed-interval 5 (FR30
FI5) schedule of food reinforcement (195). Additional
well-controlled studies are needed to clarify the discrep-
ancy in these reports. A clarification of the issue of cross-
tolerance between opiates and cannabinoids is important
since its resolution might shed some light on the question
of whether cannabinoids induce antinociception by act-
ing through endogenous opioid peptides acting on opiate
receptors.

The intraperitoneal injection of 10 mg/kg A°-THC
daily for a period of 1 or 2 wk resulted in tolerance to
the acute effects of the cannabinoid on body weight and
body temperature but not to its depressant effect on

motor activity. Rats injected intraperitoneally for 28 days
with 10 mg/kg of A®>-THC did not show the bradycardia
and hypotension which was observed in animals given
vehicle for 28 days prior to the intravenous injection of
the same dose of A’-THC. Tolerance also failed to de-
velop to the pressor actions of the intravenous A°-THC.
The pressor response induced by the intravenous injec-
tion of norepinephrine was similar in animals given
vehicle injection or 10 mg/kg of A°-THC for the 28 days
(2).

Carlini (39) reported that tolerance developed to the
depressant effect of marihuana extract in the rat pole-
climbing, operant behavioral task, and aggressiveness
test.

Tolerance was observed to develop to the behavioral
effects of A°>-THC when administered intravenously to
mongrel dogs. The magnitude of this tolerance exceeded
300-fold. However, there was no withdrawal symptoma-
tology observed at the end of this chronic daily admin-
istration of A®-THC, suggesting that physical depend-
ence did not occur. In a second experiment, tolerance
could be observed when the cannabinoid was injected
only once every 8 days, indicating the long half-life of
A°-THC in this species. In this regard, the cannabinoids
differ markedly from morphine and most other opiates
since most of the opiates need to be given at least daily
and usually every 6 h to induce marked tolerance (75).
These differences are obviously due to different phar-
macokinetic properties of the various drugs. The canna-
binoids, as a class of compounds, have a very long dura-
tion of action and an even longer half-life in animals and
man.

The mechanism underlying the development of toler-
ance to A°>-THC is an interesting problem due to the fact
that it has been hypothesized that A>-THC had to be
converted to an active metabolite for its pharmacological
activity. A thorough investigation into the possible role
of a metabolic factor in this pronounced tolerance was
studied in detail. It was shown that the marked tolerance
which developed to A>-THC in a number of animal
species was not due to an alteration in blood or brain
levels of the cannabinoid or its major metabolite. A
thorough investigation of these parameters has been
carried out and the conclusion from all of these studies
is that the tolerance is pharmacodynamic in nature (79,
192, 194).

The administration of radiolabeled A°-THC to tolerant
and nontolerant dogs was followed by measurement of
levels of A°>-THC in various brain areas. In subsequent
studies, the intracellular distribution of the cannabinoid
was carried out in an attempt to determine if the toler-
ance that developed to A’-THC was due to an alteration
of either brain or subcellular distribution of the com-
pound. The results of this investigation to determine the
effect of biodisposition of A’ THC on the pronounced
tolerance showed that A>-THC was equally distributed,
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not only throughout various brain areas, but also intra-
cellularly in brain tissue in both the tolerant and non-
tolerant dogs. One of the surprising discoveries in this
series of experiments was that the uptake of radiolabeled
cannabinoids was higher in central gray areas than in
central white. The white areas are those areas which
contain the myelin, and the lipid-soluble cannabinoids
were expected to be concentrated in these substances,
rather than in the neurons or gray tissue (184).

In subsequent studies using mice and rats, it was
shown that the chronic treatment of A°-THC, which
produced marked behavioral tolerance in these species,
also is not due to an alteration in brain levels or to an
alteration of the subcellular distribution of the cannabi-
noids in these species (77). As many of the studies
described above indicate, tolerance develops readily to
A°-THC and marihuana extract. Much less work has
been carried out on the ability of tolerance to develop to
other cannabinoids. Tolerance and cross-tolerance de-
veloped at the same rate to equally active doses of A°-
and 11-OH-A®-THC in rats (97).

An understanding of the mechanisms responsible for
the tolerance of the cannabinoids must wait until there
is some clarification as to the existence of THC receptors.
It is a logical possibility that the tolerance is due to an
increase in the number of receptor sites or an up-regu-
lation of the receptors. It should be pointed out, however,
that the mechanism of tolerance to ethanol or other
depressant drugs has not been elucidated at this time.

IX. Dependence

In spite of the fact that pronounced tolerance has been
shown in many species and to many of the pharmacolog-
ical effects of the cannabinoids, the development of phys-
ical dependence is more open to question. Many inves-
tigators have proposed that a withdrawal syndrome was
observed following the abrupt cessation of chronic treat-
ment of monkeys or rats with cannabis (69, 71, 152, 153,
223, 250, 255). Others have suggested that cannabinoid
dependence has developed in monkeys (31, 92, 93) since
the cessation of chronic administration of A?-THC led
to a disruption of the pattern of ongoing behavior. Fred-
ericks and Benowitz (101) suggested that a withdrawal
syndrome appeared in rhesus monkeys after the intra-
venous infusion of 0.5 mg/kg of A*>-THC every 6 h for 3
wk. This syndrome consisted of an increased number of
gross movements, eye contact, and greater frequency and
duration of teeth-baring. A behavioral syndrome char-
acterized by writhes, backward kicks, and wet shakes
was observed in rats treated daily for 5 or 10 days with
A°-THC and then given an injection of imipramine,
clomipramine, or fluoxetine, all drugs which inhibit the
uptake of biogenic amines, on day 6 or 11. The severity
of these behaviors appeared to correlate with the potency
of the compound to inhibit reuptake or biogenic amines.
The authors suggested that tryptaminergic mechanisms
are involved in a withdrawal syndrome following chronic

cannabinoid treatment (268, 289). However, it should be
noted that this behavioral syndrome has not been re-
corded in most experiments utilizing chronic cannabi-
noid treatment. Yet, these authors reported that if they
injected A®-THC just prior to the biogenic amine uptake
inhibitor, the withdrawal syndrome was less than if
vehicle was injected (288). The most critical experiment
needed to define the behavioral effects as a true with-
drawal syndrome is to reverse these effects with an
injection of A®-THC after they have appeared. Yet this
has not been seen in all experiments. Ford and his
coworkers (97, 98) showed that the tolerance to A®-THC
amounted to some 1800-fold, and when they discontinued
the administration of this high dose of drug to the pigeon,
the rate of responses decreased. This was at first inter-
preted to be an indication of withdrawal symptomatol-
ogy. However, as stated above, one of the criteria for the
demonstration of physical dependence is the disruption
of the withdrawal symptomatology when the agent is
readministered to the animal. When active doses of A®-
THC were injected in these pigeons, the behavior did not
return to the control level. Similarly, neither Leite and
Carlini (164) nor Harris et al. (117) saw a withdrawal
syndrome after the abrupt cessation of chronic admin-
istration of A®-THC in rats and monkeys, respectively.
These results suggest that physical dependence did not
occur.

A test used to determine the opiate-like dependence
liability of compounds is to determine if they will substi-
tute for morphine in monkeys maintained opiate-de-
pendent by injecting morphine every 6 h. Cannabinoids
were not effective in suppressing the withdrawal symp-
tomatology seen in these opiate-dependent monkeys.
Hine and his colleagues (124) demonstrated that intra-
peritoneal doses of 2, 5, or 10 mg/kg of A®-THC did not
induce withdrawal in morphine-dependent mice. These
results suggest that the cannabinoid does not have opiate
antagonist properties. However, the injection of these
doses of A>-THC, but not CBD, did block the appearance
of some of the signs of opiate withdrawal including wet-
dog shakes, escapes, diarrhea, and increased defecation
which were induced by naloxone. In these experiments,
A®-THC was given 1 h prior to the administration of 4
mg/kg of naloxone. The authors concluded that the
cannabinoid might be useful as a treatment of opiate
detoxification (124). A similar conclusion was reached
by Bhargava (12) who reported that A°>-THC attenuated
a number of the opiate withdrawal characteristics in-
duced by naloxone. Thus far, however, there is little
supporting evidence that cannabinoids and opiates work
through similar systems.

Ferraro and Grilly (92) did not see a change in behavior
which would indicate a withdrawal syndrome following
the end of the daily administration of 4 mg/kg of A®-
THC for 42 days in chimpanzees. Mature rats did not
show residual effects of daily treatments with cannabis
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containing 20 mg/kg of A’-THC for 3 m when tested 1
to 4 mo later (263). A number of residual effects were
observed when a similar chronic experiment was carried
out in immature rats (91, 262, 264). These authors did
not describe any withdrawal symptomatology at the end
of this long term treatment.

Although some of the reports discussed above would
suggest that physical dependence occurs with chronic
administration of cannabinoids, the evidence is not con-
vincing. There are many reports of alterations of behav-
ior in animals and man following the abrupt cessation of
chronic administration of drugs which alter central nerv-
ous system function. The most accepted criteria for
physical dependence is the elimination of this behavioral
syndrome when the drug is readministered. This has not
been observed consistently in experiments with canna-
binoids. The discovery of a specific antagonist for can-
nabinoids such as the opiate antagonists would be im-
portant since it could be used to determine whether
withdrawal can be induced following chronic exposure to
cannabinoids.

X. Neurochemistry

The effects of cannabinoids on a number of brain
neurochemical systems were reviewed by us in 1977
(116). We concluded from the data reviewed at that time
that the cannabinoids did not alter the basal level of
norepinephrine or dopamine in rodent brain, but did
increase synthesis of both catecholamines in mice and
rats. The effects of the cannabinoids on the cholinergic
system were less clear than those on brain catecholamine
systems. In this review, I will not repeat all the infor-
mation from the earlier chapter, but will discuss certain
aspects of the earlier findings as they have an impact on
subsequent studies which have contributed to our current
knowledge of the effects of cannabinoids on brain neu-
rochemical systems.

A. Biogenic Amine Systems

Maitre and his colleagues (174) reported that the in-
jection of doses of 10-100 mg/kg of A>-THC did not alter
the content of endogenous norepinephrine or the uptake
of tritiated norepinephrine in the heart. These investi-
gators also showed that A°>-THC had no effect on brain
levels of norepinephrine and dopamine. The synthesis
rate of norepinephrine and dopamine from tritiated ty-
rosine was enhanced following the administration of A®-
THC. Later, studies by Bloom and his colleagues (22, 23)
showed that doses of A’>-THC as low as 1 to 16 mg/kg
given intravenously caused an increase in whole mouse
brain synthesis rates of dopamine and norepinephrine.

The daily intravenous administration of 2 mg/kg of
A°-THC to rats did not alter the endogenous levels of
norepinephrine or dopamine in the brain nor epinephrine
or norepinephrine in the adrenal gland. However, this
chronic treatment did result in a significant increase in
the synthesis of tritiated catecholamines in the brain

and adrenals (189). Ho and his colleagues (125) reported
that rats who inhaled A®-THC also had an increased
turnover rate of catecholamines compared to controls.
The increase in the synthesis of brain catecholamines
has been shown to be a direct effect of A>-THC on the
neurons and not an indirect effect such as the result of
the hypothermia induced by the cannabinoid (23). This
direct effect of A°>-THC on catecholamine neurons was
confirmed when it was demonstrated that the cannabi-
noid could increase the synthesis of catecholamines in
an in vitro synaptosomal preparation (19).

In spite of the fact that most authors have reported no
change in brain levels of catecholamines, it has been
reported that A®-THC caused changes in the levels of
catecholamines in specific rat brain areas and that these
changes were associated with changes in behavior (15).
Bhattacharyya and colleagues (7) reported that an initial
decrease in levels of dopamine in the diencephalon and
caudate nucleus along with an increase in levels of sero-
tonin in the diencephalon and medulla pons were asso-
ciated with an initial behavioral depression. A stimula-
tory phase followed which was associated with an in-
crease in dopamine and a decrease in serotonin in the
respective brain areas. As depression returned, the levels
of biogenic amines returned to near normal levels. This
triphasic behavioral effect has not been reported exten-
sively in the literature. A stimulatory phase has often
been reported prior to the depression phase, but not
between two phases of depression. However, this same
group of investigators also have reported that neuro-
chemical changes in specific brain areas were correlated
with behavioral changes observed following repeated ad-
ministrations of cannabinoids. These results would be
strengthened by confirmation from other laboratories.

Patel and colleagues (216) reported that the daily
subcutaneous injection of 3 mg/kg of A’-THC for 25 days
produced alterations in catecholamine levels in the
preoptic area, the mediobasal hypothalamus, and plasma.
Norepinephrine levels were decreased in all three areas,
epinephrine was reduced in the plasma and the medio-
basal hypothalamus, while the levels of dopamine and
dihydroxyphenylacetic acid were increased in the medi-
obasal hypothalamus. The major difference in these ex-
periments, as opposed to those reported previously, is
that the catecholamines were quantitated using high
pressure liquid chromatography with electrochemical de-
tection, rather than the fluorescence techniques used for
many years. Certainly, one would not propose that a
change in analytical technique should alter the effects of
a drug on brain chemistry. Both techniques are valid and
widely used.

A°-THC produced a concentration-related decrease in
the uptake of [**C]dopamine in mouse brain crude syn-
aptosomal preparations. Similarly, A®-THC also in-
creased the release of preloaded [*C]dopamine. This
latter effect was additive to that of amphetamine (136).
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Maclean and Littleton in 1977 (173) suggested that al-
terations in striatal dopamine metabolism could be re-
lated to some of the behavioral effects induced by can-
nabinoids to rats under stressful conditions. The behav-
ioral changes seen in these rats included hypothermia,
immobility, and hyper-reactivity.

Osgood and Howes (215) concluded that A°>-THC al-
tered interneuronal dopamine distribution without af-
fecting the enzymes involved in its metabolism. This
hypothesis was based upon the observation that A°>-THC
increased striatal levels of homovanillic acid (HVA) and
3,4-dihydroxyphenylacetic acid (DOPAC) in 34-
dihydroxyphenylalanine (I-DOPA)-treated animals but
did not alter levels of these catecholamine metabolites
in controls (215).

Concentrations of A*-THC of 560 nM and 14 uM sig-
nificantly reduced the efflux of tritium in rat vas deferens
incubated with tritiated noradrenaline. This decrease in
tritiated norepinephrine release by A’-THC was hypoth-
esized to be a part of the mechanism of its antihyperten-
sive effects. That is, the authors proposed that A°>-THC
has adrenergic blocking activity, as evidenced by its
inhibition of release of tritiated norepinephrine induced
by electrical stimulation (113).

The intraperitoneal injection of 40 but not 20 mg/kg
of A*-THC produced a significant reduction in brain and
vas deferens levels of noradrenaline in the rat. The level
of adrenaline in the adrenal gland was decreased signif-
icantly until 90 min after administration. The effect on
noradrenaline levels in the brain and vas deferens oc-
curred 40 min after cannabinoid injection. Concentra-
tions of A-THC of 10~ to 10~® M showed a biphasic
effect on the uptake of noradrenaline into the isolated
hypogastric-vas deferens preparation of the rat. After 10
to 20 min, A®-THC produced a significant increase in the
uptake of di-noradrenaline in these tissues. However, at
times greater than 30 min, a reduction in uptake was
observed. Finally, these authors showed that a concen-
tration of 10~ M A®-THC did not alter release of tritiated
noradrenaline induced by nerve stimulation (10). These
biphasic and multiple effects of cannabinoids on brain
and peripheral organ stores of catecholamines may con-
tribute to the complex behavioral effects of these com-
pounds.

The intravenous injection of A?-THC produced a de-
crease in electrically induced ganglionic transmission.
Doses below threshold for blocking transmission poten-
tiated the inhibitory action of exogenous catecholamines.
The authors proposed that the effects of A>-THC in their
system could be used as a model for the effects of the
cannabinoid in the brain. They further proposed that the
facilitation of the effects of norepinephrine in this model
resembles a mechanism of the proposed antidepressant
effects of the cannabinoids (112).

The oral administration of 20 mg/kg of A°>-THC did
not alter whole brain levels of norepinephrine, dopamine,

nor serotonin in rats. Similarly the levels were not altered
in the neostriatum, hypothalamus plus midbrain, thala-
mus, cerebellum, or medulla-pons areas of the brain. The
administration of 60 mg/kg of A’>~THC 2 h prior to the
injection of a-methyltyrosine did not cause an alteration
in the disappearance of norepinephrine or dopamine in
whole brain, neostriatum, hypothalamus plus midbrain,
thalamus, or medulla-pons area. These authors con-
cluded that it was unlikely that the behavioral effects
produced in rats by acute injections of A°-THC could be
due to an alteration in norepinephrine or dopamine (29).

Carlini and Carlini (42) proposed in an early study
that intraneuronal ribonucleic acid was the site of neu-
ronal changes required for learning and retention of a
learned task. However, the intraperitoneal injection of
10 mg/kg of cannabis extract daily for 6 days did not
induce a change in the ribonucleic acid content of rat
brain. The authors indicated that the dose of cannabis
used was 10 times greater than that necessary to improve
performance, yet it did not alter brain RNA (42). Musty
and his colleagues (209) have proposed that cannabinoids
sensitized the central dopamine system, which in turn
inhibited the norepinephrine system. The interaction of
the catecholamines in the brain produced an increase in
aggressiveness. It also has been reported that one can
decrease aggressive behavior induced by cannabis extract
in REM-sleep-deprived rats by the injection of a very
large dose, that is, 50 to 100 mg/kg of atropine sulfate.
Scopolamine at a dose of 20 mg/kg also decreased the
aggressive behavior. The quaternary atropine analog,
atropine methyl nitrate, did not alter the fighting behav-
ior of these animals, supporting the hypothesis that this
is a central effect. These authors suggested that their
evidence supported the hypothesis that the cholinergic
system was responsible for the decrease in aggressive
behavior induced by cannabis extract in these animals.
They also suggested the possibility that the high doses
of these anticholinergic drugs had a nonspecific inhibit-
ing effect on dopaminergic systems which had been sug-
gested to be important for aggressive behavior in rats
(72).

Banerjee and his colleagues (9) have demonstrated that
A°-THC and a number of its analogs inhibit the uptake
of norepinephrine and serotonin into synaptosomes gen-
erated from the hypothalamus. These compounds were
also potent in inhibiting the uptake of dopamine into
synaptosomes from the striatum. These compounds in-
hibited the uptake of y-aminobutyric acid (GABA) into
synaptosomes from the cortex. The effect of the canna-
binoids on uptake of these neurotransmitters was non-
competitive. Even though there were a multiplicity of
effects of various cannabinoids on the uptake of one or
more neurotransmitters into synaptosomes generated
from some brain regions, these data did not give con-
vincing evidence to the mechanism of action of any of
the behavioral effects of cannabinoids. However, it also
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has been reported that the intravenous injection of low
doses of A’-THC (1 to 10 mg/kg) increased the uptake
of catecholamines in synaptosomes from the cortex and
striatum (121).

A larger series of cannabinoids were shown to inhibit
the high affinity uptake of serotonin into a synaptosome-
enriched homogenate of rat forebrain. Inhibition of up-
take was in the micromolar range for most cannabinoids
and the effect was dose-related. It was not possible to
correlate the effects of the cannabinoids on inhibition of
serotonin uptake with a pharmacological effect of the
cannabinoid in the whole animal. It is doubtful that any
one neurochemical effect of the cannabinoids would ex-
plain the complex behavioral syndrome in animals most
similar to the psychotomimetic effect of these com-
pounds in man. THC, like other drugs that alter behav-
ior, disrupts the homeostatic control of numerous neu-
rochemical mechanisms. The alteration of synaptosomal
uptake of serotonin by cannabinoids is believed to be
one of the mechanisms contributing to the complex
behavioral effects of these compounds (140). The work
of Gallager et al. (108) indicates that doses of A°-THC
that produce pronounced behavioral changes in rats do
not alter cerebral serotonergic systems. The literature is
less clear on the effects of A°>-THC or other cannabinoids
on the turnover rate of brain serotonin. A number of
investigators have reported a cannabinoid-induced de-
crease in serotonin turnover (225, 239, 252) while others
have reported no change (108, 267, 297).

A®-THC has been shown to inhibit the accumulation
of tritiated leucine and tritiated norepinephrine, as well
as tritiated serotonin in a rat forebrain synaptosomal
preparation. Somewhat less of an effect was seen on the
release of tritiated norepinephrine and serotonin from
preloaded synaptosomes. A’-THC did not alter the re-
lease of tritiated leucine, thereby showing some specific-
ity on this system. An 18-h pretreatment with reserpine
inhibited the A®>~THC-induced release of tritiated sero-
tonin. The inhibition of uptake of tritiated serotonin by
A®-THC was accompanied by a reduction in the conver-
sion of serotonin to 5-hydroxyindoleacetic acid. There
was no change in the metabolism of serotonin seen at
the concentrations of A>-THC which facilitated the up-
take of serotonin. Taken together, all these data suggest
the involvement of both synaptic vesicle and neuronal
membranes in the site of action for A°>-THC (142).

The A°-THC analog, 9-nor-98-hexahydrocannabinol
(B-HHC) was found to be much more potent than A°-
THC and equally potent to morphine in the mouse tail-
flick test. This cannabinoid analog, like morphine, pro-
duced a dose-dependent increase in the accumulation of
newly synthesized dopamine and norepinephrine. All of
these effects were blocked by pretreatment with nalox-
one; however, cross-tolerance between 8-HHC and mor-
phine did not exist in regard to either the antinociceptive
activity as quantitated by the tail-flick test or the in-

crease in catecholamine synthesis. These results indicate
that some similarities exist between cannabinoids and
opiates in producing antinociception. They also indicate
that catecholamine-containing neurons are involved in
the central effect of cannabinoids and opiates on tail-
flick response (21).

Taken all together, it is clear that cannabinoids pro-
duce dose-related effects on central biogenic amine sys-
tems. The most consistently observed effect is an in-
crease in catecholamine synthesis. The biological signif-
icance of changes in levels of one or another biogenic
amine in specific brain regions cannot be determined
without additional experimentation. The most sensitive
subcellular site of the neuron to cannabinoid insult has
not been elucidated.

B. Cholinergic Systems

A®- and A®-THC induced the conversion of *H-choline
to 3H-acetylcholine in rat striatal, hypothalamic, and
cortical slices. CBD did not alter the synthesis of acetyl-
choline in these experiments (104). Revuelta and col-
leagues (232) reported that doses of 0.2 to 10 mg/kg of
A%-THC produced a dose-related decrease in acetylcho-
line turnover in the hippocampus. CBD was without
effect at doses as high as 20 mg/kg. Both 5 mg/kg of A®-
THC and 20 mg/kg of CBD produced a decrease in
turnover in striatum, but were inactive in parietal cortex.
We have tested a large series of cannabinoids, metabo-
lites, and analogs for their effect on acetylcholine turn-
over rate in six mouse brain areas. The hippocampus was
the only area in which a dose-related decrease in acetyl-
choline turnover was observed at reasonable doses of A°-
THC. However, this effect could not be associated with
psychotomimetic activity since when the doses of the
nonpsychoactive compounds were increased to the point
where they produced marked behavioral depression, the
decrease in hippocampal acetylcholine turnover was ob-
served. It was our conclusion, therefore, that the decrease
in acetylcholine in the hippocampus was best correlated
with generalized CNS depression (272).

Domino and his colleagues (85) reported that doses of
3.2 and 10 mg/kg increased the utilization of acetylcho-
line in the rat hippocampus, but did not alter it in the
thalamus, caudate, or hypothalamus. These authors sug-
gested that these changes in hippocampal cholinergic
function could be linked to the perception changes and
memory losses associated with cannabinoids.

The interperitoneal injection of 6 mg/kg of A*-THC
produced an increase in brain levels of acetylcholine in
the striatum and amygdala, but not in the cortex, dien-
cephalon, or brainstem of rats. This increase in acetyl-
choline level was not accompanied by a decrease in the
activity of acetylcholine esterase. The possibility was
presented that the increase in acetylcholine levels seen
without a concomitant decrease in acetylcholinesterase
could be due to a decrease in the release of acetylcholine
in these tissues (299). This type of effect of A°>-THC was
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demonstrated by Gill and his colleagues (111) when they
showed that A°-THC inibited the electrically induced
twitch responses in the guinea pig ileum.

Gascon and Peres (109) have reported that V8- and A°®-
THC have a biphasic effect on acetylcholine-induced
contractions of the guinea pig vas deferens. The canna-
binoids produced a transient potentiation which was
followed by a longer lasting inhibition. The authors
suggest that since A>-THC did not alter cholinesterase
activity, it might be potentiating the effects of acetylcho-
line by altering release. This suggestion that A°-THC
potentiates release of acetylcholine is in direct contrast
to a number of other reports in the literature.

It is clear that the hippocampus is the area of the brain
most sensitive to cannabinoid-induced changes in cholin-
ergic functions. The most pronounced effect of cannabi-
noids on cholinergic function is a decrease in acetylcho-
line synthesis and a decrease in acetylcholine release.

XI. Neurophysiology

Turkanis and Karler (279-281) have written a number
of reviews on this aspect of cannabinoid research. Neu-
rophysiological experiments have been utilized to define
some of the more subtle effects of the cannabinoids and
to identify their molecular mechanisms of action. It is
clear from the work of many laboratories that, on a
neurophysiological level, the cannabinoids produce both
CNS excitation and CNS depression, just as in overt
behavioral studies (149, 217, 275, 281). Low doses of
psychoactive cannabinoids produced stimulatory effects
as characterized by high voltage synchronous activity in
the EEG and enhanced sensory evoked potentials. The
diversity of these effects may be best exemplified by the
observations that the cannabinoids can both cause con-
vulsions and also act as anticonvulsants (48, 278). A
considerable number of electrophysiological studies have
appeared describing the effects of the cannabinoids on
the hippocampus (100, 283, 297, 293) an area of the brain
which plays an important role in various cognitive proc-
esses, including memory (134, 176, 266). A®-THC in-
creased the amplitude of hippocampal population excit-
atory postsynaptic potentials and spikes (287). These
stimulatory effects were generally observed at low doses
of A>-THC whereas higher doses produced depression of
these responses (100).

Cannabinoids have been studied extensively for their
effects on the EEG of laboratory animals and man (290).
Cannabinoids including marihuana extract, A*-THC and
AS-THC, and a number of analogs have been shown to
produce a flattening of hippocampal and cortical EEGs
as well as high voltage bursts in a number of species
(120, 188, 205, 238). A®-THC at reasonable doses of 2.5
and 5 mg/kg and marihuana extract produced abnormal
rhythmic discharges of the EEG which could override
REM sleep episodes in rats. These EEG changes oc-
curred after either acute or chronic treatment with the
cannabinoids (188). Buonamici and colleagues (34) re-

ported that the use of EEG power spectral analysis as
opposed to spontaneous EEG activity, enables them to
show quantitative and qualitative changes induced by
cannabinoids in REM sleep episodes. They concluded
that these changes were related to alterations in the state
of consciousness induced by the cannabinoids. There was
a greater effect of cannabinoids on EEG as measured at
subcortical electrodes in experimental animals than was
observed utilizing cortical electrodes (28, 49, 125, 133,
259). The EEG changes induced by cannabinoids as
measured by surface electrodes in man were not pro-
nounced (94, 95, 132, 144, 158, 172, 233).

A current hypothesis proposed by Turkanis and Karler
(280) states that the CNS depressant effects of A>-THC
are due to an increase in the firing threshold and a
decrease in the magnitude of the action potential in the
soma. The action potential in the axon is unaltered.
Wilkison (294) suggested that a generalized depression
of sensory integration at both cortical and subcortical
levels was involved in the depression of visual informa-
tion arriving at the cortex. A>-THC produced a dose-
related (0.25 to 4 mg/kg) slowing of the cortical primary
response to stimulation of the ipsilateral ventralis pos-
terolaterals or the contralateral radial nerve. THC also
decreased the secondary cortical responses induced by
stimulation of the radial nerve. Dimethylheptylpyran, an
analog of A®-THC, produced similar effects in these
procedures (295). Hosko and colleagues (135) demon-
strated that the caudal brainstem was the primary cen-
tral site for the effects of A’>-THC which were manifested
in changes in the autonomic nervous system.

Low doses (0.125 mg/kg and higher) of A%>-THC have
been shown to augment both the early and late evoked
responses in frontal lobe polysensory areas of the brain.
A°-THC also augmented late repetitive activity. These
effects were shown to be similar to those of mescaline
and a number of convulsants but not similar to those of
depressants, such as pentobarbital, chlorpromazine, or
ethanol, or other agents, such as phencyclidine (PCP),
lysergic acid diethylamide (LSD), strychnine, or am-
phetamine (27). This effect of cannabinoids might shed
light on the stimulatory characteristics of the predomi-
nantly depressant effects of these agents.

A dose-response decrease in time occupied by high
voltage activity was observed in the EEG of cats. Doses
of A*-THC from 1 to 4 mg/kg caused mydriasis which
persisted for at least 2 h in each cat tested. Each of the
doses also produced vomiting, defecation, and a decrease
in locomotor activity. The dissociated EEG pattern seen
after A>-THC is similar to that seen after other halluci-
nogenic drugs such as psylocybin and ditran (126).

As mentioned earlier, the oral administration of mar-
ihuana extract distillate containing 20 mg/kg of A°>~THC
showed a significant decrease in the intergrated EEG
which was maximal after one or two daily doses. “Spin-
dle-like” activity also was observed. The effects decreased
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gradually on repeated daily administration. Tolerance
developed to the effects on the EEG and to some but not
all of the behavioral effects in these rats (224).

A®-THC at a dose of 100 to 300 xg inhibited the firing
rate of lateral geniculate neurons which were light sen-
sitive. However, these neurons which were inhibited by
light either remained unchanged or increased the rate of
firing following A®-THC. This differential effect of A°-
THC on the lateral geniculate neurons has been sug-
gested to be due to an effect of the cannabinoid on the
modulation of these neurons by monominergic systems
in the midbrain (16). The multiple effects of cannabi-
noids on brain monoaminergic systems have been re-
viewed in the previous section.

Lapa and colleagues (163) reported that doses of 0.6
and 1 mg/kg of A°-THC depressed polysynaptic reflexes
in the cat. They recorded potentials from the superior
sensory nucleus of the trigeminal nerve and on the nerve
itself, following stimulation of the lower eyelid. The
presynaptic potential was also depressed. In this prepa-
ration, the predominamt effect on THC was probably a
depression of conduction along the presynaptic axon.
The authors suggest that inhibition of synaptic trans-
mission at other sites in the brain could be responsible
for the neural effects of cannabinoids.

A8-THC at doses of 2.5 and 5.0 mg/kg and marihuana
extract produced abnormal rhythmic polyspike dis-
charges of the EEG which could override REM sleep
episodes in rats. This occurred after either acute or
chronic treatment with the cannabinoids (188).

XII. Drug Interactions

There have been several studies in which the effects
of cannabinoids have been attenuated by other drugs. In
many cases, the drugs which attenuate the cannabinoid
effects have been central nervous stimulants which prob-
ably represent an indirect interaction rather than a spe-
cific antagonism. Kudrin and Davydova (159) generated
considerable interest when they reported that phenitrone
would antagonize many of the behavioral effects of can-
nabinoids. Berger and Krantz (11) reported that pheni-
trone did not block the behavioral effects of A>-THC in
mice or dogs. Lomax and Campbell (171) reported that
phenitrone potentiated rather than antagonized the hy-
pothermia induced by the intraperitoneal injection of 20
mg/kg of A>-THC in rats. We found that phenitrone did
not block the pharmacological effects of cannabinoids in
either dogs or pigeons. Phenitrone did, however, block
the modest activity seen with A>-THC in the mouse tail-
flick test but did not block the hypothermia induced by
either a single or five daily injections of A>-THC in mice
(256).

Since the predominant effects of A~ THC and other
cannabinoids on the central nervous system are depres-
sant in nature, it is reasonable to expect that the effects
of the cannabinoids would at least be additive and pos-
sibly synergistic with other central nervous system

depressants. It is well known that people often abuse
different drugs at the same time. Many abused drugs
produce depression of the central nervous system. Syn-
ergistic depressive effects could produce toxic effects or
even lethality. A review of the interaction of cannabis
and other drugs appeared in 1981 (58). At least an
additive effect of two CNS depressants has been shown
when ethanol and a cannabinoid are administered to
rodents. For instance, it has been shown that the effects
of these drugs on body temperature, performance meas-
ures, and anticonvulsant activity are greater when given
together than when either drug is given alone (90, 99,
103, 145, 169, 228, 246, 253).

As described in Section VII, “Tolerance,” cross-toler-
ance has been reported between ethyl alcohol and A°-
THC in rodents. This cross-tolerance could suggest sim-
ilarity in their actions and possibly in their mechanism
of action. In at least some instances, the cross-tolerance
to these effects was observed in both directions. That is,
fewer effects were observed when an active dose of ethyl
alcohol was given to A>-THC-tolerant animals as well as
when an active dose of A°>-THC was given to ethanol-
tolerant animals (211). The suggestion that these two
drugs, which are both depressants of the central nervous
system are working through similar mechanisms is not
supported by the differences in their acute effects on
behavior. The stimulatory component of the depressant
syndrome is not seen after alcohol administration. Sim-
ilarly, the acute effects of cannabinoids differ from those
of the benzodiazepines, yet it has been shown that A°-
THC and other cannabinoids potentiate the anticonvul-
sant activity of diazepam (156). As one might expect,
certain components of the depressant effects of a drug
may be potentiated by a drug from another class without
an alteration in each aspect of the entire behavioral
symptomotology.

A®-THC and morphine were both shown to decrease
spontaneous activity in rats. The effects of morphine in
these animals was reversed by naloxone; however, nal-
oxone was ineffective in reversing the depression induced
by A®-THC. These results suggest that these two drugs
are producing this effect through different mechanisms.
When animals were treated chronically with these two
drugs, tolerance developed to the effects of THC and
significant tolerance developed to the locomotor depres-
sive activities of morphine. Some cross-tolerance was
observed. Naloxone had a slight depressant effect on
locomotor activity of animals given THC chronically but
caused an increase in motor activity of animals given
morphine (276). This portion of the experiments indi-
cates that a withdrawal syndrome can be induced by
naloxone following chronic morphine but not following
chronic A°-THC. However, Kumar et al. (161) reported
that chronic A’>-THC treatment caused an increase in
endogenous opioid peptide levels in the plasma and me-
dial hypothalamus but not in the preoptic area of rats.
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These results indicate the possibility that endogenous
opioid systems may be involved in the pharmacological
actions of A°-THC. Considerably, more evidence is
needed before this hypothesis will be widely accepted by
the scientific community.

Pyror and his colleagues (227) have reported that an
active dose of A°-THC will potentiate the phencyclidine-
induced decrease in response rate under a fixed-ratio
schedule of food presentation in rats. Recently, Thomp-
son and Winsauer (271) confirmed and expanded these
studies to show that A®-THC potentiated the disruptive
effects of phencyclidine in monkeys.

A number of studies have been reported in the litera-
ture which demonstrate an interaction between reserpine
and A®-THC (5, 89, 252). Many of these interactions,
especially those in which the cannabinoid inhibits or
attenuates the effects of reserpine, may be due to the
ability of the cannabinoid to alter the normal subcellular
distribution of reserpine (141). Preincubation of brain
tissue with A®-THC altered the distribution of reserpine
in brain fragments. There was a marked increase in the
level of reserpine in the myelin membrane fragment of
the mitochondrial fractions. The data from these exper-
iments suppaorted the hypothesis that A*-THC retards
the action of reserpine by altering the neuronal distri-
bution of reserpine in various membrane components of
the cell (141). Reserpine-induced hypokinesias were po-
tentiated by A°-THC (206) and levonantradol (204). The
site of action was shown to be the extrapyramidal system
and was hypothesized to be due to an interaction of the
cannabinoids with a nicotinic site (204). Additional work
is needed to suggest this hypothesis. The cannabinoids
have not been shown to have pronounced effects on
either central or peripheral nicotinic systems.

The interaction of the many active constituents con-
tained in the marihuana plant have been exceedingly
interesting (56, 64, 150). It has been shown, for instance,
that CBD potentiates the analgesic effect and the inhib-
itory effect of A°>-THC in rat pole-climbing experiments.
On the other hand, it also will antagonize the depressant
effects of A>-THC in the mouse catatonia test and the
corneal areflexia test in rabbits. The increased defecation
and decreased aggressiveness caused by A°-THC in
REM-sleep-deprived animals is also potentiated by CBD.
These results were used to suggest that CBD either
antagonizes the stimulatory effects of A>-THC or poten-
tiates the depressant properties of the cannabinoid (150).
This suggestion presents a number of problems since
each of the behaviors mentioned in this experiment is
depressed by A°>-THC. CBD, on the other hand, reduced
the magnitude and the duration of the hypothermic
effects of A>-THC in rats (25). CBD also reduced the
effects of A>-THC on heart rate, respiration, and body
temperature in rabbits (25) and blocked the A°-THC
induced convulsions in a genetically unique strain of
rabbits (56). CBD also antagonized the decrease in re-

sponse rate induced by A°-THC in rats and pigeons (67)
and monkeys (30). Inactive doses of cannabichrome pro-
duced a potentiation of the lethality of A°>~THC but did
not potentiate its effects on body temperature or its
ability to prolong barbiturate-induced hypnosis (118).
Cannabichrome was also shown to potentiate the anal-
gesic activity of A°>-THC but did not alter the impairment
induced by A®-THC on the conditioned avoidance re-
sponse (68). Additional evidence that other constitutents
of marihuana may attenuate the effects of A>-THC is
generated from experiments in which a dose of A>-THC
is shown to produce a greater effect than a dose of
marihuana extract which contains an even higher dose
of A>-THC (26). A review of the interactions of A~ THC
and other centrally acting drugs has appeared (76).

XIII. Search for a Therapeutic Agent

The results of many pharmacological studies of the
effects of cannabinoids in laboratory animals have been
useful in predicting possible psychic side effects as well
as defining therapeutic potential for metabolites and
synthetic analogs of the cannabinoids. Razdan and
Howes (231) and Lemberger (165) have written excellent
reviews of the therapeutic potential of cannabinoids. In
our own search for a specific acting cannabinoid, we
reported that the substitution of a heterocyclic atom,
such as nitrogen or sulfur in the C-ring, gave compounds
with pharmacological profiles of activity similar to those
of their paired natural constituents of marihuana, that
is, A%- and A®-THC. These heterocyclic analogs produced
static ataxia in mongrel dogs, potentiated the pressor
response to epinephrine and norepinephrine in anesthe-
tized rodents and dogs, and caused the depression of
spontaneous activity and induced hyperexcitability and
at higher doses a loss of righting reflex in mice (73).
Since that time, many other heterocyclic cannabinoids
have been synthesized, and certain of these have been
tested for various therapeutic potentials in man. Two of
these compounds have been studied in great detail in
laboratory animals and also have been studied in man.
These compounds are nabilone and levonantradol. Stark
and Dews (260) reported that nabilone had certain be-
havioral pharmacological characteristics similar to those
of chlordiazepoxide and others similar to those of A°-
THC. Although some differences were observed, the ef-
fects of nabilone and A®-THC on the cardiovascular
system of a number of species were somewhat similar
(261). Levonantradol, on the other hand, was developed
as a more potent analgesic than the natural cannabinoids
(156, 203). Both nabilone and levonantradol as well as a
number of other cannabinoids have been shown to be
active in a number of clinical settings (165, 231, 273). A
more detailed description of the search for a therapeutic
agent in this series is presented in the review by Razdan
(230a) in this series. What is attempted in the rest of
this review is a description of the results of animal
pharmacological investigations which have led to the
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hypothesis of a specific therapeutic potential for a com-
pound in this series. An attempt is also made to elucidate
the mechanism of specific action of the cannabinoids
which would have therapeutic activity. The clinical phar-
macology of these compounds is described in the review
by Hollister (129a) in this series and that information
will not be repeated here.

XIV. Cardiovascular

The effects of cannabinoids on the cardiovascular sys-
tem were reviewed in 1981 (58). It was clear at that time,
and little more has been published which could change
those conclusions, that the effects of cannabinoids on
the cardiovascular system are varied depending on the
species used, the drug administered, the vehicle used,
and the frequency of administration. A number of studies
are described below which will give an indication of the
varied responses which have been observed. One con-
cludes from the literature that the effects of the canna-
binoids on the cardiovascular system in humans are less
robust than those seen in animals. This is due for the
most part to the fact that lower doses of cannabinoids
have been given to humans.

Cavero et al. (45) reported in 1973 that the hypotensive
effects of A>-THC in anesthetized dogs was not due to
an alteration of peripheral adrenergic and/or cholinergic
function. The results of these experiments and those of
their earlier cross-circulation experiments indicated to
them that the hypotensive effect of A>-THC in this
species was due primarily to a central effect of the
cannabinoids.

In 1973, Kochar and Hosko (155) reported that only
two of seven healthy male volunteers showed electrocar-
diographic changes after the oral administration of 0.2
mg/kg of A°-THC. Six of the seven young men showed
increased heart rate following an oral dose of 0.3 mg/kg
of THC in the same study. These authors concluded that
A’-THC may have direct effects on the heart and that a
cummulative effect on this organ might occur with re-
peated exposure.

A®-THC at the subcutaneous dose of 20 mg/kg caused
a significant lowering of blood pressure in naive rats and
in rats that were stressed by immobilization. A°>-THC
also blocked the increase in blood pressure induced by
the immobilization process (296). Studies such as this
supported the hypothesis that cannabinoids might be
useful in stress-induced hypertension. Their depressant
effects on the central nervous system would be an advan-
tage in such therapy. Of course, the depressant effects
on the brain might be involved in the mechanism of the
antihypertensive effects of the cannabinoids.

Cavero and his colleagues (44) demonstrated in 1972
that an intravenous dose of 5 mg/kg of A’-THC produced
hyperpnea and hypoxemia in dogs. Hypotension peaked
at 15 min. This hypotensive effect of the cannabinoids
was seen only in animals who were maintained at their
normal pO; level, whereas animals spontaneously breath-

ing did not show the hypotensive effect. Bradycardia was
seen in all dogs after A°>-THC.

In adrenal-regenerated hypertensive rats 3 mg/kg of
A°-THC given intraperitoneally significantly lowered
blood pressure. The acute effect on blood pressure dis-
appeared following daily administration of this same
dose. A more delayed fall in blood pressure was observed
following subsequent daily injections (17). This differ-
ential tolerance development indicates that a different
mechanism exists for the initial and delayed effects on
blood pressure.

The intravenous administration of 0.5 mg/kg of A®-
THC produced bradycardia in anesthetized dogs which
was not completely blocked by vagotomy. The decrease
in cardiac output induced by A’-THC in intact dogs was
lessened to some extent in vagotomized animals. These
investigators also reported that A’-THC produced an
increase in pulmonary resistance without altering blood
gases or pulmonary compliance (32). Concentrations of
1 to 100 uM AS-THC, A3-THC, CBN, and CBD all
depressed contra-activity in the isolated rat heart. A®-
THC and CBN both produced tachycardia in these ex-
periments and CBN produced bradycardia. A>-THC did
not alter heart rate in these experiments (247).

The subcutaneous injection of 10 mg/kg of A®-THC
caused a prolonged and significant decrease in heart rate
in unanesthetized rats. Bradycardia per se was not ob-
served on the 16th day of daily administration of this
dose of the cannabinoid. These results led the authors to
suggest that tolerance did not develop to this cardiovas-
cular effect of A>-THC (154). However, an alternate
hypothesis deserves mention. That is, the heart rate prior
to the injection of A°>-THC on day 16 was approximately
the same as that seen on day 1 at the time of peak
bradycardia. It is possible that A>-THC cannot reduce
heart rate beyond this level in the unanesthetized rat.
Higher doses of drug were not investigated in these
experiments. Bradycardia and hypotension were both
observed in rats when 10 mg/kg of A?-THC was given by
the intravenous route of administration (2).

The intraperitoneal administration of 6 mg/kg of A®-
THC to unanesthetized rats once a day for 10 days caused
an initial bradycardia and pressor response. The decrease
in heart rate was not seen following the injection of the
cannabinoid on the 5th day and an increase in heart rate
was observed on day 10. The pressor response increased
throughout the experiment (151). These results indicate
that the effects of the cannabinoid on these two param-
eters of cardiovascular function are distinctly different.

The intravenous administration of A%- or A°-THC
produced a dose-related transient increase in blood pres-
sure followed by a more prolonged hypotensive effect
and bradycardia in anesthetized rats. When these com-
pounds were administered intra-arterially into the per-
fused hind quarter of the rat, they both produced an
increase in perfusion pressure which indicated a vascular
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constriction. The constriction produced by A>-THC was
reduced by 90% by pretreatment with phentolamine.
Reserpine pretreatment significantly reduced the con-
strictor effects of intra-arterially administered tyramine
or A®-THC. Taken altogether, these data suggest that
the cannabinoids produce vasoconstrictor activity in the
rat which may be mediated at least in part through a
tyramine-like action on adrenergic nerve terminals (3).

(—)-9-Nor-98-hydroxy-hexahydrocannabinol is a can-
nabinoid which has many of the pharmacological prop-
erties of A?-THC inducing hypotension and bradycardia
in anesthetized dogs (183). As mentioned earlier, abnor-
mal A.-THC and abnormal CBD were studied for their
effects on the cardiovascular system of anesthetized dogs.
It is interesting to note that abnormal CBD contained
potent hypotensive activity without the psychotomimetic
effects produced by A®-THC in these animals. These
data suggest that structural modifications in this series
can lead to the separation of different pharmacological
effects of the cannabinoids. Also they suggest to us that
abnormal CBD should be investigated further as a drug
which will alter cardiovascular function at doses which
do not produce pronounced effects on the brain. If this
lead were to stand up, it would be one of the first
instances of separating these activities of a cannabinoid
4).

Doherty and colleagues (84) reported that N-methyl-
levonantradol was 10 times more potent than nabilone
and 100 times more potent than A°-THC in producing
equal respiratory depressant effects as measured by an
elevation of the resting concentration of resting CO; in
expired air. The effects of these three drugs on the
cardiovascular system of anesthetized cats were re-
sponse-limited whereas the respiratory depressant ef-
fects continued on to death. These authors reported that
the respiratory frequency was decreased in both intact
and vagotomized cats. They concluded that the multiple
effects of the cannabinoids on the respiratory and car-
diovascular systems were due to an upward shift in the
carbon dioxide set point of the chemorespiratory “detec-
tor,” a depression of the respiratory center in the lower
medulla, depression of the vasomotor center, and a car-
dioaccelerator action on the heart.

The studies referred to above, those reviewed by us
previously (116), and those recently reviewed by Jones
(143) all show that cannabinoids produce much different
effects on the cardiovascular system of experimental
animals and man. Bradycardia is most often seen in
anesthetized animals, whereas tachycardia is the pre-
dominant effect in humans. One often observes a de-
crease in blood pressure due to the administration of
cannabinoids to anesthetized animals. Cannabinoids do
not have a pronounced effect on blood pressure in hu-
mans.

XV. Reproduction

It is quite well established that A°-THC and a number
of THC analogs have pronounced effects throughout the

male and female reproductive systems. In essence, the
majority of the evidence shows that A>-THC causes a
decrease in follicle-stimulating hormone (FSH) and lu-
teinizing hormone (LH) secretion and a reduction in the
size of the testis and a regression of the Leydig cells in
many species (82, 83, 180, 212, 236, 248). The adminis-
tration of exogenous luteinizing hormone-release hor-
mone (LHRH) brought the LH levels back to normal,
indicating that the effect of the cannabinoid was at the
hypothalamus (249, 284).

A®-THC increased levels of LHRH and met-enkepha-
lin in the mediobasal hypothalamic tract of ovariecto-
mized rats. The ability of A°>~THC to inhibit the release
of LHRH from the medial basal hypothalamus was re-
versed by naloxone; therefore, an endogenous opioid
system was implicated. A°>-THC at doses of 2, 15, or 30
mg/kg in male intact rats decreased LHRH levels in the
anterior hypothalamus and the medial basal hypothala-
mus in a dose-related fashion. An increase in serum
testosterone levels was not observed which led the au-
thors to conclude that A’>-THC decreased biosynthesis of
LHRH rather than increasing its release (160).

The effects of A>-THC on the male reproductive sys-
tem of rats was not blocked by the administration of
testosterone (229). Chronic A°-THC also was shown to
cause a decrease in body weight and accessory sex organ
weights. The continuous treatment with exogenous an-
drogen blocked both of these effects of A°>~THC (105). In
another study, A°>-THC produced a decrease in testoster-
one levels as well as a decrease in LH in rats. Both of
these effects appeared to be temporary since the levels
of the hormones returned to control values during
chronic treatment with the cannabinoid (115). Husain
and his colleagues (137) as well as others have reported
that cannabinoids cause functional disruptions of go-
nadal functions (137). Their results caused them to sug-
gest that alterations in glucose metabolism in the rat
testicular tissue may be the cause of these changes (137).
Some reports hvae shown that A>-THC and other can-
nabinoids are estrogenic in females, while others show
that they are anti-estrogenic. The results of experiments
in the males are more clear-cut and straightforward than
those in the females.

Merari and colleagues (201) studied the effect of A°-
THC on copulation in male rats. They found that doses
in the range of 2 to 3 mg/kg of A°>-THC increased latency
to the first mount, latency to the first mount following
ejaculation, and latency to ejaculation. They did not find
changes in the number of insertions or mounts and
concluded that the decrease in sexual performance was
due to decreased motivation caused by A°-THC. Dalterio
(62) reported that A°>-THC and CBN at the relatively
high dose of 50 mg/kg orally produced changes in repro-
ductive function of male mice. This dose of cannabinoids
given to pregnant and lactating mothers produced alter-
ations in reproductive function in male offspring. Studies
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at lower doses are needed to determine the relevance of
these effects seen in mice to the possible effects in man.

A°-THC was shown to be a weak but yet significant
competitor for binding of estrodiol to cystoplasmic estro-
gen receptors. This binding of A®>-THC to the estrogen
receptor caused the authors to suggest that A°-THC
produced a primary estrogenic effect rather than this
being an indirect or secondary phenomenon (230). As
mentioned earlier, some controversy exists as to the
estrogenic properties of cannabinoids. The intraperito-
neal injection of 1, 2.5, or 10 mg/kg of A’-THC to
ovariectomized rats produced a significant uterotrophic
effect. This increase in uterine weight in ovariectomized
animals supports the suggestion of estrogenic activity for
A%-THC (225). However, Okey and Bondy (214) have
reported that A>-THC does not have estrogenic activity
as defined by competitive binding studies with tritiated
estradiol-17-8 for specific high affinity binding sites in
uterine cytosol. These latter authors subsequently re-
ported that A’-THC did not compete with 17-8-estradiol
for binding in uterine or mammary cytosols in mice (213).

Timed pregnant rats were intubated with increasing
doses of A’>-THC from 5 to 50 mg/kg/day from day 1 to
day 5 of gestation. Half of the treated rats were given 50
mg/kg/day and the other half were given 100 mg/kg/day
from day 6 until day 21 of gestation. No viable litters
were born to the rats in the high dose group. The lower
dose produced a reduction in weight gain during preg-
nancy and a decrease in pup body weight at birth. This
lower dose did not produce an effect on litter size or on
body weight of the pups at 21 days of age. Additionally,
pups from the low dose group were not different from
pups whose mothers had been given vehicle throughout
pregnancy when tested at 21 days of age in a number of
behavioral tests (1).

The chronic medication of mice with 5 mg/kg/day of
A%-THC produced a significantly higher incidence of
abnormal ova following injection of human chorionic
gonadotropin (212). Dalterio et al. (63) reported that a
single prenatal exposure of CBN or CBD or A’-THC to
mice caused the F, offspring to have reduced fertility and
testicular abnormalities. The dose of cannabinoid used
in these studies was considerably higher than that con-
sumed by man but well below acutely toxic doses in mice.

The distribution of radioactivity in the brains of moth-
ers and fetuses was studied following the intravenous
injection of 0.5 mg/kg of tritiated A®-THC to pregnant
dogs. The brain level of radioactivity was 3 times higher
in the maternal brain than in the fetal brain. Generally,
the distribution within the brain was similar in both the
mother and fetus. One major difference that was ob-
served was in the subcellular distribution of radioactivity
in the fetal brain as compared to that in the maternal
whole brain homogenate. The distribution in each ap-
peared to be related directly to the phospholipid content
of the subcellular fractions (185).

There is no question that A>-THC and other canna-
binoids have been shown to have pronounced effects on
the reproductive system of many animal species. The
doses of the cannabinoid used in most of these experi-
ments are higher than those ingested by man. Tolerance
has been shown to develop to most of these effects, thus
reducing the probability of long term, severe effects of
repeated use of cannabinoids on the reproductive system
of humans. It is important to point out, however, that
effects on the reproductive system should be evaluated
extensively in the pharmacological and toxicological
workup of a cannabinoid destined for any therapeutic
use. Obviously, effects on the reproductive system should
be monitored closely in cases of overdose of cannabi-
noids. It is reasonable to expect that any drug that alters
brain function will have effects on the neuroendocrine
and neuroreproductive systems with the expected alter-
ations of function. The experimental results discussed
above and in other reviews show that cannabinoids are
not an exception to this rule. The effects of cannabinoids
on neuroendocrine and reproductive function has been
reviewed recently by Rosenkrantz (234) who concludes
that definitive evidence exists to implicate the cannabi-
noids in many aberrations of sexual function and other
endocrine functions. Additional chronic experiments at
low doses of cannabinoids and across species are needed
before we will be able to determine if the effects of
cannabinoids on the reproductive system should limit
the development of these agents for therapeutic purposes.

XVI. Endocrine

There have not been an extensive number of studies
on the effects of cannabinoids on the endocrine glands.
As stated in the beginning of this review, there is little
evidence that cannabinoids have direct effects on periph-
eral organs, including the endocrine glands. A few of the
studies which have appeared are included here as an
example of what has been done. In each of these cases,
the changes quantitated may be the result of an effect of
the cannabinoid on the brain which is expressed as .\
change in hormonal levels. In 1970, we reported that A°-
THC was a potent stimulator of ACTH secretion. A°-
THC differed from other drugs which cause a stimulation
of ACTH secretion in that it was inactive in causing
ACTH secretion in pentobarbital-anesthetized rats. A°-
THC also differed from morphine and many other com-
pounds which caused stimulation of ACTH secretion in
that it did not block the secretion induced by epineph-
rine. Tolerance was not observed to the effect of A°>-THC
on ACTH secretion following five daily doses of A>-THC
(180). These results have been confirmed and extended
by others who have also suggested that the primary effect
is in the brain.

The intraperitoneal injection of 3 mg/kg of A*-THC
reduced serum thyrotropin levels by 90%. The peak time
for this effect was approximately 1 h after injection.
Triiodothyroxine and thryroxine were also decreased by
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a single injection of A°>-THC with a maximal inhibition
occurring 6 h after injection. This effect of cannabinoids
on thyroid hormones was thought not to be due to an
effect on the pituitary or the thyroid since A°>-THC at
the same dose did not alter the effect of TRH in these
animals (122).

Kumar et al. (161) reported that although acute injec-
tions of A’-THC produced an increase in plasma prolac-
tin levels, chronic exposure caused a decrease in plasma
prolactin levels. Their experiments did not rule out the
possibility that A®-THC produces a biphasic effect, i.e.,
initial increase followed by a suppression of plasma pro-
lactin levels. This biphasic effect of A*>-THC on prolactin
is similar to its effect on behavior stimulation followed
by generalized depression of activity.

XVII. Food Intake

There is considerable information in the anecodotal
literature about the effects of marihuana on food intake.
One of the most frequent comments has to do with an
increased craving for sweets after the ingestion of mari-
huana. Few reports have appeared in the scientific liter-
ature which deal with the effects of cannabinoids on food
intake. The interperitoneal administration of 2.5 or 5
mg/kg of A>-THC caused a dose-related decrease in food
intake when the food was presented 2 h after drug
administration. The daily administration of 2.5 mg/kg of
A®-THC for 9 days also caused a significant reduction in
food intake. The animals gained weight less rapidly than
control rats in these experiments. However, if the A°-
THC was given 16 h before eating instead of immediately
before eating, there was little effect (251). It is well
known that A®-THC and active metabolites are still in
the brain at 16 h. A decrease in food intake in rats given
behaviorally effective doses of A>-THC on a daily basis
has also been reported (175). Taylor and Yap (269) found
that twice daily intravenous injections of doses from 2
to 6 mg/kg of A%- or A>-THC caused a decrease in both
food intake and body weight. Similarly, Verberne and
colleagues (289) reported that A*-THC given intrave-
nously at doses from 2 to 6 mg/kg twice a day caused a
reduction in food intake and body weight. The reduction
in food intake was seen on each day of the 11-day
treatment schedule, but the magnitude of the decrease
was less on subsequent days, suggesting that tolerance
developed to this effect. Tolerance to the reduction in
food intake was not as evident as tolerance to the effect
on body weight. These few studies all indicate that can-
nabinoids decrease and not increase food intake in lab-
oratory animals. Thus, another discrepancy between the
effects of cannabinoids in a laboratory animal experi-
ment and in man. The effect of cannabinoids on the
gastrointestinal tract has not been investigated in any
detail. In one study, A®- and A®-THC were less potent
than morphine in blocking propulsion in the gastrointes-
tinal tract as measured by the charcoal meal test (74).
Additional studies into the effect of cannabinoids on

gastrointestinal function are needed. The results of these
studies might shed light on the discrepancy in the effects
of cannabinoids on food intake in animals and man.

XVIII. Antinociception

Early reports indicated that A’-THC and certain other
psychoactive cannabinoids were as potent as morphine
in the tail-flick and other biological assays used to quan-
titate antinociception in laboratory animals. For in-
stance, Buxbaum (37) reported that A®>-THC was equally
potent to morphine in the rat tail-flick and hot-plate
tests, but when these two substances were compared for
their analgesic activity in the mouse, morphine was found
to be more potent than A°-THC. Yet, the cannabinoid
showed significant analgesia as measured in these tests
systems. Other laboratories found the cannabinoids to
be less potent than morphine in both species. After
considerable investigation, the most widely held view
was that the cannabinoids did not possess potent anti-
nociceptive activity in spite of the fact that they had
some moderate activity in such tests as the phenylqui-
none-induced writhing test. These effects were not an-
tagonizable by naloxone and therefore were felt to be
non-opiate in nature. Many reports have appeared which
are similar to that of Bhargava and Matwyshyn (14) who
showed minimal analgesic activity for A>-THC. Nalox-
one did not antagonize this activity of A>-THC in the
tail-flick tst. However, in this experiment, A*-THC by
itself did not produce significant activity. Milne et al.
(203) reported that A>-THC was 10 times less potent
than morphine in the abdominal stretching test and
approximately 18 times less potent than morphine in the
mouse tail-flick test. Various analogs of A’ THC, most
notably levonantradol, were found to be much more
potent than morphine in these procedures (156).

Although a number of previous studies had shown that
A%-THC had only weak activity in the tail-flick test,
Martin (182) recently has demonstrated that intravenous
injection of A®-THC was 45 times more potent in this
procedure than when the drug was administered subcu-
taneously. When given by the intravenous route of ad-
ministration, A>-THC was 3 times more potent than
morphine given by the same route of administration.
However, when A°-THC was administered subcutane-
ously, it was much less potent than morphine in this
procedure. Other cannabinoids including the 11-hydrox-
ylated metabolite of A°>-THC were also potent as quan-
titated by the tail-flick test when administered by the
intravenous route of administration. There are very few
examples in the literature of a compound which is active
in a particular test system by one route of administration
but not by another route. It is intriguing that the intra-
venous injection of a reasonable amount of A’-THC
would cause an effect which is identical to that of mor-
phine; yet, much higher doses given by a different pe-
ripheral route of administration do not produce a similar
effect.
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There are no reports in which the authors suggest that
CBN, CBD, or other constituents of marihuana other
than A%- and A®-THC are active in one or another anal-
gesic tests in animals or man.

XIX. Anti-inflammatory

Considerable discrepancy exists in the literature as to
the activity of cannabinoids in a number of animal assays
for anti-inflammatory, mild analgesic, and antipyretic
activity. Sofia and his colleagues (254) reported that A®-
THC was 20 times as potent as aspirin and approxi-
mately twice as potent as hydrocortisone in the carra-
geenan edema test in rats. These results were not con-
firmed in the study of Kosersky et al. (157) who reported
that orally administered A’>-THC was inactive in block-
ing the carrageenan-induced edema in the rat paw model.
These two groups of investigators also disagreed as to
the activity of A>-THC as an antipyretic and as a mild
analgesic. Kosersky and his colleagues reported antipy-
retic but not analgesic activity, while Sofia and his col-
leagues reported analgesic but not antipyretic activity
for A°-THC. Similar doses were used by the two groups
of investigators, but they did use different vehicles to
suspend the A®-THC. Sofia and his colleagues suspended
the cannabinoid in undiluted propylene glycol whereas
Kosersky and his colleagues bound the A°-THC to fatty
acid-poor serum albumin. If A°>~THC had been inactive
in all assays when bound to serum albumin, the binding
to the albumin could be the cause for the lack of activity.
However, the antipyretic activity was seen only in those
experiments in which A°>-THC was given in serum albu-
min.

XX. Antiemetic

In man, orally administered A°>-THC can prevent nau-
sea and vomiting in patients being treated with antican-
cer drugs. Since the side effects are often disturbing to
geriatric patients, it is particularly useful in younger
patients (200). A?-THC was found to be an active antie-
metic agent when administered to cats by the oral or
intramuscular route of administration, but its antiemetic
activity was not predictable when given intravenously.
Doses of A°-THC that caused behavioral impairment
when given intravenously were not predictable in terms
of antiemetic activity (190). It is a very rare occurrence
for the intravenous route of administration to be less
predictable than other peripheral routes of administra-
tion.

A°-THC, nabilone, and the phenothiazine, prochlor-
perazine, were all able to attenuate the taste aversion
induced in mice by cyclophosphamide (162). Levonan-
tradol, another cannabinoid-related antiemetic in man
(60, 81), was not active in this test procedure. These
results indicate that this paradigm can be used to screen
compounds for possible antiemetic activity versus the
cancer chemotherapy-induced emesis. The levonantradol

data indicate that false-negatives exist using this proce-
dure.

Another aspect of cannabinoid pharmacology that
would be a useful adjunct to the antiemetic effect has to
do with reports that the cannabinoids have some utility
in retarding the growth of certain tumors. For instance,
A°-THC, AS-THC, and CBN, but not CBD, retarded
Lewis lung adenocarcinoma growth and extended sur-
vival time in mice. Although these responses were dose-
related, it took doses which were considerably higher
than those which are necessary to produce central nerv-
ous system effects (208). Ideally, a cannabinoid analog
could be found that would have antagonized the emetic
side effect and potentiate the retardation of tumor
growth induced by an anticancer agent.

XXI. Anticonvulsant

It is quite clear that cannabinoids, particularly A®-
THC and CBD, are active in a number of animal models
for anticonvulsant activity. The metabolite of A®-THC,
11-OH-A®-THC, and the synthetic analog dimethylhep-
tylpyran (DMHP) are more potent than the parent com-
pound (146). A%-THC, 11-OH-A%-THC, and 11-oxo-A®-
THC have been shown to delay the onset of pentylene-
tetrazol-induced seizures. The two metabolites, but not
the parent compound, potentiated the effect of pento-
barbital in this procedure. A®-THC and 11-0x0-A%-THC
also had a significant protective effect against the lethal
effects of pentylenetetrazole (298). Although the exact
mechanism of the anticonvulsant effect of cannabinoids
is not known, Karler, Turkanis, and their colleagues have
reported that A°>-THC can depress neuronal transmission
between the two cerebral cortices (282). They have also
found that the cannabinoids can depress certain epileptic
foci (278). Although there are some similarities in the
anticonvulsant properties of A°-THC and CBD, there
also are a number of clear distinctions. CBD, but not A®-
THC, is efficacious versus pentylenetetrazol-induced
maximal seizures (277). Koe and his colleagues (156)
have reported that A°>~THC and a number of structurally
related cannabimimetics, including the potent compound
levonantradol, significantly potentiated the activity of
diazepam versus pentylenetetrazol-induced seizures.
They also demonstrated a good correlation between the
potency of these compounds to potentiate diazepam and
their potency to inhibit flunitrazepam binding to mouse
brain. Chesher and Jackson (47) reported that A>-THC
was without effect in protecting mice against chemosh-
ock-induced seizures. It was effective versus electroshock
only at the very high doses of 160 to 200 mg/kg. These
investigators found that CBD and CBN were without
effect in either test system.

It has been reported that CBD inhibited the clonic and
tonic convulsions induced by the GABA inhibitors, 3-
mercaptoproprionic acid, picrotoxin, isonicotinic acid,
hydrazine, pentylenetetrazol, and bicuculline. However,
CBD did not block the convulsions induced by strychnine
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which is a glycine antagonist. These authors interpreted
these results to suggest that the effects of CBD as an
anticonvulsant were to inhibit seizure spread by an ac-
tion on GABA mechanisms rather than on glycine mech-
anisms (52). CBD does not appear to have the excitatory
behavioral component observed with A°>-THC. The work
of a number of investigators has led to the hypothesis
that CBD has better potential as an anticonvulsant than
A®-THC (138, 139, 147, 282). Tolerance develops to the
anticonvulsant properties of A°>~THC more readily than
it does to those of CBD. This lower propensity for
tolerance and the lack of an excitatory component for
CBD suggest that it would be a better candidate as an
antiepileptic drug in humans. This suggestion is further
supported by the observation of hyperexcitability seen
after the withdrawal of repeated administrations of A°-
THC, but not after cessation of chronic doses of CBD
(148). Interestingly, both the (+)- and (—)-isomers of
CBD have been shown to be active anticonvulsants (198).
The two isomers of DMHP are also equipotent. The
comparative total anticonvulsant profiles for CBD, A°-
THC, and phenytoin indicate that CBD is more similar
to phenytoin than it is to its analog A’-THC. Yet, CBD
has a profile of anticonvulsant properties which differs
from that of prototype drugs in this class such as phe-
nytoin and phenobarbital (149). For instance, the po-
tency of CBD differs from species to species more than
the potency of the other two prototype drugs.

It is interesting to note that Consroe and his colleagues
(53, 57) have shown that in a strain of genetically unique
rabbits, A>-THC and other cannabinoids produce con-
vulsions. The severity of the convulsions which are seen
at doses of A’-THC equivalent to those consumed by
humans (53, 54) is dose-related (187), and only those
cannabinoids that produce psychotomimetic effects in
man produce convulsions in these rabbits (54, 55, 57).
Pretreatment with CBD blocks the A°-THC-induced
convulsions (56). A>-THC has been shown to have con-
vulsant properties in other species (48, 278).

XXII. Summary

The pharmacology of the cannabinoids is characterized
by at least two very provocative phenomena. First, the
multiplicity of effects. As I have mentioned throughout
this review, most of these effects are due to actions on
the central nervous system. The major problem in the
search for a therapeutic agent in this series has been due
to the inability to find a cannabinoid with the therapeutic
action at doses below those that produce side effects.
The high lipid solubility of the cannabinoids allows them
to be distributed throughout the brain at reasonable
doses. The second aspect of their pharmacology worthy
of special mention is their low toxicity. Throughout this
review, I have indicated that the minimal effective dose
of A>-THC for a particular pharmacological effect in
animals was higher than that usually consumed by man.
Yet, in almost all cases, it was much lower than the dose

which produced toxic effects in the same species. These
two characteristics of the animal pharmacology of can-
nabinoids carry over to humans. For instance, each of
the cannabinoids tested in man causes many side effects
at active doses and lethal effects of overdose by humans
are nonexistent or rare. Toxicity following chronic use
may be a different issue.

A great deal of work has been carried out in an attempt
to characterize the pharmacological effects of cannabi-
noids. It is clear from the material reviewed in this article
that most if not all of the predominant effects of can-
nabinoids in whole animals are due to the direct effects
of these compounds on the central nervous system. Our
state of knowledge is too limited to rule out the possibility
that they also produce effects on certain peripheral or-
gans. It is expected that the majority of these effects will
be shown to be due to the interaction of the cannabinoids
with the neuronal innervation of the organ rather than
directly with the organ tissue itself. Very high doses of
cannabinoids just like all active drugs have an effect on
many organ systems. These are toxicologic not pharma-
cologic and are nonspecific. The effects of cannabinoids
at the molecular level have been reviewed by Martin
(182a) in this series. This type of research is expected to
elucidate the mechanism of action of cannabinoids at the
cellular level.

It is clear that the cannabinoids produce a unique
behavioral syndrome in laboratory animals and in man.
The extensive neurochemical and neurophysiological ex-
periments have given us suggestions but not conclusive
evidence for the mechanism of either the stimulatory or
depressant component of this unique behavioral syn-
drome. The reinforcement properties of cannabinoids
might be the least well defined. The physicochemical
characteristics of these compounds have limited self-
administration studies in animals. It is obvious that the
reinforcing properties of the cannabinoids has led to the
widespread abuse of marihuana.

Although very limited, there are some reports in the
literature which suggest some similarities between the
effects of cannabinoids and drugs in other CNS-active
drug classes. It is tempting to speculate about the possible
role of endogenous opiates in the action of cannabinoids
due to similarities with morphine. Slightly more accept-
able might be the speculation that an endogenous can-
nabinoid exists in brain. There is little or no evidence
for this now, but there was not an endogenous opiate
known to us 15 years ago.

The therapeutic potentials for cannabinoids have been
reviewed by Hollister (129a) in this series. It is surprising
how little evidence can be extrapolated from the animal
literature to support the potential therapeutic usefulness
of these compounds. They are not unique in this respect.
The therapeutic utility of many compounds has been
defined in man. The recent approval of A*-THC and
nabilone as antiemetic agents versus emesis induced by

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS it

aspet

CANNABINOID PHARMACOLOGY 173

cancer chemotherapeutic agents should enhance the de-
velopment of other therapeutically useful cannabinoids.
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