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SCALLET, A. C. Neurotoxicology of cannabis and THC: A review of chronic exposure studies in animals. PHARMACOL BIO-
CHEM BEHAV 40(3) 671-676, 1991. —Several laboratories have reported that chronic exposure to delta-9-tetrahydrocannabinol
(THC) or marijuana extracts persistently altered the structure and function of the rat hippocampus, a paleocortical brain region
involved with learning and memory processes in both rats and humans. Certain choices must be made in designing experiments to
evaluate cannabis neurotoxicity, such as dose, route of administration, duration of exposure, age at onset of exposure, species of
subjects, whether or how long to allow withdrawal, and which endpoints or biomarkers of neurotoxicity to measure. A review of
the literature suggests that both age during exposure and duration of exposure may be critical determinants of neurotoxicity. Can-
nabinoid administration for at least three months (8—-10% of a rat’s lifespan) was required to produce neurotoxic effects in peripu-
bertal rodents, which would be comparable to about three years exposure in rhesus monkeys and seven to ten years in humans.
Studies of monkeys after up to 12 months of daily exposure have not consistently reported neurotoxicity, and the results of longer

exposures have not yet been studied.
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MARIJUANA is among the most frequently used illicit drugs in
the United States and worldwide (39), and has often been pro-
posed for legalization [e.g., (30)]. Although the presumed neu-
rotoxic effects of marijuana enter into the legalization argument,
surprisingly few experimental studies of marijuana neurotoxicity
have been published. Human marijuana research has been ham-
pered by limited sensitivity of measurements and the retrospec-
tive nature of most of the studies [e.g., (54,55)]. Careful
neurobehavioral studies of rodents chronically treated orally or
by injection with cannabis extracts or THC (12, 44-48) implied
potential toxicity to the hippocampus, suggestions that have been
reinforced by neurohistological studies in THC-treated rats (26,37).
However, chemical constituents, pyrolysis products, exposure
kinetics, and perhaps physiological responses are different be-
tween humans smoking marijuana and rodents injected or ingest-
ing THC or cannabis extracts. The rhesus monkey (M. mulatta)
has provided suggestive neurophysiological evidence, as well as
neurohistological findings from two treated monkeys, of a lim-
bic system toxicity that included the hippocampus (14-16).
Quantitatively, this was described as a widening of the synaptic
clefts. Establishing comparability between human exposure con-
ditions and an appropriate animal model may be somewhat eas-
ier in monkeys than in rodents. Here, we will review the
available literature on the toxicity of chronic exposure to mari-
juana and THC in experimental animal models, with an empha-
sis on studies of neurohistological morphometry. Based on critical
factors such as developmental stage at onset of exposure and
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duration of exposure, the design of studies to address the neuro-
toxicity of cannabis in a risk assessment context will be dis-
cussed.

METHODOLOGICAL ISSUES
Definition of Neurotoxicity

A working definition adopted by the Interagency Committee
on Neurotoxicology (ICON), comprised of representatives of the
Environmental Protection Agency, the Food and Drug Adminis-
tration, and others, states ‘‘Neurotoxicity is any adverse effect
on the structure or function of the central and/or peripheral ner-
vous system by a biological, chemical, or physical agent and
may result from direct or indirect actions or reflect permanent or
reversible changes in the nervous system.’’ This definition in-
cludes temporary and reversible effects on the nervous system
as ‘‘neurotoxic.”” A number of marijuana studies have shown
acute behavioral effects, although the issue of whether these ef-
fects are ‘‘adverse’” has not often been addressed [e.g., (40,41)].
However, the permanence or at least long-term persistence of
effects is still a useful distinction to make while considering
chronic exposure scenarios. The present review will restrict its
consideration to prolonged or irreversible effects.

Route of Exposure and Cannabis Metabolism

Exposure to humans is most typically via inhalation of smoke
from combustion of the flowering tops of the female plant, Can-
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nabis sativa L. Extracts of cannabis include more than 60 ter-
pene compounds termed cannabinoids, as well as hundreds of
other constituents (49). The most abundant of the cannabinoids
are cannabinol (CBN), cannabidiol (CBD), and delta-9-tetrahy-
drocannabinol (THC), the major psychoactive component (28).
Considering losses due to pyrolysis and side-stream smoke, the
bioavailability of THC from smoked plant material is only about
20%, but may range from 13-40% depending on the experience
of the user (10). Bioavailabilities of CBD (31%) and CBN (41%)
are similar. Lower ratios of parent cannabinoids to their metabo-
lites are observed following oral administration (9,10) compared
to smoke inhalation or intravenous injection because of initial
metabolism of the parent compounds by the liver prior to their
reaching the systemic circulation (‘‘first-pass’’ effect). Cannab-
inoids are extensively metabolized by the liver, and some me-
tabolites (e.g., 11-OH-THC) are psychoactive, whereas others
are not (e.g., 11-nor-9-COOH-THC). Therefore, depending on
route of administration, the relative amounts, as well as the spe-
cific identities of the cannabinoids, will be different, resulting in
a “‘complex mixture exposure’’ problem for the toxicologist.

Duration and Timing of Exposure and Assessment

Duration of exposure may be for decades of daily or near-
daily use in humans, and age of onset is often during the pread-
olescent or adolescent period. Some adult humans are heavy,
chronic users, whereas others may quit for long periods of time
or be occasional users. Since tolerance and withdrawal effects
of cannabis and THC have been reported (7, 27, 50, 56), these
factors also must be considered in experimental designs that
model human exposures in animals. A special case may also be
presented by ‘‘in utero’’ and/or early postnatal exposure of off-
spring, since THC and metabolites cross the placenta and are
present in maternal milk (5, 6, 10).

Dose, Blood Levels and Target Tissues

Extensive pharmacokinetic studies have been done that relate
administered dose to blood and tissue levels (6, 9, 10, 33, 43).
In humans, a single marijuana cigarette (2.5% THC) results in
peak blood levels of about 150 ng/ml THC immediately after
smoking, which initially decline rapidly within minutes, fol-
lowed by a slower elimination phase (9). In rats, oral dosing
with 20 mg/kg synthetic THC produces a much slower increase
in plasma levels, peaking around the same 150 ng/ml at one hour
after dosing, but plasma levels remain elevated for nearly 6
hours (37). Thus oral dosing of rats designed to match peak
blood THC levels in humans after smoke exposure not only pro-
duces a greater total THC exposure to the rat in terms of area
under the concentration versus time curve, it also increases the
exposure to THC metabolites produced by ‘‘first-pass’’ liver
metabolism. Cannabinoids in blood appear to be freely available
to brain tissue (6), especially the phospholipid membrane bilayer
compartment, since they are highly lipophilic compounds (18).
These results indicate that blood levels of THC can be used as
an index of exposure to cannabis compounds, but underscore the
fact that oral administration of THC or cannabis represents a
very different model from smoke exposure.

Receptor Mediation

The issue of potential receptor mediation of any suspected
neurotoxicity of either marijuana or THC is a particularly inter-
esting question at present. Marijuana’s combustion and/or meta-
bolic products may interact with a stereoselective receptor binding
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site coupled to G-proteins that can inhibit adenylate cyclase (11),
as well as a separate nonstereoselective but high-affinity binding
site (31). Moreover, a number of studies in rats [e.g., (22, 24,
32)] has shown that exposure to marijuana may increase plasma
corticosterone, which in its own right may be neurotoxic via
specific glucocorticoid receptors [e.g., (26)]. Moreover, the high
lipid solubility of cannabinoids referred to above indicates the
need to consider properties of the phospholipid bilayer in the
potential neurotoxicity of marijuana exposure (18). The neuroan-
atomical localizations of glucocorticoid receptors [hippocampal
dentate granule cells and CAl pyramidal cells, deep layers of
cortex, cerebellar granule cells, basomedial amygdala: (13, 35,
53)] and the stereoselective CP-55,940 binding site (17) are
rather similar to one another, and either or both could contribute
to a potential receptor-mediated hippocampal neurotoxicity. It is
also interesting that the hippocampus has been implicated in the
behavioral expression of drug-produced withdrawal symptoms
(21). Therefore, a number of possibilities exist whereby mari-
juana could exert direct or indirect, but nevertheless receptor-
mediated, neurotoxicity.

RODENT STUDIES

Fehr, Kalant and Le Blanc (12) reported that a residual
learning deficit existed when peripubertal (40-day-old) rats were
treated for 6 months (about 15-20% of their lifespan) with can-
nabis extract containing 20 mg/kg THC (and other cannabinoid
compounds). The design of this study addressed several issues
relevant to neurotoxicological evaluation of marijuana and THC.
First, 1-3 months (but not 6 months) of treatment was insuffi-
cient to produce effects on Hebb-Williams maze problems, indi-
cating that substantial duration of treatment might be a prerequisite
for neurotoxicity. Exposure for six months altered performance
in a maze, as well as the rats’ ability to walk on a ‘‘moving
belt”” to avoid footshock. Secondly, testing was scheduled so
that ‘‘animals were allowed to recover from drug effects for (at
least) 1 month.’” It was thus recognized that persistent or ‘‘re-
sidual’’ alterations were of major interest, although the issue of
whether or not withdrawal was required for expression of persis-
tent cannabis effects was not addressed. Subsequent studies es-
tablished that even 3 months exposure to cannabis extract was
sufficient to produce residual effects on performance in a differ-
ent type of maze [an 8-arm radial maze, (44)]. Other studies
identified performance deficits on a DRL (differential reinforce-
ment of low lever-pressing response rates) operant schedule (45).
Also observed was an improvement in shuttlebox avoidance
(48). As noted by these investigators, the pattern of inability to
withhold responses on a DRL schedule together with increased
responses leading to improved active avoidance has been the
hallmark of hippocampal lesions in many physiological psychol-
ogy investigations. Using these behavioral methods, Stiglick and
Kalant (46) also reported synthetic THC was neurotoxic but less
potent than cannabis extract when administered PO at 20 mg/kg
to 40-day-old rats for a three-month period. Furthermore, can-
nabis treatment initiated at 70 days of age was less effective than
treatment initiated at 40 days of age (47), as indicated by can-
nabis effects restricted to shuttlebox avoidance performance in
the absence of altered radial maze, DRL, or open-field behavior
in the former case.

In abstract form, Kallman et al. (23) reported that daily inha-
lation of marijuana smoke for 1-3 months (1 or 2 2.85% THC
cigarettes) produced a decrement in rotorod performance 60 days
later, a measure not unlike the moving belt test of Fehr et al.
(12). A more complete report of this research including neuro-
histological and neurochemical endpoints is in preparation.
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TABLE 1
STUDIES EXAMINING THE NEUROTOXICITY OF THC OR MARIUANA IN RODENT MODELS

Age During Age at
Dose Exposure Evaluation
Reference (mg/kg) Route (days) (days) Endpoints Toxic
Rat THC
Abel 50, 150 PO GD1-21 36-80 Behavior -
(8))
Mokler 10 SC PND 4, 6, 8 130 Neuroendocr. +
(29)
Hutchings 15, 50 PO GD8-22 2-32 Behavior -
(8,20)
Walters 10 PO GDO-PND 20 10-60 Neurochem. +
(52)
Stiglick 20 PO PND40-130 165-275 Behavior +
46)
Scallet 10,20 PO PND47-137 197 Neurohistol. +
(€))] 20/60 PND150-240 450 Neurohistol. +
Holson 5, 10, 20 PO PND56-146 206 Behavior +
(19) 20/60
Landfield 4,10 SC PND100-348 362 Neurohistol. +
(26)
Rat Cannabis Extract
Fehr 20 PO PND40-226 276 Behavior +
(12)
Stiglick 20 PO PND40-130 165-275 Behavior +
(44, 45, 48)
Stiglick 20 PO PND70-160 190-280 Behavior +
“@7)

Several additional studies have examined the possibility of
“‘sensitive periods’’ during development during which THC ex-
posure might result in heightened neurotoxicity. However, expo-
sure during gestation following maternal administration of THC
has not produced developmental neurotoxicity in the offspring
with regard to a number of behavioral endpoints, e.g. rotorod,
2-way avoidance, water maze, locomotor activity, and nipple at-
tachment (1, 8, 20).

Nevertheless, these studies do report a reproductive toxicity
expressed as a decrease in size of litters of THC-treated dams,
despite the absence of any similar effect in pair-fed controls.
Abel et al. (2,3) have reported similar findings (no behavioral
toxicity, but increased neonatal mortality) from dosing with can-
nabis extract during gestation.

With regard to other reproductive endpoints, the development
of normal adult estrous cycles was compromised in neonatal rats
exposed to THC (3.8, 19, or 38 mg/kg), which also elevated
mediobasal hypothalamic opioid peptides while lowering hypo-
thalamic LHRH and plasma LH (25).

Scallet et al. (37) utilized neurohistological and morphomet-
ric approaches to evaluate 9 rats seven months after their last
oral dose of THC or vehicle. Although these rats were labeled
only with identification codes not indicating treatment groups,
electron micrographs of the CA3 subregion of their hippocampi
could easily be sorted into two characteristic groups. In one
group, the axodendritic contact regions appeared short and bro-
ken, there was considerable extracellular space, and subcellular
organelles such as vesicles and mitochondria, though well fixed,
were not (as is usually the case) always separated from the ex-
tracellular space by intact membranes. This group contained all
5 of the THC-treated rats. The second group exhibited little ex-

tracellular space, had intact membranes, distinct mossy-fiber
synapses containing numerous vesicles, and neuropil typical of
the untreated ultrastructural appearance of this region. This group
contained all 4 of the vehicle-treated controls of the study.

These observations were supported by morphometric estima-
tion of the size of hippocampal CA3 neuronal perikarya as well
as the synaptic density (number of synapses per unit volume) in
the hippocampi of the THC-treated rats. Statistical analysis re-
vealed significantly smaller neurons and significantly decreased
synaptic density in the THC-treated rats. These rats had been
considerably older (about 5 months) than the 40-day-old rats
usually used by Stiglick and Kalant (see Table 1), but were
treated for the same duration (90 days) with the same dose of
THC (20 mg/kg PO) Monday through Thursday. A notable dif-
ference, however, is that these rats had received a 60-mg/kg
dose of THC each Friday in lieu of weekend dosing. To more
closely match the conditions reported by Stiglick and Kalant,
additional rats were dosed 5 days per week with vehicle, 10, or
20 mg/kg/day THC (see Table 1 for details). It was found that
no ultrastructural abnormalities or change in synaptic density
took place with THC treatment under these conditions, although
neurons stained via the Golgi-Cox approach revealed dendrites
that were consistently and measurably shortened in a dose-
related fashion (37).

Landfield et al. (26) reported the effects of a longer duration
of dosing (8 months) with lower doses of THC (4 or 8-10 mg/
kg, 5 days/week) administered subcutaneously to animals that
were 3—4 months old at the onset of treatment. No ultrastruc-
tural abnormalities or altered synaptic density as extreme as re-
ported in Scallet et al.’s highest dose group (up to 60-mg/kg
doses) were observed in this study, but 8-10 mg/kg THC re-
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TABLE 2
STUDIES EXAMINING THE NEUROTOXICITY OF THC OR MARIJUANA IN NONHUMAN PRIMATE ANIMAL MODELS

Age During Age at
Dose Exposure Evaluation
Reference (mg/kg) Route (months) (months) Endpoints Toxic
Monkey THC
Heath 0.7 v 48-54 57-64 Neurophys. +
(15) Neurohistol. +
Andrews 0.1,1 v 30-33 33 Neurohistol. —
4
Monkey Cannabis
Smoke Inhalation
Heath 1-3 cig/day 48-56 57-64 Neurophys. +
(15) Neurohistol. +
Scallet 1 cig/day 3648 55 Neurohistol. -
(3% (7 days/week)
Paule 1 cig/day 36-48 55 Behavior -
(34) (7 days/week)

duced neuronal density as estimated by the number of nucleoli
per 100 microns length of the CAl stratum pyramidale. These
changes may be more relevant to effects on the second set of
rats studied by Scallet et al. (37) in which dendrite length was
reduced even though synaptic density and ultrastructural appear-
ance were not significantly altered. Moreover, both dose groups
studied by Landfield et al. (26) had a significant increase in the
proportion of opaque material, perhaps scavenged structural
proteins, found within the cytoplasmic compartment of their
astroglia.

The authors noted that the effects from THC on relatively
young rats resembled the neurohistological effects of normal ag-
ing they had described in a series of previous investigations.
Moreover, they noted that signs of pituitary adrenocorticotropic
hormone (ACTH) and adrenal corticosterone ‘‘hyperresponsiv-
ity’’ to restraint stress were present in their THC-treated rats
measured 2 and 4 months after initiation of treatment.

MONKEY STUDIES

Relatively few evaluations of chronic exposure to marijuana
or THC have been conducted in nonhuman primate species.
Sassenrath (36) indicates effects of doses as low as 2.5 mg/kg
on endpoints such as visual attention and the aggressive behav-
ior of low-ranking THC-treated rhesus monkey members of
small social groups.

The studies of Harper, Heath and colleagues (14—16) in-
cluded both functional neurophysiological analyses via surface
and depth electrode EEG recordings as well as postmortem
structural evaluation by electron microscopy. They reported changes
in patterns of electrical activity recorded by depth electrodes: in-
creased slow waves and high-amplitude spiking that was most
pronounced in the hippocampus, septal region, and amygdala.
These were persistent effects that lasted up to 8 months after a
6-month exposure period to marijuana smoke.

Several of these monkeys were evaluated by morphometric
electron microscopic methods following fixation by perfusion
with mixed aldehydes (14,15). Ultrastructural changes such as
synaptic widening, accumulation of dark material in the synaptic
clefts, reduction of percent area of cytoplasm occupied by rough
endoplasmic reticulum (RER), and development of nuclear in-
clusion bodies were reported. These were most prominent in the
septal region and in hippocampus. Unfortunately, there were
several methodological problems with this study. EEG results

were reported as illustrations of sample polygraph chart record-
ings rather than analysed quantitatively. With regard to the neu-
rohistology results, the sample size was very small, comprising
only one monkey treated with marijuana smoke and one animal
treated with THC IV compared to two controls and one monkey
that had smoked only marijuana from which the ethanol-soluble
cannabinoids had been extracted. The monkey treated with THC
IV and the monkey exposed to extracted smoke had also been
implanted with depth EEG electrodes prior to perfusion. The
synaptic widths, as well as the fraction of cytoplasmic RER,
were significantly different between the pair of actively treated
monkeys and the controls both in hippocampus and septal area.

Using identical or comparable neurotoxic endpoints as ap-
plied in the rodent studies, further studies of rhesus monkeys
have been conducted. The design of these studies and the ef-
fects of marijuana smoke on clinical chemistry endpoints, plasma
THC and metabolite concentrations, and carboxyhemoglobin lev-
els are reported by Slikker et al. (43). Paule et al. (34) consider
the neurobehavioral effects of chronic exposure to marijuana
smoke, and Ali et al. (this volume) describe neurochemical
studies. Andrews et al. (4) and Scallet et al. (38) have made
preliminary reports of the neurohistological results. Thus far,
these studies have not revealed any neurotoxic effects from ex-
posure to marijuana comparable to the effects reported in the ro-
dent studies.

SUMMARY

Chronic oral exposure of peripubertal rats to cannabis extract
or to THC resulted in a behavioral syndrome very similar to the
effects of adult hippocampal lesions. Histological evidence dem-
onstrated that hippocampal pyramidal neurons were measurably
altered by chronic exposure to THC according to dosing regi-
mens similar to those that produced behavioral effects. There-
fore, in peripubertal rats, oral exposure to cannabis or THC
appears to be neurotoxic, producing persistent functional and
structural changes. There may be a sensitive period for these
neurotoxic effects, since 70-day-old subjects were less affected
than 40-day-old subjects and gestational administration produced
reproductive but not neurobehavioral effects. Periods of cannabis
or THC exposure shorter than 3 months have not yet been dem-
onstrated to cause neurotoxic effects in rats. It is uncertain at
present whether these effects require withdrawal or if their
mechanism involves THC, other cannabinoids, glucocorticoids,
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or their receptors either alone or in combination. Studies of up
to one-year exposures to marijuana smoke have not yet identi-
fied neurotoxic effects in peripubertal monkeys comparable to
the rodent findings. However, it should be noted that even a
one-year exposure to the rhesus monkey (with a lifespan of about
forty years) is relatively short as a percent of lifetime compared
with the three months exposure that thus far has been the mini-
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mum required for neurotoxicity in the rat.
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