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Abstract

�9-Tetrahydrocannabinol (�9-THC), the psychoactive ingredient ofcannabis sativa, reduces both extracellular hippocampal ace-
tylcholine concentration and correct alternation tasks in the T-maze.

The principal aim of this study was to determine whether a chronic�9-THC treatment would induce tolerance both to the
reduction of extracellular hippocampal acetylcholine concentration and memory deficit produced by the drug.

Our results show that a chronic�9-THC treatment (5 mg/kg, i.p., twice daily for two weeks) did not produce tolerance to the
inhibitory effects induced by the drug. Moreover, no strict temporal correlation between the two�9-THC effects was observed: the
inhibition in extracellular acetylcholine concentration appeared only 80 min after treatment, while the reduction of correct alternation
tasks in the T-maze began after 20 min. The cognitive and cholinergic effects induced by a chronic�9-THC treatment were com-
pletely blocked by the CB1 cannabinoid receptor antagonist SR 141716A, indicating an involvement of CB1 cannabinoid receptors
in the persistent negative effects induced by the drug.

These findings confirm the proposition that CB1 cannabinoid receptors mediate the negative effects induced by�9-THC both on
hippocampal extracellular acetylcholine concentration and correct alternation tasks in the T-maze, and they indicate that these effects
may be differentiated. However, the major outcome of this work is the demonstration that no tolerance to the two inhibitory effects
develops after a chronic�9-THC treatment. 2001 Published by Elsevier Science Ltd.
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1. Introduction

Marijuana and its active ingredient�9-tetrahydrocan-
nabinol (�9-THC) impair learning and memory pro-
cesses in rodents (Heyser et al., 1993; Terranova et al.,
1996; Brodkin and Moerschbaecher, 1997; Jentsch et al.,
1997; Nava et al., 2000), non-human primates (Evans,
1992) and humans (Miller and Branconnier, 1983; Chait
and Perry, 1994; Heishman et al., 1997). Accordingly,
the synthetic cannabinoids {R-(+)-(2,3-dihydro-5-
methyl-3-[{4-morpholinylmethyl] pyrol [1,2,3-de]1,4-
benzoxazin-6-yl) (l-naphthalenyl) methanone mono-
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methanesulfonate} (WIN 55,212-2) and {[1a,2-(r)-5-
(1,1-dimethylpheptyl)-2-[5-hydroxy-2-(3-hydroxypropyl)
cyclohexyl]-phenol} (CP 55,940), and the endogenous
CB1 cannabinoid receptor agonist anadamide have been
also shown to impair memory processes in rodents
(Lichtman et al., 1995; Lichtman and Martin, 1996; Mal-
let and Beninger, 1998). The cognitive impairment
induced by cannabinoids is antagonized by the CB1 can-
nabinoid receptor antagonistN-(piperidine-l-yl)-5-(4-
chlorophenyl)-l-(2,4-dichlorophenyl)-4-methyl-lH-pyra-
zole-3-carboxamide hydrochloride (SR 141617A)
(Lichtman and Martin, 1996). Moreover, recent data
have shown an enhancement of memory processes in
CB1 cannabinoid receptors knock-out mice (Reibaud et
al., 1999). Taken together, this evidence indicates a poss-
ible involvement of CB1 cannabinoids receptors in cog-
nitive functions (Lichtman and Martin, 1996; Reibaud et
al., 1999).
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Acetylcholine is a crucial neurotransmitter contribu-
ting to attentional (Perry et al., 1998) and memory func-
tion (Aigner, 1995). Moreover, different studies have
shown that CB1 cannabinoid receptors are abundant in
the hippocampus (Pertwee, 1997; Herkenham, 1995), a
primary area involved in learning and memory processes
(Vizi and Kiss, 1998). Some evidence has shown that
cannabinoids impair working memory after intrahippo-
campal administration (Lichtman et al., 1995), inhibit
long-term potentation in hippocampal slices (Collins et
al., 1995) and reduce hippocampal acetylcholine concen-
tration both in vivo (Carta et al., 1998; Gessa et al., 1997;
Gessa et al., 1998a; Nava et al., 2000) and in vitro
(Gifford and Ashby, 1996; Gifford et al., 2000). These
data suggest that hippocampal cholinergic activity may
mediate cannabinoid effects on memory, although Licht-
man and Martin (1996) have shown that the physostig-
mine, an inhibitor of acetylcholisterase, does not block
the inhibition of working memory induced by �9-THC.
In accordance with previous data, a recent study from
our group has demonstrated that, after an acute �9-THC
treatment, the inhibition of extracellular hippocampal
acetylcholine concentration is not temporally correlated
to the reduction of correct alternation tasks in the T-
maze (Nava et al., 2000). Alternatively, it has been sug-
gested that the negative effects induced by cannabinoids
on working memory are due to dopaminergic hyperactiv-
ity in the brain (Jentsch et al., 1997). This hypothesis is
supported by three findings. The first being that canna-
binoids activate meso-limbic and meso-cortical dopam-
ine neurons (Diana et al., 1998; Gessa et al., 1998b) and
increase release (Chen et al., 1990) and turnover of
dopamine in the prefrontal cortex (Jentsch et al., 1997).
The second that �9-THC-induced memory impairment
and increase in dopamine turnover are antagonized by
3-amino-l-hydroxy-2-pyrrolidone (HA 966) (Jentsch et
al., 1997), a compound that inhibits the activity of dopa-
minergic neurons (Shepard et al., 1995). The third that
S(�)-sulpiride, a D2 dopamine receptor antagonist,
blocks both the inhibition of hippocampal acetylcholine
concentration and the reduction of correct alternation
tasks in the T-maze induced by �9-THC (Nava et al.,
2000).

The studies on chronic effects of marijuana, including
tolerance phenomena, are relevant to evaluate the harm
associated with the use of cannabinoids in medicine and
to elucidate the mechanisms underlying the cognitive
deficits induced by cannabis abuse. It is not yet clear
whether a long-term treatment with �9-THC produces
tolerance to the ability of the drug to affect the hippo-
campal cholinergic transmission and to impair memory
performances. Several studies have shown that acutely
administered marijuana impairs cognition in humans
(Hall and Solowij, 1998; Hollister, 1986).

In the light of the above evidence, the principal aim
of this study was to determine whether the detrimental

effects of �9-THC both on hippocampal extracellular
acetylcholine concentration and correct alternation tasks
in the T-maze are still present after a chronic drug treat-
ment.

2. Material and methods

2.1. Animals

Male Sprague Dawley rats (200–250 g; Charles River,
Como, Italy) were housed individually in a Plexiglass
chamber (height 25, length 40 and width 15 cm) at
22+1°C and 55% of humidity. Food and water were
freely available and animals were maintained under an
artificial 12 h/12 h light/dark schedule with lights on
from 08:00 to 20:00. Experiments were carried out
between 09:00 and 17:00. All experiments were carried
out in accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC).

2.2. Experimental procedure

The effects of �9-THC on extracelluar acetylcholine
concentration were studied in freely moving rats by
microdialysis, while the effects on working memory
were studied in a separate group of unoperated animals
trained to correctly perform a delayed alternation task in
the T-maze.

2.3. Surgery and microdialysis

Implantation of the microdialysis probes was perfor-
med under general anaesthesia (equithensin 4 ml/kg,
i.p.). Briefly, rats were implanted with a trasversal dialy-
sis probe (AN 69-HF, tube outer diameter 320 �m; Hos-
pal-Dasco, Bologna, Italy), passing bilaterally through
the hippocampi (A=�3.3 and V=�3.6; A and V being
referred to bregma and skull, respectively), according to
the atlas of Paxinos and Watson (1986). The dialysis
probe had an active dialysis length of 0.8 cm.

Upon completion of the experiments each rat was sac-
rificed and the location of the probe was verified histo-
logically. Only data from rats with a proper location of
the probe were used.

Microdialysis perfusion was performed 24 h after
implantation. The probe was perfused at a constant rate
of 2 �l/min with a Ringer solution containing (mM) KCl
3.0, NaCl 125, CaCl2 1.3, MgCl2 1.0, NaHCO3 23, in
potassium phosphate 1.5 and pH 7.3. Neostigmine bro-
mide was added at a final concentration of 0.1 mM in
order to recover detectable concentrations of dialysate
acetylcholine. Samples were collected every 20 min, cor-
responding to a volume of 40 �l, and were immediately
injected in a high-performance liquid chromatography
(HPLC) system with electrochemical detection accord-
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ing to the technique described by Damsa and Westerink
(1991). The detection limit for acetylcholine was
0.05 fmol per 1 �l of sample. Samples were collected
every 20 min (40 �l) and the average concentration of
acetylcholine in the last three pre-drug samples, obtained
after 1 h of perfusion, was taken as 100%. All sub-
sequent post-treatment values were expressed as percent
(mean+S.E.M.) of basal values.

2.4. Delayed alternation testing in the T-maze

Working memory was evaluated in a standard T-maze
made of black plexiglass, and consisting of a central
stem (height 10, length 40 and width 20 cm) with a start
box (the first 20 cm of the stem) and two arms (height
20, length 60 and width 20 cm) with a wire mesh floor.
The start compartment and each goal arm were separated
from the central stem by a guillotine door. Complete
entrance into the arm was required in order to enable
animals to reach the food cup. The T-maze was located
in a dimly illuminated room and a weak light (25 W)
was positioned 30 cm over the right-hand food cup in
order to allow rats to distinguish between the right and
left arms by brightness.

Training and testing were performed according to the
method described previously by Nava et al. (2000).

Seven days prior to starting the training session, ani-
mals were housed individually in a Plexiglass chamber
(height 25, length 40 and width 15 cm) at 22+1°C and
55% of humidity. To increase their motivation for food,
animals were maintained at 85% of their pre-experi-
mental body weight by feeding them a limited amount
of chow (see later). Water was always available in the
home cage.

A daily training session consisted of eleven consecu-
tive trials, in which the rat had to alternate between the
right and left arm of the maze to obtain a reward con-
sisting of a shelled sunflower seed. During the first trial
of each session, access to one of the two arms was
blocked forcing the rat to enter the other arm; the direc-
tion of the forced trial was alternated daily. On each of
the consecutive ten trials the food was placed in the arm
opposite the previous correct trial, and both arms were
unblocked (free-choice trials). A correct trial ended with
the rat eating the food. An incorrect trial ended with the
rat reaching the empty food cup. If the rat did not enter
into an arm within 2 min the trial was not counted and
the rat was given another attempt. After each trial, the
rat was removed from the goal arm and kept in the start
compartment for a delay period after which the door of
central stem was opened.

The data collected from each session were analysed
in terms of percentage of correct alternation choices in
the T-maze.

A delay length of 8 s, in which rats’ memory perform-
ance was stabilized at 90% of correct alternation tasks

in the T-maze, was used. The criterion defining a correct
training session was a successful daily trial for three con-
secutive days. All drugs were injected to animals
attaining the above criterion.

For each drug treatment the order of dose adminis-
tration was counter-balanced among the subjects in a
latin-square design. In particular, in order to reduce
inter-group variables, for each group of rats, we used the
same animals tested at each time after a washout period
of 1 week during which they received no drug and re-
established criterion performance (see earlier).

2.5. Drugs

�9-THC (RBI, Italy) solutions were prepared from
vials containing 10 mg in 1 ml of absolute ethanol. �9-
THC was evaporated under nitrogen and the residue dis-
solved in two drops of Tween 80 and then diluted in
saline. The specific CB1 cannabinoid receptor antagonist
SR 141617A (Sanofi Recherche, Montpellier, France)
was dissolved in two drops of Tween 80 and then diluted
in saline. �9-THC and SR 141617A were administered
intraperitoneally (i.p.) in a volume of 1 ml/kg. Control
rats were treated with the vehicle (1 ml/kg, i.p.) used to
dissolve the active ingredient.

2.6. Statistical analysis

Within-group comparison was performed by means of
analysis of variance (ANOVA) for repeated measures,
while between-group comparisons and time×group com-
parisons were performed by a two-way analysis of vari-
ance (ANOVA). Post-hoc comparison was carried out
using a Tukey test. Significance was established at
P�0.01.

3. Results

3.1. Acute treatment

3.1.1. Extracellular hippocampal acetylcholine
concentration

In agreement with previous results (Carta et al., 1998;
Gessa et al., 1997; Gessa et al., 1998a; Nava et al.,
2000), �9-THC at the dose of 2.5 and 5 mg/kg, i.p.,
inhibited the extracellular hippocampal acetylcholine
concentration (Fig. 1). A significant inhibition appeared
at 80 min after treatment and was maximal at 120 min,
being no longer present at 12 h after injection (Fig. 1).

The �9-THC-induced inhibition of extracellular ace-
tylcholine concentration was reverted by the CB1 canna-
binoid receptor antagonist SR 141716A (0.5 mg/kg, i.p.),
given 20 min after �9-THC treatment (Fig. 2). SR
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Fig. 1. �9-THC reduced hippocampal acetylcholine concentration at
the dose of 2.5 and 5 mg/kg, i.p. (main effect of treatment F2.12=10.20,
P�0.01; main effects of repeated measures F9.18=23.6, P�0.0001;
time×group interaction F9.18=2.9, P�0.001). Filled signs P�0.01 com-
pared with basal values (Tukey test) and asterisks signs P�0.01 com-
pared with vehicle treated rats (Tukey test). Data are expressed as per-
centage (mean+S.E.M.; n=5) of the respective baseline values. Prior
the drug administration basal values of extracellular acetylcholine con-
centrations were: 1.38+0.13, 1.23+0.34 and 1.35+0.28 fmol/�l in ani-
mals treated with vehicle and �9-THC at the doses of 2.5 and
5 mg/kg, respectively.

Fig. 2. Antagonism by SR 141716A of �9-THC-induced reduction
of extracellular hippocampal acetylcholine concentration (main effect
of treatment F2.12=10.20, P�0.005; main effect of repeated measures
F9.18=23.6, P�0.001; time×group interaction F9.18=2.9, P�0.001).
Filled signs P�0.01 compared with basal values (Tukey test) and aster-
isks signs P�0.01 compared with vehicle treated rats (Tukey test).
Data are expressed as percentage (mean+S.E.M.; n=5) of the respective
baseline values. Prior the drug administration basal values of extra-
cellular acetylcholine concentrations were 1.42+0.15, 1.33+0.45 and
1.56+0.23 fmol/�l in rats treated with �9-THC, SR 141716A or �9-
THC+SR 141716A, respectively.

141716A (0.5 mg/kg, i.p.), when given alone, did not
modify extracellular acetylcholine concentration (Fig. 2).

3.1.2. Delayed alternation tasks in the T-maze
�9-THC at doses of 2.5 and 5 mg/kg, i.p., reduced

the percentage of correct alternation tasks in the T-maze
20 min after treatment (Fig. 3). The maximal reduction
was observed at 60 min and no effect was present at 12 h
(Fig. 3).

As shown in Fig. 4 �9-THC-induced memory impair-
ment was antagonized by the CB1 cannabinoid receptor
antagonist SR 141716A (0.5 mg/kg, i.p.), given 20 min
before �9-THC treatment. When given alone, SR

Fig. 3. �9-THC reduced the correct alternation tasks in the T-maze at
the doses of 2.5 and 5 mg/kg, i.p. (main effect of treatment F2.12=181.3,
P�0.0001; main effect of repeated measures F4.8=66.2, P�0.0001;
time×group interaction F4.8=16.6, P�0.0001). Filled signs P�0.01
compared with basal values (Tukey test) and asterisks signs P�0.01
compared with vehicle treated rats (Tukey test). Data are expressed as
percentage of correct alternation tasks in the T-maze (means+S.E.M.;
n=5). Inter-trial delay was fixed at 8 s.

Fig. 4. Antagonism by SR 141716A of �9-THC reduction of correct
alternation tasks in the T-maze (main effect of treatment F1.18=525.1,
P�0.0001; main effect of repeated measures F4.4=28.7, P�0.0001;
time×group interaction F4.4=13.6, P�0.0001). Filled signs P�0.01
compared with basal values (Tukey test) and asterisks signs P�0.01
compared with vehicle treated rats (Tukey test). Data are expressed as
percentage of correct alternation tasks in the T-maze (means+S.E.M.;
n=5). Inter-trial delay was fixed at 8 s.

141716A (0.5 mg/kg, i.p.) failed to modify rats’ memory
performance in the T-maze (Fig. 4).

�9-THC did not significantly modify the amount of
time required by animals to complete a T-maze session
(Fig. 5).

3.2. Chronic treatment

3.2.1. Extracellular hippocampal acetylcholine
concentrations

Two different groups of rats were treated with �9-
THC (5 mg/kg, i.p) or vehicle (1 ml/kg, i.p.), respect-
ively, twice daily for 14 days. On the 14th day of treat-
ment all rats were implanted with a microdialysis probe.
On the 15th day from the first dose, animals were treated
with a challenge dose of �9-THC (2.5 mg/kg, i.p.). The
extracellular hippocampal acetylcholine concentration
was measured at various times after drug treatment
(Fig. 6).
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Fig. 5. Failure by an acute (A) (main effect of treatment F2.12=1.2,
P�0.05; main effects of repeated measures F4.8=0.9, P�0.05;
time×group interaction F4.8=1.4, P�0.05) or chronic (B) (main effect of
treatment F1.8=2.6, P�0.05; main effects of repeated measures F4.4=1.3,
P�0.05; time×group interaction F4.4=3.7, P�0.05) �9-THC treatment
to modify the amount of time required to the animals to complete a
T-maze session. Filled signs P�0.01 compared with basal values
(Tukey test). Data are expressed as time spent to complete a T maze
session (means+S.E.M.; n=5), 60 min after �9-THC treatment.

Fig. 6. Lack of tolerance to �9-THC effect on extracellular hippo-
campal acetylcholine concentration (main effects of treatments
F1.8=2.4, P�0.05; main effects of repeated measures F9.9=123.6,
P�0.001; time×group interaction F9.9=2.2, P�0.05). Filled signs
P�0.01 compared with basal values (Tukey test). Data are expressed
as percentage of the respective baseline values (means+S.E.M.; n=5).
Prior the challenge dose of �9-THC the basal values of extracellular
acetylcholine concentrations were: 1.28+0.24 and 1.53+0.18 fmol/�l
in rats treated chronically with vehicle or �9-THC, respectively.

As shown in Fig. 7, the challenge dose of �9-THC
(2.5 mg/kg, i.p.) produced the same reduction in extra-
cellular acetylcholine concentration both in animals
treated chronically with �9-THC as in those treated
chronically with vehicle. The time-course of �9-THC
effects were identical in both groups of rats (Fig. 6).

Fig. 7. Lack of tolerance to �9-THC effect on reduction of correct
alternation tasks in the T-maze (main effects of treatments F1.8=3.2,
P�0.05; main effects of repeated measures F4.4=92.2, P�0.001;
time×group interaction F4.4=0.6, P�0.05). Filled signs P�0.01 com-
pared with basal values (Tukey test). Data are expressed as percentage
of correct alternation tasks in the T-maze (means+S.E.M.; n=5). Inter-
trial delay was fixed at 8 s.

3.2.2. Delayed alternation tasks in the T-maze
Two different groups of rats trained to perform suc-

cessfully three consecutive daily sessions in the T-maze
were treated with �9-THC (5 mg/kg, i.p.) or vehicle
(1 ml/kg, i.p.), respectively, twice daily for 14 days.
Every day, 12 h from the evening dose in all groups of
rats memory performance was not found to be impaired
(data not shown). On the 15th day from the first dose,
both groups of animals received a challenge dose of �9-
THC (2.5 mg/kg, i.p.). The choice accuracy in the T-
maze alternation tasks was evaluated both before and at
various times after drug treatment (Fig. 7).

As shown in Fig. 7, a challenge dose of �9-THC
(2.5 mg/kg, i.p.) produced the same reduction in correct
alternation tasks in the T-maze both in rats chronically
treated with �9-THC and in those chronically treated
with vehicle. The time course of �9-THC effects were
the same in both groups of animals (Fig. 7).

Rats chronically treated with �9-THC or vehicle did
not significantly modify their locomotor activity in the
T-maze (Fig. 5).

4. Discussion

The present results confirm previous observations
showing that �9-THC, similar to other cannabinoids,
inhibits extracellular hippocampal acetylcholine concen-
tration both in vivo (Gessa et al., 1997; 1998a; Carta et
al., 1998; Nava et al., 2000) and in vitro (Gifford and
Ashby, 1996) and impairs memory (Lichtman et al.,
1995; Lichtman and Martin, 1996; Mallet and Beninger,
1998; Jentsch et al., 1997; Nava et al., 2000). These
effects were antagonized by the CB1 cannabinoid recep-
tors antagonist SR 141716A, indicating that they are
mediated by the CB1 cannabinoid receptors (Gessa et al.,
1997; Carta et al., 1998; Lichtman and Martin, 1996;
Nava et al., 2000).

The first finding of the present study is that the
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reduction of both extracellular acetylcholine concen-
tration and correct alternation tasks in the T-maze pro-
duced by �9-THC challenge after a chronic drug admin-
istration is not time correlated, similar to observations
made after acute treatment (Carta et al., 1998; Nava et
al., 2000). Indeed, although the doses of �9-THC pro-
ducing cognitive impairment were the same as those
which inhibited extracellular hippocampal acetylcholine
concentration, the time-courses of the two effects were
not identical.

The different time-course raises the possibility that the
two phenomena may be dissociated. This possibility has
been suggested by Lichtman and Martin (1996) who
found that �9-THC-induced working memory impair-
ment was not reversed by physostigmine, as would have
been expected if acetylcholine reduction was responsible
for �9-THC amnesic effect. Moreover, several studies
have shown that cannabinoid inhibition of adenylate
cyclase produces a modulation of conductance at a volt-
age-dependent K + channel in the hippocampus without
cholinergic neuronal mediation (Childers and Dead-
wyler, 1996; Deadwyler et al., 1995), indicating that can-
nabinoids may affect hippocampal function in an acetyl-
choline-independent manner. The different time courses
of �9-THC effects suggest at least four alternative
hypotheses. The first possibility is that �9-THC effects
on hippocampal extracellular acetylcholine concen-
tration are not involved in the reduction of correct alter-
nation tasks in the T-maze. The second is that the extra-
cellular acetylcholine concentrations measured by means
of microdialysis technique do not accurately reflect the
changes in acetylcholine levels induced by �9-THC at
hippocampal synapses. The third is that the discrepancy
between the inhibition of acetylcholine release and the
reduction of correct alternation tasks in the T-maze is
the result of the dialysis probe placement in a hippocam-
pal area not coincident with the CA3 region controlling
memory processes. The fourth is that the inhibition of
hippocampal acetylcholine concentration and the
reduction of correct alternation tasks in the T-maze are
not directly correlated but may be controlled by a third
neurochemical system (Nava et al., 2000). A large body
of evidence is in favour of this last hypothesis (Nava et
al., 2000). On the other hand, acetylcholine is only one
of the neurotransmitters involved in the amnesiac effects
induced by cannabinoids.

The second and major outcome of this study is that
no tolerance to the negative �9-THC-effects developed
after chronic drug treatment. The molecular mechanisms
underlying the lack of tolerance both on the reduction
of extracellular acetylcholine concentration and correct
alternation tasks in the T-maze are still unknown. Toler-
ance to cannabinoids appears to result from both pharm-
acokinetic and pharmacodynamic changes. Some evi-
dence suggests that chronic treatment with the synthetic
cannabinoid agonist CP 55,940 increases the activity of

the microsomal cytochrome P450 oxidase system (Costa
et al., 1996). On the other hand, other studies have found
that a prolonged exposure to cannabinoids induce a brain
reduction (Breivogel et al., 1999; Fan et al., 1996;
Oviedo et al., 1993; Rodriguez de Fonseca et al., 1992)
and a desensitization (Rodriguez de Fonseca et al., 1994;
Sim et al., 1996) of CB1 cannabinoid receptors. How-
ever, irrespective of the mechanisms involved, due to
the fact that SR 141716A reverses the negative effects
induced by chronic �9-THC treatment (data not shown)
we cannot exclude a direct, although still unknown, role
of CB1 cannabinoid receptors in the control of the detri-
mental effects induced by a chronic treatment.

A large body of evidence indicates an involvement of
the dopaminergic system in the cognitive deficit induced
by cannabinoids. In fact, Jentsch et al. (1998) have found
that repeated and intermittent exposure to cannabinoids
elicits a reduction in prefrontal cortical dopamine trans-
mission which may account in part for memory deficits
induced by �9-THC. Indeed, our recent results have
shown that S(±)-sulpiride, a D2 dopamine receptor
antagonist, reverses the negative effects induced by �9-
THC (Nava et al., 2000). Furthermore, a recent study
by Wu and French (2000) showed that during chronic
treatment with �9-THC, the neurons of substantia nigra
pars compacta (SNpc) developed tolerance to the effects
of �9-THC, while the neurons of midbrain ventral teg-
mental area (VTA) exhibited continued increases of fir-
ing rate when challenged repeatedly with �9-THC. Inter-
estingly, these authors have demonstrated that no
tolerance develops after chronic �9-THC treatment to the
increase of firing of the meso-limbic and -cortical dopa-
minergic neurons (Wu and French, 2000). Since dopam-
ine release in the limbic and cortical areas is the neuro-
chemical substrate underlying the rewarding properties
of different drugs of abuse, including marijuana
(Gardner and Lowinson, 1991), the lack of tolerance to
the increase of firing rate in VTA neurons could rep-
resent a possible mechanism by which tolerance does not
develop to the euphorigenic effects induced by mari-
juana (Dewey, 1986; Perez-Reyes et al., 1991). On the
other hand, during a chronic �9-THC treatment, the hyp-
eractivity of dopaminergic system in the limbic and
cortical areas could be responsible of the persistent
memory deficits occurring during a chronic �9-THC
treatment or in chronic marijuana abusers (Chait and
Perry, 1994). The mechanisms by which chronic �9-
THC treatment does not induce tolerance in VTA neu-
rons remains unknown (Wu and French, 2000). Others
experimental data on animals have shown that a heavy
(10 mg/kg) and chronic �9-THC treatment (until 35
days) can induce, both in rats (Deadwyler et al., 1995)
and in monkeys (Branch et al., 1980), tolerance to the
memory disruptive effects induced by the drug. Con-
sidering the above studies, we may also suggest that a
long term and heavy �9-THC treatment may be sufficient
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to develop tolerance both to the reduction of acetylcho-
line release and correct alternation tasks in the T-maze.
The previous studies also confirm, together with our evi-
dence, that a heavy �9-THC and long-term treatment
does not necessarily induce persistent and irreversible
impairment of cognition. In fact, in our experiments, the
possibility that some residual �9-THC levels at 12 h
post-administration were substantially present may be
ruled out since neither reduction of correct alternation
tasks in the T-maze nor acetylcholine changes were
present in chronically treated rats when tested 12 h after
the last chronic �9-THC dose. However, there is still
some doubt as to whether a heavy use of marijuana may
induce persistent cognitive deficits. A recent work has
indicated that heavy use of marijuana is associated with
residual neuropsychological effects even after a day of
abstinence from the drug (Pope et al., 1995). However,
the question if chronic marijuana use induces persistent
cognitive deficits remains unsolved because we do not
know whether impairment is due to a residual effect of
the drug in the brain, to withdrawal from the drug, or to
a neurotoxic effect of marijuana (Pope et al., 1995).

Irrespective of the role of acetylcholine in �9-THC
amnesiac effects, the lack of tolerance to the memory
deficit is in agreement with the clinical observation that
cognitive impairment does not wean in chronic mari-
juana users (Chait and Perry, 1994). More complex is
the question regarding the cognitive performance over
the time in chronic marijuana abusers. A recent work
suggests that the memory deficit are worse in older long-
term cannabis users than in younger users or in cannabis
non-users (Fletcher et al., 1996). Neuroimaging studies
have shown any cerebral anatomical abnormalities in
chronic cannabis users (Co et al., 1997; Kuehnle et al.,
1997) although Volkow et al. (1996) have demonstrated
that in these subjects there is an alteration of cerebral
glucose metabolism. However, our findings showing that
the negative effects of �9-THC are not more present 12 h
after the last acute or chronic drug treatment supports
the view that �9-THC could not produce persistent dam-
ages in short-term memory processes (Stiglick and Kal-
ant, 1985), although the chronic cannabis abuse may
induce a reduction of several cognitive functions (Pope
and Yurgelun-Todd, 1996; Solowij, 1995).

The cognitive deficit induced by �9-THC remains the
most poorly understood aspect of the neurobiology of
cannabinoids. In fact, the molecular mechanisms under-
lying the lack of tolerance to the cognitive deficit
induced by a chronic �9-THC treatment, as well as, the
neurochemical basis of the reduction of cognitive func-
tions are not yet well known but they are under investi-
gation in our laboratories.
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