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Treatment of cocaine addiction is hampered by high rates of re-
lapse even after prolonged drug abstinence. This relapse to
compulsive cocaine use can be triggered by re-exposure to
cocaine’, by re-exposure to stimuli previously associated with
cocaine’ or by exposure to stress’. In laboratory rats, similar
events reinstate cocaine seeking after prolonged withdrawal pe-
riods*®, thus providing a model to study neuronal mechanisms
underlying the relapse to cocaine. The endocannabinoid system
has been implicated in a number of neuropsychiatric conditions,
including drug addiction’®. The active ingredient of marijuana,
A9-tetrahydrocannabinol, activates the mesolimbic dopamine
(DA) reward system®' and has rewarding effects in preclinical
models of drug abuse®'"'2. We report here that the synthetic
cannabinoid agonist, HU210 (ref. 13), provokes relapse to co-
caine seeking after prolonged withdrawal periods. Furthermore,
the selective CB1 receptor antagonist, SR141716A (ref. 14), at-
tenuates relapse induced by re-exposure to cocaine-associated
cues or cocaine itself, but not relapse induced by exposure to
stress. These data reveal an important role of the cannabinoid
system in the neuronal processes underlying relapse to cocaine
seeking, and provide a rationale for the use of cannabinoid re-
ceptor antagonists for the prevention of relapse to cocaine use.

To study the role of the cannabinoid system in relapse to cocaine
seeking, we used a ‘reinstatement model’"® in which we tested rats
for relapse behavior induced by drug or non-drug stimuli, follow-
ing extinction of the drug-taking behavior that was previously
maintained by cocaine. This preclinical model simulates the
human situation in which cocaine addicts relapse to compulsive
drug use after prolonged withdrawal periods'.

First we evaluated whether activation of cannabinoid recep-
tors by the synthetic cannabinoid agonist, HU210, would rein-
state cocaine seeking after a prolonged withdrawal period. In
daily two-hour sessions, rats were trained to nose poke for intra-
venous (i.v.) cocaine self-administration. Subsequently, respond-
ing for cocaine was extinguished in the absence of the drug for at
least 14 days. Rats were then tested under extinction conditions
(that is, cocaine was not available) for reinstatement of drug
seeking induced by systemic injections of HU210 or its vehicle.
We found that HU210 reinstates cocaine seeking in a dose-de-
pendent manner (Fig. 1a). This effect was reversed with the se-
lective CB1 receptor antagonist SR141716A. When given alone,
the cannabinoid antagonist did not modify baseline response
rates (Fig. 1b). These data indicate that the ‘relapse’ provoking ef-
fect of HU210 is mediated by CB1 receptors. The biphasic
dose-effect curve with HU210 observed here is similar to that ob-
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served in previous studies on the behavioral effects of this and
related compounds®'.

There is a general agreement that the central effects of the endo-
cannabinoids anandamide and 2-arachidonylglycerol are medi-
ated by CB1 receptors®?. Therefore, the CB1 receptor may
represent a target for a pharmacological intervention to prevent
relapse to cocaine seeking. To test this possibility, we determined
whether SR141716A would attenuate cocaine-seeking behavior.
First, we determined the effect of SR141716A on reinstatement of
cocaine seeking induced by non-contingent (priming) injections
of cocaine. Rats were trained for cocaine self-administration and
then underwent extinction for at least 14 days. On the test days,
rats received a computer-controlled, priming infusion of cocaine
(1.0 mg/kg, i.v.). Infusions of cocaine reinstated responding on the
previously cocaine-paired hole, an effect that was attenuated by
SR141716A (Fig. 2a).

Next, we studied reinstatement of cocaine seeking induced by
re-exposure to cocaine-associated cues, that is, a houselight that
previously predicted drug availability and a 15-second click/light
discrete cue that was associated with cocaine infusions. We
trained rats to nose poke for cocaine infusions for two weeks.
During subsequent extinction training, which lasted for three
weeks, the overhead light was not turned on at the start of each
session and nose poking had no consequences (cocaine infusions
and the click/light signal were not presented). On the test days,
the overhead light previously predicting cocaine availability was
turned on at the start of the session. In addition, every fifth nose
poke resulted in the presentation of the click/light signal (previ-
ously paired with cocaine infusions), but not in cocaine delivery.
Re-exposure to the cocaine-paired cues reliably reinstated extin-
guished responding on the previously active hole, an effect that
was attenuated by SR141716A in a dose-dependent manner (Fig.
2b). Thus, these data indicate that activation of the CB1 receptor is
involved in relapse to cocaine seeking induced by re-exposure to
cocaine or cocaine-associated cues.

Another well-documented stimulus to trigger relapse-like be-
havior in rats is brief exposure to a mild foot-shock stressor®. We
therefore tested the effect of SR141716A on stress-induced rein-
statement of cocaine seeking. Exposure to a 10-min intermittent
foot-shock stressor reinstated operant responding (Fig. 2¢). In con-
trast to the data above, however, this effect was not attenuated by
SR141716A. Thus, activation of the CB1 receptor does not appear
to contribute to relapse induced by an environmental stressor.

The doses of SR141716A used here are within the range previ-
ously shown to block neurochemical and behavioral effects of
cannabinoids, without affecting spontaneous motor activity®*.
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Fig. 1

for cocaine (n = 8 per dose).

The potent cannabinoid receptor agonist HU210 reinstates cocaine-seeking be-
havior. a, In animals withdrawn from i.v. cocaine self-administration during daily extinc-
tion sessions for 3 wk, reinstatement tests were performed during which animals were
primed with s.c. injections of HU210. HU210 produces a dose-dependent reinstatement
of responding in the previously cocaine-paired hole (W). F[1,54] = 9.77, P < 0.01, by
analysis of variance; *, P < 0.05; **, P<0.01; n=7-9 per dose. HU210 does not alter the
number of responses in the inactive hole (O), a measure of non-specific activity and/or
response generalization (P> 0.1). b, SR141716A has no effect on baseline nose poke re-
sponding, but the 1.0 mg/kg dose blocks HU210-induced reinstatement of responding

vious reports in which SR141716A decreased consump-
tion of sucrose'®. Procedural differences, such as limited
versus free access to sucrose and the measurement of
lever-pressing behavior versus drinking behavior may ac-
count for these discrepant results.

We have found that a cannabinoid agonist precipitates
relapse to cocaine seeking, whereas a CB1-receptor antag-
onist selectively reduces relapse behavior induced by co-
caine or by conditioned cocaine cues, but not relapse
induced by an environmental stressor. Previous studies
indicate that the mesolimbic DA system is involved in re-
instatement induced by re-exposure to cocaine or co-
caine-associated cues®. For example, cocaine seeking
induced by cocaine itself or by cocaine cues is attenuated
by DA receptor antagonists”. In addition, environmen-
tal cues previously paired with cocaine self-administra-
tion elevate DA levels in the amygdala®® and nucleus
accumbens (NAc)®, terminal regions of the mesolimbic
DA system. Moreover, increasing DA transmission by
morphine infusions into the ventral tegmental area
(VTA) or by amphetamine infusions in the NAc rein-
states drug-taking behavior'®. These observations are of

However, to further determine the specificity of the effect of
SR141716A on cue- and cocaine-priming-induced reinstatement of
cocaine seeking, we studied the effect of the CB1 receptor antago-
nist on the maintenance of cocaine self-administration and on the
self-administration of a 10% sucrose solution, a potent non-drug re-
inforcer in rats. SR141716A had no effect on cocaine or sucrose self-
administration behavior (Fig. 3). The lack of effect of SR141716A on
the maintenance of cocaine self-administration corroborates previ-
ous reports'*® indicating that blockade or the absence of the CB1 re-
ceptor does not alter the primary rewarding effects of cocaine.
However, the results with sucrose-trained rats are different from pre-
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Fig. 2 The cannabinoid CB1 receptor antagonist, SR141716A, attenuates
cocaine- and cue-induced reinstatement of cocaine-seeking behavior, but
not stress-induced reinstatement. a, Effect of SR141716A on cocaine-in-
duced reinstatement of responding in the previously cocaine-paired hole
(m) and in the inactive hole (O). Computer-controlled i.v. infusion of co-
caine (‘coc’, 1.0 mg/kg) selectively reinstates responding in the previously
cocaine-paired hole in animals in which responding for cocaine was extin-
guished for at least 14 d. F[1,42] = 87.7, P < 0.001; ***, P < 0.001). Pre-
treatment with SR141716A attenuates cocaine-induced responding.
F[1,44] = 21.2, P < 0.001; *, P < 0.02; **, P < 0.001; n = 7-9 per dose).
Responding in the inactive hole is not different from the saline i.v. control
condition (‘sal’). b, Effect of SR141716A on cue-induced reinstatement of
responding in the previously cocaine-paired hole (M) and in the inactive
hole (O). Rats are tested after 21 d of extinction of the cocaine self-adminis-
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particular interest because there is evidence that the re-
lease of the endogenous cannabinoid anandamide in the striatal
complex"” is mediated in part through activation of local DA D2-like
receptors®. Therefore, levels of DA elevated by cocaine or cocaine
cues may trigger the release of endocannabinoids. Thus, endo-
cannabinoids or synthetic cannabinoid agonists such as HU210
may mediate relapse to cocaine seeking by acting on CB1 receptors
downstream from the DA synapse. Alternatively, cannabinoids may
act upstream from DA synapses, by increasing the release of DA in
terminal regions of the mesolimbic DA system®'**, which in turn
induces reinstatement of cocaine seeking®. However, the possibility
that activation of CB1 receptors upstream of the DA synapse medi-
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tration behavior. Re-exposure to cocaine-associated cues reinstates re-
sponding in the previously cocaine-paired hole. F[1,41 ] =97.4, P < 0.001
by ANOVA; *** P < 0.001). In the presence of SR141716A, the increase of
responding is attenuated. F[1,58] = 13.94, P < 0.001; *, P < 0.05; **, P <
0.01; n = 9-12 per dose. Responding in the inactive hole is not different
from the ‘no cue’ condition. ¢, Effect of SR141716A on foot-shock-induced
reinstatement of responding on the previously cocaine-paired lever () and
on the inactive lever ((0). Exposure to 10 min of intermittent foot-shock re-
instates responding on the previously cocaine-paired lever. F[1,18] = 32.8,
P <0.001; ***, P<0.01. This effect of the stressor is not attenuated by pre-
treatment with SR141716A (P > 0.1; n = 9-10 per dose). However, the
cannabinoid antagonist somewhat increases responding on the inactive
lever in the shock condition (*, P < 0.05). SR141716A by itself does not pro-
duce any changes in basal responding in the 3 different experiments.
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ates the effect of the CB1 antagonist on relapse to cocaine is less
likely. Thus, whereas cannabinoid agonists were found to increase
DA release in the NAc via their indirect action on p-opioid receptors
in the cell-body region of the VTA (ref. 10), blockade of opioid re-
ceptors had no effect on cocaine-priming-induced reinstatement®.

Alternatively, the effect of SR141716A may be the result of the
reported inverse agonistic properties of this compound®*. This ex-
planation, however, is not likely to account for the data here. The
inverse agonist-like effect of SR141716A requires the presence of
constitutively activated CB1 receptors and should therefore be
most pronounced under basal conditions, when endogenous ago-
nist levels are low. Here, however, SR141716A by itself had no ef-
fect on behavior under basal conditions (Fig. 1b). A recent study in
humans, in which SR141716A was found to attenuate the effects
of smoked marijuana, did not report any physiological or psycho-
logical effects of the antagonist when given alone*.

We have found that the cannabinoid receptor antagonist does
not alter the primary rewarding effects of cocaine. This specific ef-
fect on relapse to cocaine seeking induced by cocaine and cocaine
cues, but not on stable drug self-administration behavior, is in
agreement with recent evidence suggesting that dissociable neu-
ronal mechanisms underlie these behaviors**?°. For example, it
was found that while D1-like receptor agonists are self-adminis-
tered by laboratory animals, they do not induce reinstatement of
cocaine seeking and even attenuate reinstatement induced by co-
caine priming injections*”’. In addition, recent studies indicate
that while the basolateral amygdala is involved in the secondary
rewarding effects of conditioned drug cues, the integrity of the
NAc is essential for responding for cocaine itself’**. Finally, the
lack of effect of SR141716A on reinstatement of cocaine seeking
induced by a foot-shock stressor is in agreement with recent re-
ports on pharmacological dissociation between stress- and drug-
induced reinstatement of drug seeking’. For example,
stress-induced reinstatement of heroin seeking is relatively insen-
sitive to DA receptor antagonists®, whereas, as mentioned above,
the DA system is critically involved in drug-priming and cue-in-
duced reinstatement'®. In contrast, brain corticotrophin-releasing
factor (CRF) and noradrenaline systems contribute to stress-, but
not drug-induced reinstatement of heroin and cocaine seeking®.

Recent studies in our laboratory show that cannabinoid re-
ceptors are also involved in relapse behavior in rats with a his-
tory of heroin self-administration. The cannabinoid receptor
agonist, HU210, was found to reinstate heroin seeking follow-
ing prolonged withdrawal periods, while cue-induced reinstate-
ment of heroin seeking was attenuated by the CB1 receptor
antagonist, SR141716A (T.J.D.V., unpublished data). We there-
fore propose that the ‘anti-relapse’ effect of SR141716A provides
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Fig.3 SR141716A does not affect the primary rewarding effects of cocaine
or sucrose. @, In animals trained to self-administer cocaine (0.5 mg/kg) on an
FR-5 schedule of reinforcement for 2 h/d, pre-treatment with SR141716A
(1.0 and 3.0 mg/kg; n =9 per dose) does not affect the number of cocaine
infusions (M) obtained (baseline responding was 40.1 £ 3.4 infusions per
2 h), nor the number of inactive responses (O). b, In animals trained to orally
self-administer a 10% sucrose solution for 1 h/d, pre-treatment with
SR141716A (n = 8 per dose) does not alter the number of sucrose infusions
(M) obtained, nor the number of inactive lever responses (0).

a rationale for the use of cannabinoid receptor antagonists for
the prevention of relapse in abstinent drug addicts.

Methods

Subjects. Male Wistar (Harlan, the Netherlands) or Long-Evans (Charles River,
Massachusetts) rats (300-400 g) were used. Catheters were implanted into
the jugular vein as described*®. Procedures were approved by the local Animal
Care and Use Committees and were done in accordance with NIH guidelines.

Drugs. SR141716A (National Institute of Mental Health’s Chemical Synthesis
and Drug Supply Program, Bethesda, Maryland) and HU210 (Tocris, Bristol,
UK) were dissolved in ethanol, Tween 80 and sterile saline (ratio 1:1:18) and
administered subcutaneously (s.c.). Cocaine HCl (OPG, Amsterdam, The
Netherlands; NIDA, Baltimore, Maryland) was dissolved in saline.

HU210-induced reinstatement. Rats were trained to self-administer cocaine
in operant chambers under a fixed-ratio 1 (FR-1) schedule of reinforcement
(each nose poke is reinforced) for 2-h daily sessions. Responding in the active
hole resulted in the infusion of cocaine (0.5 mg/kg). A houselight was turned
on during the daily sessions. For 15 s after each cocaine infusion, the house-
light was turned off and the infusions were accompanied by a click of an elec-
trical switch. Responding in the inactive hole had no consequences. When
rats acquired stable responding (usually within 5 sessions), the response re-
quirement was gradually increased to an FR-5 schedule of reinforcement
(every 5th response led to cocaine infusion). Subsequently, extinction ses-
sions (100 min), during which nose-poke responses had no consequences,
were conducted daily for at least 14 days or until the rats reached an extinc-
tion criterion of less than 10 responses on the previously active hole. On the
test days (conducted in a counterbalanced order under extinction condi-
tions), rats were given s.c. injections of the cannabinoid agonist HU210 or its
vehicle 10 min before the sessions. In an additional experiment, the effect of
the CB1 receptor antagonist SR141716A alone (30 min pre-treatment time)
on HU210-induced cocaine seeking was evaluated.

Cocaine-induced reinstatement. Rats were trained for cocaine self-adminis-
tration under an FR-1 schedule of reinforcement for 10-12 d. During subse-
quent daily 60-min extinction sessions (14 d), responding had no
consequences. 30 min after the onset of each extinction session, rats received
a computer-controlled infusion of saline (i.v.). On the test days, the condi-
tions were identical, but rats received a computer-controlled infusion of co-
caine (1.0 mg/kg, i.v.). Nose poking, in the absence of previously
cocaine-paired cues (the click/light signal) and without receiving further co-
caine infusions, served as a measure of relapse behavior. Vehicle or
SR141716A injections were given, in a counterbalanced order, 30 min before
the test sessions, which were conducted every 48-72 h.

Cue-induced reinstatement. Rats were trained to self-administer cocaine as
described above. During the extinction phase (21 d), cocaine was not avail-
able and the cues previously associated with cocaine availability (the house-
light) or cocaine infusions (the tone/light signal) were not presented. On the
test day, rats were tested under extinction conditions, but this time the
houselight was turned on. In addition, every 5th nose poke was accompanied
by the click of the electrical switch and the turning off of the houselight for
15 s. Vehicle or SR141716A was given, in a counterbalanced order, 30 min
before the 100-min test sessions, which were conducted every 48-72 h.

Stress-induced reinstatement. Rats were chronically housed in the operant
chambers and were trained to self-administer cocaine for 12 d (2 h/d). Each

1153



//medicine.nature.com

{8) © 2001 Nature Publishing Group http

ARTICLES .............................................

response on one (active) lever resulted in the delivery of cocaine (0.5 mg/kg)
and the illumination of a cue light for 15 s. Presses on the other (inactive)
lever were also recorded. The sessions began with the illumination of the
houselight and the insertion of the active lever. At the end of the sessions, the
houselight was turned off and the active lever was retracted. During the ex-
tinction phase (14 d), the conditions were the same as during self-administra-
tion training except that the cocaine syringes were removed. Tests for
foot-shock-induced reinstatement were conducted during 4 daily sessions,
which were separated by 48 h. The intermittent foot-shock stressor (0.6 mA,
0.5 s ‘on’ period; a mean ‘off’ period of 40 s) was given just prior to the test
sessions. Vehicle and SR141716A were given, in a counterbalanced order, 30
min before the start of the sessions.

Cocaine self-administration. The training conditions were identical to those
described above. After stable cocaine self-administration was obtained on an
FR-5 schedule, the effect of SR141716A (administered 30 min before the ses-
sion) or its vehicle on the drug-reinforced behavior was evaluated. Tests were
conducted every 2 d and the order of the administration of the SR141716A
doses was counterbalanced.

Sucrose self-administration. The self-administration chambers were fitted
with liquid drop receptacles. To facilitate acquisition of responding, rats were
water deprived for 21 h prior to the first session. Rats were trained to lever
press for a 10% sucrose solution (0.2 ml per reinforcer delivery; FR-1 sched-
ule) for 60 min/d. After stable lever responding was obtained, the effects of
SR141716A or its vehicle (given in a counterbalanced order every 2 d) on su-
crose self-administration were determined.
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