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Conditioned stimuli are important for nicotine dependence and may trigger craving and relapse after prolonged nicotine abstinence.

However, little is known about the pharmacology of this process. Among the systems that have been shown to play a role in drug-

seeking behavior is the endocannabinoid transmission. Therefore, the present study examined the resistance to extinction of drug-

seeking behavior elicited by nicotine-associated environmental stimuli and the effects of the selective CB1 cannabinoid antagonist

rimonabant (SR141716) on the reinforcing effects of nicotine-related stimuli. Rats were trained to self-administer nicotine (0.03 mg/kg/

injection, i.v.) under conditions in which responding was reinforced jointly by response-contingent nicotine injections and stimuli (light and

tone). After self-administration acquisition, nicotine was withdrawn and lever pressing was only reinforced by contingent presentation of

the audiovisual stimuli. Under such a condition, responding persisted for 3 months, following which nonpresentation of the cues

produced a progressive extinction of responding. As expected, rats trained to lever-press for saline injections paired with the audiovisual

stimuli did not acquire the self-administration. These findings indicate that the cues required learned association with nicotine to acquire

reinforcing properties and to function as conditioned reinforcers. When administered 1 month following nicotine withdrawal, rimonabant

(1 mg/kg, i.p.) decreased conditioned behavior. These results showing the persistence of a nicotine-conditioned behavior are congruent

with the role of nicotine-related environmental stimuli in nicotine craving in abstinent smokers. Rimonabant, which has been shown

previously to reduce nicotine self-administration, may be effective not only as an aid for smoking cessation but also in the maintenance of

abstinence.
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INTRODUCTION

The high rates of relapse commonly observed during the
first 6 months following smoking cessation have encour-
aged a search for treatment strategies that integrate
prevention of relapse (Silagy et al, 1994; Covey et al,
2000). Factors such as drug-associated environmental
stimuli, stress, or drug priming can trigger craving in
humans and drug-seeking behavior in laboratory animals
(Shaham et al, 2003; Sinha et al, 2000; Weiss et al, 2001;
Brody et al, 2002). Cue-induced drug-seeking behavior can
be measured in animals using second-order schedules of

drug reinforcement or extinction/reinstatement models
(Markou et al, 1993). In the former, operant responding is
maintained not only by the drug but also by drug-associated
stimuli that serve as conditioned reinforcers (Everitt and
Robbins, 2000; Schindler et al, 2002). In models of relapse,
extinguished drug-seeking behavior is reinstated by pre-
sentation of stimuli previously paired with the delivery of
the drug (Weiss et al, 2001; Shaham et al, 2003).

The mesolimbic dopaminergic system has been impli-
cated in mediating drug-seeking behavior under the
control of drug-conditioned cues. Presentation of cocaine-
paired stimuli increased dopamine release in the nucleus
accumbens and amygdala in rats (Weiss et al, 2000; Ito et al,
2000). Moreover, pretreatment with dopamine receptor
antagonists prevented cue-induced cocaine- and ethanol-
seeking behavior (Pilla et al, 1999; Ciccocioppo et al, 2001;
Liu and Weiss, 2002; Vorel et al, 2002). Although the
importance of conditioned cues in the acquisition of
nicotine self-administration has been demonstrated
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(Goldberg et al, 1981; Caggiula et al, 2001, 2002), the
mechanisms underlying nicotine-seeking behavior
induced by drug-associated stimuli have not yet been
investigated.

Evidence suggests that activation of endogenous canna-
binoid system plays a role in mediating the motivational
effects of drugs and drug-related stimuli. Pretreatment with
the cannabinoid CB1 receptor antagonist rimonabant
(SR141716; Rinaldi-Carmona et al, 1994) reduced nicotine,
ethanol, methamphetamine, and morphine self-administra-
tion in rodents (Arnone et al, 1997; Navarro et al, 2001;
Cohen et al, 2002; Vinklerova et al, 2002). Rimonabant also
blocked the acquisition of conditioned place preference
induced by morphine and cocaine (Chaperon et al, 1998).
Although rimonabant was reported not to reduce cocaine
self-administration, it prevented cocaine relapse induced by
cocaine and by cocaine-associated cues in rats (De Vries
et al, 2001). It also blocked heroin self-administration, and
relapse precipitated by heroin priming and heroin-asso-
ciated cues (De Vries et al, 2003).

The purpose of the present study was to investigate the
role of cannabinoid systems in the motivational effects of
nicotine-associated environmental stimuli in rats. Specifi-
cally, rats were trained to self-administer nicotine until
stable drug intake was maintained. Each nicotine injection
was paired with a brief tone and light cue. During
subsequent sessions, nicotine injections were discontinued
and responding produced the contingent presentation of the
tone and light. In previous studies with nicotine and other
drugs of abuse, activity in a novel environment was found to
be predictive of drug self-administration acquisition (Suto
et al, 2001; Piazza et al, 1989). Individual differences in
vulnerability to develop self-administration were also
correlated with locomotor responses to an acute injection
of amphetamine (Deminiere et al, 1989). In the studies
reported here, we first compared acquisition of nicotine
self-administration in rats screened for their locomotor
response to an acute injection of a stimulant dose of
nicotine. As expected, rats with high locomotor responses to
an acute injection of nicotine were more prone to self-
administer the drug than nonresponders. We therefore
used this procedure in all subsequent experiments in
order to avoid the surgery and training of rats that would
not acquire the self-administration. In a second experiment,
in order to verify that the light and tone cues did not
have any reinforcing effects per se, we compared responding
sustained by contingent presentation of a light/tone cue
paired with nicotine injections and with saline injections.
In a third experiment, after acquisition of the nicotine
self-administration, nicotine was withdrawn and respond-
ing maintained by conditioned cues was assessed repeatedly
for 3 months. At that time, extinction of behavior
was established by withdrawing the cues. In a fourth
experiment, responding was reinstated by contingent
presentation of the cues, after 1 month extinction. In our
last experiment, the ability of rimonabant to reduce
conditioned responding was evaluated 1 month after
nicotine withdrawal. As our model was slightly different
from those used traditionally to measure the role of drug-
associated stimuli on behavior (ie second-order schedules
of drug reinforcement or extinction/reinstatement models),
we verified its sensitivity to the blockade of dopaminergic

transmission by testing SCH23290, a selective dopamine D1

antagonist.

MATERIALS AND METHODS

Subjects

Male Sprague–Dawley rats (IFFA CREDO, France) weighing
between 200 and 220 g upon arrival were individually
housed in a temperature-controlled facility with a 12-h
reversed light/dark cycle (lights off at 0700). Animals were
restricted to a daily ration of 15–20 g of standard laboratory
food given at the end of each day and over the weekend.
Animals were housed and tested in accordance with current
European legislation on animal experimentation.

Drugs

Rimonabant was synthesized by Sanofi-Synthelabo, and
(�)nicotine ditartrate and SCH23390 hydrochloride were
obtained from Sigma, France. All doses are expressed as the
free bases. Rimonabant and SCH23390 were injected as
solutions or suspensions in saline containing two drops of
Tween 80. Rimonabant was administered i.p. 15 min and
SCH23390 s.c. 15 min before the session, and injection
volume was 2 ml/kg. Nicotine was delivered i.v. and each
nicotine infusion (0.03 mg/kg/infusion) was given in a
volume of 0.018 ml in 1 s. It was administered as a solution
(pH 7) in saline containing 0.05 N NaOH (10%).

Acquisition of self-administration was performed as
described previously with slight modifications (Cohen
et al, 2002, 2003).

Locomotor Screen

Rats were first selected on their locomotor response to a
stimulant dose of nicotine (0.6 mg/kg, s.c.), a procedure that
avoids the surgery and training of rats that would not
acquire the self-administration. Locomotor activity was
assessed in individual photocell activity cages
(39� 39� 16.5 cm high). Rats were placed in the activity
cages for a habituation period of 60 min. They were then
injected with nicotine (0.6 mg/kg, s.c.) and placed in the
activity cages for 30 min. This procedure reduced basal level
of activity to make the test more suitable to display
nicotine-induced hyperactivity (Cohen et al, 2003). Rats
that reached 100 photocell interrupts during the habituation
period and an increase in locomotor activity of at least 80
photocell interrupts after nicotine injection were selected
for nicotine self-administration. This criterion led to the
selection of about 50% of the animals.

Operant Training

After screening of their locomotor response to nicotine, the
rats were trained to press the left lever in standard two-lever
operant test chambers (MED-Associates Inc., Georgia, VT)
on a fixed-ratio 1 (FR1) schedule of 45 mg food pellet
reinforcement (Noyes, formula P, Lancaster, NH) in 15-min
sessions. There was no light in the experimental boxes
except for a red house light. Immediately after the rat was
put in the chamber, the fan was turned on. Each lever press
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was reinforced by a food pellet. Tone/light cues were
omitted during food reinforcement.

Surgery

After acquiring the operant behavior, animals were
anesthetized with a mixture of diazepam (3.3 mg/kg, i.p.)
and ketamine (70 mg/kg, i.p.) and implanted with a chronic
silastic catheter in the right jugular vein. Catheter patency
was checked and maintained by flushing with heparinized
saline (30 U/ml) and streptokinase (1000 U/ml) before and
after each self-administration session. Animals were given a
minimum of 5 days to recover from surgery prior to starting
self-administration sessions.

Nicotine Self-Administration

The beginning of the session was signaled by a 1 s cue light
above the active lever, a 1 s tone, and the fan that was turned
on automatically. Responding on the left lever (active lever)
was reinforced with nicotine (0.03 mg/kg/infusion) deliv-
ered in a volume of 0.018 ml in 1 s (Med Associates pump,
model PHM100), while responding on the right lever had no
consequence. Infusions were coupled to the onset of a 20 s
cue light above the active lever and a 1 s tone. During this
20-s period, lever pressing was counted but not reinforced.
The infusion pump was located outside the test chamber, so
that the sound produced by activation of the pump was
masked by the ventilator noise and could not serve as
nicotine-paired stimulus. At the beginning of nicotine self-
administration training (first three sessions), testing was
automatically stopped when rats had obtained 20 nicotine
infusions (to avoid nicotine overdose, ie convulsions) or
when 1 h had elapsed. Thereafter, the session duration was
set to 1 h and the number of nicotine infusions was not
limited. Nicotine self-administration was considered as
acquired when performance stabilized with at least 10
nicotine injections per session.

Conditioned Responding

Following nicotine self-administration training, rats were
given daily (five times per week) 1 h session during which
responding on the active lever produced the contingent
presentation of the 1 s tone and 20 s light cue but did not
activate the infusion pump. During this 20-s period, lever
pressing was counted but had no consequences.

Experiment 1: Acquisition of Nicotine
Self-Administration in Nicotine Responders
and Nonresponders

To compare acquisition of nicotine self-administration in
rats with different responses to the stimulant effect of
nicotine, eight rats (nicotine responders) with an increase in
activity score above 80 following nicotine administration
and six rats (nicotine nonresponders) with no increase in
activity score were trained to self-administer nicotine paired
with the presentation of the tone and light cue for 10
sessions, as described above.

Experiment 2: Responding Maintained by Cues Paired
with Nicotine or Saline Injections

In order to verify that the audiovisual cues could not
maintain responding if not paired with nicotine, rats were
trained to self-administer nicotine (n¼ 6) or saline (n¼ 10)
paired with the presentation of the tone and light cue for 10
sessions, as described above.

Experiment 3: Persistence and Extinction of
Conditioned Responding

Following nicotine self-administration, seven rats were
given 1 h session 3–5 times per week for 3 months (55–60
sessions) during which responding on the active lever
produced the contingent presentation of the nicotine
paired-stimuli, in the absence of nicotine, as described
above. Rats were then given 14 sessions during which lever
presses had no scheduled consequences.

Experiment 4: Extinction and Reinstatement of
Conditioned Responding

Following nicotine self-administration, two groups were
constituted. In group A, four rats were given 7–10 1 h
sessions during which responding on the active lever
produced the contingent presentation of the nicotine
paired-stimuli, in the absence of nicotine. They were then
given 20–30 sessions during which lever presses had no
scheduled consequences. During additional two sessions,
responding on the active lever produced the contingent
presentation of the nicotine paired-stimuli, in the absence
of nicotine (cues reinstatement). In group B, four rats were
given 20–25 sessions during which lever presses had no
scheduled consequences (no nicotine, no cues). During
additional two sessions, responding on the active lever
produced the contingent presentation of the nicotine
paired-stimuli, in the absence of nicotine (cues reinstate-
ment).

Experiment 5: Effects of Drugs on Conditioned
Responding

Rimonabant (0.1 and 1 mg/kg, i.p., n¼ 7) and SCH23390
(0.003, 0.01 and 0.03 mg/kg, s.c., n¼ 6) were tested on
conditioned responding. Rimonabant was administered
after 20 sessions of conditioned responding (1 month of
nicotine withdrawal). Another group of rats was tested
with SCH23390 after 30 sessions of conditioned responding.
Tests were performed twice a week separated by one
or two control sessions. Doses were administered in mixed
order.

Statistical Analysis

Since data from self-administration experiments were not
normally distributed, they were statistically analyzed using
square root transformation. In experiment 1, locomotor
activity data were analyzed using two-way ANOVA with
group (responders/nonresponders) and time as the two
factors, followed by Dunnett’s test. The number of
presses on the active and inactive levers was analyzed
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independently for nicotine responders and nonresponders
using two-way ANOVA with lever (active/inactive) and
session as the two factors, followed by Dunnett’s test.
The number of reinforced responses (ie number of
injections of nicotine paired with the audiovisual cues)
was analyzed using two-way ANOVA with group (nicotine
responders/nonresponders) and session as the two factors,
followed by Dunnett’s test. In experiment 2, the number
of presses on the active and inactive levers was analyzed
independently for nicotine self-administration and for
saline self-administration using two-way ANOVA with
lever (active/inactive) and session as the two factors,
followed by Dunnett’s test. The number of reinforced
responses (ie number of injections of saline or nicotine
paired with the audiovisual cues) was analyzed using two-
way ANOVA with group (saline/nicotine) and session as the
two factors, followed by Dunnett’s test. In experiment 3,
each phase was analyzed separately, that is, session 0 to
sessions 55–60 (cues only) and sessions 55–60 to session 14
(no nicotine, no cues). The number of responses was
analyzed using two-way ANOVA with lever (active/inactive)
and session as the two factors, followed by Dunnett’s test. In
experiment 4, each phase was analyzed separately for
each group: group A: session 0 to sessions 7–10 (cues only),
sessions 7–10 to 20–25 (no nicotine, no cues), and sessions
20–25 to session 2 (cues reinstatement); group B: session 0
to sessions 20–25 (no nicotine, no cues) and sessions
20–25 to session 2 (cues reinstatement). The number of
responses was analyzed using two-way ANOVA with
lever (active/inactive) and session as the two factors,
followed by Dunnett’s test. In experiment 5, drug effects
were analyzed using one-way ANOVA followed by Dun-
nett’s test. For each drug, the control value was the mean
value of performances taken from the session preceding
each drug test session.

RESULTS

Experiment 1: Acquisition of Nicotine
Self-Administration in Nicotine Responders
and Nonresponders

Locomotor activities of nicotine responders and nonre-
sponders were analyzed during the habituation phase and
after nicotine administration. ANOVA indicated a signifi-
cant group� time interaction (F(8, 96)¼ 4.58, po0.001).
Basal activity measured during the 1 h habituation period
before nicotine administration was not different between
nicotine responders and nonresponders. Nicotine respon-
ders, as expected, exhibited more locomotion in response to
an acute injection of nicotine than nonresponders during
the 20 min that followed the injection (po0.01). Figure 1
(top and middle panels) shows the number of responses on
the active and inactive levers in nicotine responders and
nonresponders. In nicotine responders, ANOVA revealed a
significant lever effect (F(1, 7)¼ 110.09, po0.01). Nicotine
responders showed significant higher active vs inactive lever
pressing from session 1 to 10 (po0.01). Session effect and
lever� session interaction were not statistically significant
(F(9, 63)¼ 0.71 and F(9, 63)¼ 1.23, respectively). There
were no statistically significant differences in either active
or inactive lever pressing between day 1 and other sessions.

Figure 1 Number of responses (means7SEM) emitted on the active
and inactive levers by nicotine responders (top panel, n¼ 8) and
nonresponders (middle panel, n¼ 6) when given the opportunity to
lever-press for nicotine paired with a light/tone cue for 10 1 h sessions.
*po0.05 ,**po0.01 compared to inactive lever, þ po0.05, þþ po0.01
compared to session 1. Bottom panel: number of reinforced responses
(means7SEM) in both groups. *po0.05, **po0.01 compared to nicotine
nonresponders.
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In nicotine nonresponders, ANOVA revealed a significant
lever effect (F(1, 5)¼ 321.46, po0.01) and lever� session
interaction F(9, 45)¼ 5.60, po0.01). The session effect was
not significant (F(9, 45)¼ 1.87, NS). In nicotine nonrespon-
ders, the number of responses on the active lever decreased
progressively (F(9, 95)¼ 4.99, po0.01). Active lever press-
ing was significantly reduced during sessions 6–8 and 10 as
compared to session 1. Nicotine nonresponders showed
significant higher active vs inactive lever pressing on
sessions 1–5 and 8–10. When comparing the number of
nicotine injections obtained by nicotine responders and
nonresponders, ANOVA revealed a significant group effect
(F(1, 12)¼ 6.40, po0.05) and group� session interaction
(F(9, 108)¼ 2.0, po0.05). Nicotine responders obtained
more nicotine injections than nonresponders on sessions
5–7 (Figure 1, bottom panel). Differences were close to
significance on sessions 8–10 (po0.07). Six nicotine
responders out of eight reached the self-administration
criterion at session 10, whereas one out of six reached it in
the nonresponder group. Given the poor performance
of nonresponders, they were not included in other
experiments.

Experiment 2: Responding Maintained by Cues Paired
with Nicotine or Saline Injections

Figure 2 (top and middle panels) shows the number of
responses on the active and inactive levers in rats when
given the opportunity to lever-press for nicotineþ cues or
salineþ cues. In rats responding for nicotine, ANOVA
revealed a significant effect of active vs inactive lever
(F(1, 10)¼ 44.8, po0.01). Session effect and lever� session
interaction were not statistically significant (F(9, 90)¼ 0.63
and F(9, 90)¼ 1.32, respectively). Rats showed significant
higher active vs inactive lever pressing from day 1 to 10.
There were no statistically significant differences in either
active or inactive lever pressing between day 1 and other
sessions. In rats responding for saline, ANOVA revealed a
significant effect of lever (F(1, 9)¼ 51.6, po0.01), session
(F(9, 81)¼ 3.59, po0.01), and lever� session interaction
(F(9, 81)¼ 5.11, po0.01). Rats showed significant higher
active vs inactive lever pressing from session 1 to 9. The
number of responses on the active lever decreased
progressively (F(9, 171)¼ 6.19, po0.01). Active lever press-
ing was significantly reduced during sessions 2 and 6–10 as
compared to session 1. When comparing the number of
nicotine vs saline injections obtained by rats, ANOVA
revealed a significant group effect (F(1, 19)¼ 13.0, po0.01)
and group� session interaction (F(9, 171)¼ 2.54, po0.05).
Rats self-administered more nicotine than saline injections
on all testing days except on days 1, 3, and 6 (Figure 2,
bottom panel). Further analysis indicated a significant
session effect for the saline group (F(9, 171)¼ 2.88,
po0.01). Differences in the number of saline injections
were significant between session 1 and sessions 7, 9,
and 10. When given access to nicotine, 10 out of 11 rats
reached the self-administration criterion at session 10,
whereas when given access to saline, three out of 10
erratically reached it. Given the poor performance of rats
under the salineþ cue condition, they were not included in
other experiments.

Figure 2 Number of responses (means7SEM) emitted on the active
and inactive levers by rats when given the opportunity to lever-press for
nicotine (top panel, n¼ 6) or for saline (middle panel, n¼ 10) injections
paired with a light/tone cue for 10 1 h sessions. *po0.05, **po0.01
compared to inactive lever, þþ po0.01 compared to session 1. Bottom
panel: number of reinforced responses (means7SEM) in both conditions.
*po0.05, **po0.01 compared to saline, þþ po0.05 compared to
session 1.
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Experiment 3: Persistence and Extinction of
Conditioned Responding

Figure 3 shows responses on the active (reinforced lever)
and inactive lever during the last day of nicotine self-
administration (cues plus nicotine injections), on sessions
1, 7, 14, 21, 28, 35, 42, 49, and 55–60 following nicotine
withdrawal (cues only) and on sessions 1–14 following cues
withdrawal (no nicotine, no cues). For the first phase (cues
only), ANOVA indicated significant lever effect
(F(1, 6)¼ 45.73, po0.01) and lever� day interaction
(F(9, 54)¼ 2.27, po0.05). Day effect was not statistically
significant (F(9, 54)¼ 1.03, NS). When nicotine was with-
drawn, the number of responses on the active lever with
contingent presentation of the cues was maintained for up
to 55–60 sessions (ie about 3 months at the rate of 3–5
sessions per week) at the same rate as during nicotine self-
administration. For the second phase (no nicotine, no cues),
ANOVA indicated significant lever effect (F(1, 6)¼ 64.88,
po0.01), day effect (F(14, 84)¼ 5.62, po0.01), and lever�
day interaction (F(14, 84)¼ 3.42, po0.01). When the cues
were withdrawn, responding on the active lever was
progressively extinguished.

Experiment 4: Extinction and Reinstatement of
Conditioned Responding

Figure 4 (top panel) shows responses for group A on the
active (reinforced lever) and inactive lever during the last
day of nicotine self-administration (cues plus nicotine
injections), on sessions 1–6 and on the last session (ie 7 or
10) following nicotine withdrawal (cues only), on sessions
1–14 and on the last session (ie 20 or 25) following cues
withdrawal (no nicotine, no cues), and on sessions 1 and 2
following cues reinstatement. For the first phase (cues only),
ANOVA indicated significant lever effect (F(1, 3)¼ 24.18,

po0.05). Session effect (F(7, 21)¼ 0.58, NS) and lever�
session interaction (F(7, 21)¼ 0.85, NS) were statistically
not significant. When nicotine was withdrawn, the number
of responses on the active lever with contingent presenta-
tion of the cues was maintained at the same rate as during
nicotine self-administration. For the second phase (no
nicotine, no cues), ANOVA indicated significant lever effect
(F(1, 3)¼ 22.16, po0.05) and session effect (F(15, 45)¼
4.37, po0.01). Lever� session interaction was not statisti-
cally significant (F(15, 45)¼ 1.54, NS). When the cues were
withdrawn, responding on the active lever was progressively
extinguished. For the third phase (cues reinstatement),
ANOVA indicated significant lever effect (F(1, 3)¼ 40.93,
po0.01), session effect (F(2, 6)¼ 10.76, po0.05), and
lever� session interaction (F(2, 6)¼ 15.61, po0.01). When
the cues were reintroduced, responding increased and
reached the same response rates as before extinction.

Figure 4 (bottom panel) shows responses for group B on
the active (reinforced lever) and inactive lever during the
last day of nicotine self-administration (cues plus nicotine
injections), on sessions 1–14 and on the last session (ie 20
or 25) following nicotine and cues withdrawal (no nicotine,
no cues), and on sessions 1 and 2 following cues
reinstatement. For the first phase (no nicotine, no cues),
ANOVA indicated significant lever effect (F(1, 3)¼ 12.03,
po0.05), session effect (F(15, 45)¼ 3.71, po0.01), and
lever� session interaction (F(15, 45)¼ 3.17, po0.01). When
both nicotine and cues were withdrawn, responding on the
active lever was progressively extinguished. For the second
phase (cues reinstatement), ANOVA indicated significant
session effect (F(2, 6)¼ 6.01, po0.05). Lever effect
(F(1, 3)¼ 5.04, NS) and lever� session interaction
(F(2, 6)¼ 1.69, NS) were not significant. When the cues
were reintroduced, responding increased and reached the
same response rates as before extinction, however with high
individual variability.

Figure 3 Number of presses on the active and inactive levers (means7SEM, based on seven rats) during the last session of nicotine self-administration
(nicotineþ cues), at 1, 7, 14, 21, 28, 35, 42, 49, and 55–60 sessions (ie 1, 10, 20, 30, 45, 55, 65, 75, 90–95 days) following nicotine withdrawal (cues only) and
at 1–14 sessions (ie 1–20 days) following cue withdrawal (no nicotine, no cues). *po0.05, **po0.01 compared to inactive lever, }}po0.01 compared to
sessions 55–60.
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Experiment 5: Effects of Drug Treatment on
Conditioned Responding

As shown in Figure 5, rimonabant, at a dose of 1 mg/kg i.p.,
decreased the number of responses on the active lever
(F(2, 12)¼ 3.97, po0.05) and had no significant effects on
the number of presses on the inactive lever (F(2, 12)¼ 2.61,
NS). As shown in Figure 6, SCH23390 at 0.01 and 0.03 mg/kg
reduced the number of presses on the active lever
(F(3, 15)¼ 18.48, po0.01) and had no significant effects
on the number of presses on the inactive lever
(F(3, 15)¼ 1.37, NS).

DISCUSSION

The present results indicate, in agreement with previous
report with amphetamine (Deminiere et al, 1989), that rats
with high locomotor responses to an acute injection of
nicotine were more prone to self-administer the drug than
nonresponders. Even though a small number of animals
were included in the experiment, differences in the level of
performance reached by nicotine responders and nonre-
sponders, that is, number of nicotine infusions and active vs
inactive lever pressing, were statistically significant. This
procedure was therefore used in all subsequent experiments

Figure 4 Top panel (group A): number of presses on the active and inactive levers (means7SEM, based on four rats) during the last session of nicotine
self-administration (nicotineþ cues), on sessions 1–6 and on the last session (ie 7 or 10) following nicotine withdrawal (cues only), on sessions 1–14 and on
the last session (ie 20 or 25) following cues withdrawal (no nicotine, no cues), and on sessions 1 and 2 following cues reinstatement. **po0.01 compared to
inactive lever, }po0.05, }}po0.01 compared to the last ‘cues-only’ session, ##po0.01 compared to the last ‘no nicotine, no cues’ session. Bottom panel
(group B): number of presses on the active and inactive levers (means7SEM, based on four rats) during the last session of nicotine self-administration
(nicotineþ cues), on sessions 1–14 and on the last session (ie 20 or 25) following cues withdrawal (no nicotine, no cues), and on sessions 1 and 2 following
cues reinstatement. *po0.05, **po0.01 compared to inactive lever, þ po0.05, þþ po0.01 compared to the last ‘nicotineþ cues’ session, #po0.05
compared to the last ‘no nicotine, no cues’ session.
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in order to avoid the surgery and training of rats that would
not acquire the self-administration. Further, this is a
clinically relevant procedure that focused on subjects
susceptible to develop a nicotine self-administration
behavior.

The importance of nicotine-associated cues in extinction
of nicotine-seeking behavior was clearly demonstrated by
the present finding that nicotine-associated cues can sustain
responding, even after several months of nicotine absti-
nence. In contrast, cues paired with saline delivery did not
acquire motivational effects. Previous studies have shown
that contingent presentations of cocaine- (but not heroin-)
associated stimuli retarded extinction of behavior under
second-order schedules of reinforcement (Arroyo et al,
1998; Alderson et al, 2000) and that cocaine- and ethanol-
associated stimuli reinstated responding several weeks after
self-administration behavior has been extinguished (Cicco-
cioppo et al, 2001; Liu and Weiss, 2002). Here we report that
conditioned stimuli can maintain responding after extensive
testing in the absence of the drug. Conditioned responding
was still observed following 60 testing sessions (ie 3
months) without nicotine reinforcement. Removal of the

cues following 3 months of nicotine withdrawal produced a
progressive decrease of responding. In addition, it was
shown in a separate experiment that responding could be
reinstated by contingent presentation of the cues, after 1
month extinction (ie testing with no nicotine and no cues
reinforcement). Cues-induced reinstatement of operant
responding was more consistent across animals when an
intermediate period of conditioned responding was intro-
duced in between nicotineþ cues self-administration and
extinction, suggesting that this intermediate testing period
has consolidated the appetitive value of the cues. Environ-
mental cues are particularly important for nicotine self-
administration acquisition (Goldberg et al, 1981; Caggiula
et al, 2001). Adding cues to nicotine has been shown to
increase the average number of infusions and the propor-
tion of rats that acquired the self-administration (Caggiula
et al, 2002).

It is possible that nicotine through its action on memory
processes may particularly promote associative mechanisms
(Olausson et al, 2003). Nicotine facilitates several important
aspects of cognitive processes including attention, learning,
and memory in several animal models (Rezvani and Levin,

Figure 5 Effects of rimonabant on the number of presses (means7
SEM) on the active and inactive levers. Rimonabant was administered after
20 sessions of conditioned responding. Session duration was 1 h. *po0.05
compared to control values.

Figure 6 Effects of SCH23390 on the number of presses (means7SEM)
on the active and inactive levers. SCH23390 was administered after 30
sessions of conditioned responding. Session duration was 1 h. **po0.01
compared to control values.
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2001). The hippocampus, frontal cortex, and midbrain
dopamine nuclei have been found to be important
sites of action for nicotinic involvement in memory
function. For instance, nicotine might improve ability
to focus attentional resources on task-relevant stimuli
through an action on cortical cholinergic neurotransmis-
sion, resulting in increased salience of target stimuli.
Moreover, our rat selection based on a pharmacological
susceptibility (ie sensitivity to the stimulant effects of
nicotine) might have helped screening rats particularly
capable to associate discrete stimuli to the delivery of
nicotine and/or to promote the acquisition of motivational
properties by nicotine-associated stimuli. It has not been
possible to test conditioned behavior in nicotine non-
responder rats as they failed to acquire nicotine self-
administration.

Recent evidence from studies of reinstatement of
drug-seeking behavior after termination of drug taking
demonstrated that the interval elapsed since a drug was
last self-administered affected drug seeking. Responding
elicited by drug-associated cues increased over 2 months of
cocaine withdrawal (Grimm et al, 2001). Similarly, rats’
sensitivity to stress-induced reinstatement was higher
following 6, 12, and 25 days of heroin withdrawal than
after 1 day of withdrawal (Shalev et al, 2001). In the present
study, conditioned responding did not increase linearly
over time. A larger number of rats would be necessary to
pinpoint a withdrawal period effect. In addition, in
our experiments, the same rats were repeatedly tested for
60 sessions, whereas in the cocaine and heroin withdrawal
studies, different group of animals were used for each
time point.

We have shown previously that the CB1 antagonist,
rimonabant (0.3 mg/kg, i.p.), reduced nicotine self-admin-
istration in rats (Cohen et al, 2002). Here, we report that
rimonabant (1 mg/kg, i.p.) reduced responding maintained
by nicotine-associated cues, in the absence of nicotine. The
lack of effects of rimonabant on the inactive lever presses is
of limited use in providing a conclusive control for motor
artifacts because of the low response rates. However, at this
dose, the drug did not produce any gross behavioral
effects (Arnone et al, 1997), suggesting that the reduction
of conditioned responding did not result from nonspecific
(motor) deleterious effects. In addition, it has been reported
that rimonabant did not affect operant responding for
food (Navarro et al, 2001), or a 10% sucrose solution
(De Vries et al, 2001) or cocaine injections (Fattore
et al, 1999), suggesting that it did not affect the reward
system per se.

In a previous study, we have identified mesolimbic
dopaminergic transmission as a possible neurochemical
substrate of rimonabant-induced reduction of nicotine self-
administration (Cohen et al, 2002). Indeed, rimonabant
reduced the dopamine-releasing effects of nicotine as
assessed by brain microdialysis and drug discrimination.
A large body of evidence has shown that dopaminergic
transmission plays a role in conditioned responses asso-
ciated with drugs (Everitt et al, 2001; Shaham et al, 2003).
As expected, the D1 dopamine antagonist SCH23390 (0.01
and 0.03 mg/kg) was found to reduce responding for
conditioned cues. At the lowest dose, the drug has been
shown to reduce locomotor activity induced by nicotine or

by nicotine-associated cues without impairing motor
performance (O’Neill et al, 1991; Bevins et al, 2001).
Functional imaging studies in nicotine- and cocaine-
dependent individuals have shown that exposure to drug-
related stimuli elicits craving and activates brain regions
associated with arousal, compulsive repetitive behaviors,
sensory integration, and episodic memory (Brody et al,
2002; Childress et al, 1999). Prefrontal cortical and limbic
regions are also activated by nicotine- and cocaine-
associated cues in rats, as measured by increased gene
expression and dopamine release (Schroeder et al, 2001; Ito
et al, 2000; Ciccocioppo et al, 2001; Phillips et al, 2003).
Lesions of the basolateral amygdala or the prefrontal cortex
disrupted responding maintained by cocaine-associated
cues (McLaughlin and See, 2003). Intrabasolateral amygdala
injections of SCH23390 blocked cue-induced reinstatement
of cocaine seeking (See et al, 2001). Hippocampal,
amygdala, and prefrontal cortex mechanisms may influence
cocaine seeking through their convergent projections to the
nucleus accumbens (Everitt et al, 2001). CB1 receptors are
densely expressed in the amygdala, cortex, and hippocam-
pus (Mailleux and Vanderhaeghen, 1992), and cannabinoid
agonists have been shown to inhibit excitatory inputs from
these brain regions to neurons in the nucleus accumbens
shell (Pistis et al, 2002), suggesting several sites of action for
rimonabant in drug addiction phenomena. The transition
from voluntary drug seeking to a compulsive habit may also
depend on the disruption of executive control provided by
descending influences on striatal mechanisms from the
prefrontal cortex. Persistent changes in striatal function
during the progression of addiction might be brought about
by mechanisms of long-lasting synaptic plasticity (Gerde-
man et al, 2003). Recent studies have revealed that in the
striatum, such mechanisms are strongly regulated by
dopamine signaling and are also influenced by other
signaling systems such as the endocannabinoid system. It
is possible that nicotine-associated cues stimulate dopamine
neurotransmission in specific brain regions as it was shown
for cocaine-associated cues (Ito et al, 2000, 2002; Phillips
et al, 2003). Rimonabant might prevent such activation and/
or its effects on postsynaptic transmission (Cohen et al,
2002).

In conclusion, the present study demonstrated the
persistence of a conditioned behavior maintained by
nicotine-related cues and extends existing evidence for a
role of cannabinoid transmission in conditioned responses
associated with drugs. We have shown previously that
rimonabant reduced the dopamine-releasing and motiva-
tional effects of nicotine. We report here that rimonabant
also reduced responding maintained by nicotine-condi-
tioned cues, even after several months of nicotine absti-
nence, suggesting that the compound may be effective not
only as an aid for smoking cessation but also in the
maintenance of abstinence.
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