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Abstract

Rationale We previously reported that the CB1 cannabi-
noid receptor antagonist, rimonabant, impaired the acquisi-
tion and the short-term (24 h), but not long-term (3 weeks),
expression of conditioned place preference (CPP) induced
by nicotine in rats.

Objective To assess the time interval of efficacy of a single
pretest injection of rimonabant to abolish nicotine—CPP,
and the effects of chronic CB1 receptor blockade on long-
term expression of nicotine—CPP.

Materials and methods Wistar rats were conditioned to
nicotine (0.06 mg/kg, subcutaneous) using an unbiased
one-compartment procedure. Two test sessions were con-
ducted 24 h (without injection) and 1, 2, or 3 weeks later.
Rimonabant (3 mg/kg, intraperitoneal) or vehicle was
administered daily between the two test sessions. In
addition, the CBIl-stimulated [*>S]GTP-y-S binding was
assessed in rats from the 3-week experiment.

Results The capacity of a single injection of rimonabant
(3 mg/kg, 30 min pretest) to block the expression of
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nicotine—CPP disappeared within 1 week after condition-
ing. Daily administrations of rimonabant for 6, 13, or 20
days postacquisition did not impair nicotine-CPP but
allowed an additional pretest injection of rimonabant to
retain its capacity to abolish long-term expression of
nicotine—CPP. The CBI1 receptor-mediated G-protein
signaling was not altered in various brain areas of rats
given rimonabant for 3 weeks.

Conclusions The endocannabinoid system is essential to
the expression of nicotine~CPP during less than 1 week
after conditioning but not later. However, endocannabinoid-
dependent mechanisms are critically involved in the
development of the neuroadaptive changes responsible for
the shift from CBl-dependent to CBl-independent
expression of nicotine incentive learning.

Keywords Nicotine - CB1 cannabinoid receptor -
Rimonabant - Conditioned place preference -
Neural plasticity - Rat

Introduction

Tobacco and cannabis are among the most widely con-
sumed drugs of abuse in humans. Nicotine is the principal
component of tobacco smoke that leads to addiction, and
A°-tetrahydrocannabinol (A°-THC) is the major psychoac-
tive component of cannabis. They exert their primary effect
at specific receptors, which are especially abundant in the
central nervous system. Nicotine activates several subtypes
of neuronal nicotinic acetylcholine (nACh)-gated ion
channel receptors, formed by the combination of five «
and 3 subunits. Heterooligomeric nACh receptors contain-
ing the 32 and «4 subunits have been convincingly
involved in the reinforcing effects of nicotine whereas this
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role is still debated for «7 homooligomeric receptors
(Pidoplichko et al. 2004; Tapper et al. 2004). On the other
hand, A°-THC activates CB1 and CB2 cannabinoid Gi/o-
protein-coupled receptors (Pertwee 1999), at which anan-
damide and 2-arachidonoyl glycerol (2-AG) act as
endogenous agonists (van der Stelt and Di Marzo 2003).
Central effects of cannabinoids are thought to be mediated
by the CB1 receptor because most of them are abolished by
the potent and selective CB1 receptor antagonist, rimona-
bant (Rinaldi-Carmona et al. 1995), and are not observed in
CB1 receptor knockout (KO) mice (Ledent et al. 1999;
Zimmer et al. 1999).

A large body of congruent data support the idea that the
endogenous cannabinoid system plays a key role in brain
mechanisms underlying the motivational effects of drugs of
abuse and drug-related stimuli. Thus, CB1 receptor block-
ade decreased nicotine, ethanol, methamphetamine, mor-
phine, and heroin self-administration in rodents (Arnone et
al. 1997; Navarro et al. 2001; Cohen et al. 2002; Vinklerova
et al. 2002; De Vries et al. 2003), though it is generally
ineffective in reducing cocaine self-administration (Tanda et
al. 2000; De Vries et al. 2001). Rimonabant was also shown
to prevent the establishment of conditioned place prefer-
ence (CPP) supported by morphine, cocaine, and nicotine
(Chaperon et al. 1998; Forget et al. 2005) and to block cue-
induced reinstatement of cocaine, heroin, ethanol, and
nicotine-seeking behavior (see, e.g., De Vries and
Schoffelmeer 2005 and Le Foll and Goldberg 2005 for
reviews). Furthermore, no rewarding effects of morphine
and nicotine could be detected in CB1 receptor KO mice
(Martin et al. 2000; Castané et al. 2002).

When administered acutely, rimonabant could also
impair the expression of nicotine-induced CPP (Le Foll
and Goldberg 2004; Forget et al. 2005). However,
inhibition of this behavior was effective when rimonabant
was administered 24 h after the last conditioning session
but not when the CB1 receptor antagonist was given 3 or
12 weeks after conditioning (Forget et al. 2005). These
results suggest a differential involvement of the endocan-
nabinoid system in the short- and long-term expression of
incentive learning supported by nicotine. The present
studies were designed to (1) determine the time interval
after the conditioning phase during which a single pretest
injection of rimonabant remains efficient to abolish the
expression of CPP to nicotine, (2) examine the effects of a
chronic blockade of CBI1 receptors during the period
between the conditioning phase and the test session (1, 2,
or 3 weeks) on long-term expression of nicotine-induced
CPP, and (3) investigate the consequences of nicotine
conditioning followed by a 3-week chronic treatment with
rimonabant on the functional G-protein coupling of CBI1
receptors in brain areas potentially involved in incentive
learning.
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Materials and methods
Animals

The experiments were carried out on drug- and test-naive
male Wistar AF rats (CERJ, Le Genest, France). They were
5-week-old (150-160 g) upon their arrival in the laboratory
and weighed 225-245 g at the beginning of the experi-
ments 2 weeks later. The rats were housed eight per cage
(40x40x18 cm) under standard conditions (12 h light—
dark cycle with light on at 0730 hours; room temperature
21£1°C) with free access to water in their home cage. One
week before the beginning of the experiments, the rats
were brought daily from the animal housing facility to the
laboratory; they were handled, weighed, and given a
subcutaneous (s.c.) injection of nicotine (0.06 mg/kg) on
Monday, Wednesday, and Friday, or saline on alternate
days, immediately before being returned to their home
cage. From this first week onward, they were placed on a
daily schedule of mild food restriction (150 g of standard
chow per day for eight rats, given as a single meal in the
evening), which was maintained until the end of the
experiment, as food restriction has been reported to
enhance the rewarding effects of drugs of abuse (Bell et
al. 1997; Carr 2002). Experiments were performed in
agreement with the institutional guidelines for use of
animals and their care, in compliance with national and
international laws and policies (Council directive no. 87-
848, October 19, 1987, Ministére de 1’ Agriculture et de la
Forét, Service Véteacute;rinaire de la Santé et de la
Protection Animale, permissions no. 75-116 to MH and
75-118 to MHT).

Place conditioning paradigm
Apparatus

The experiments were conducted in a one-compartment
apparatus, using an unbiased experimental design, as
previously described (Forget et al. 2005). Briefly, the rats
were trained and tested in four black wooden open-fields
(76 x76x50 cm) located in a room dimly lit with four 15 W
red light bulbs, positioned 150 cm above each open-field
(1 Ix at floor level), and supplied with continuous masking
noise (60 dB). The floor of each open-field was covered
with removable quadrants made of one of two textures,
wire mesh, or rough Plexiglas. These textures were chosen
on the basis of previous studies indicating that naive rats
exhibited no unconditioned preference for one of them.
Video cameras, mounted above each open-field, were
connected with controlling equipment located in the
adjacent room.
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Experimental procedure

The general procedure consisted of two phases: condition-
ing and testing. Each rat was subjected to eight 30-min
conditioning sessions (one session per day) in an open-field
(always the same for each rat) whose four floor quadrants
were of the same texture. Nicotine (0.06 mg/kg, s.c.), or its
vehicle for the control group, was administered immediate-
ly before sessions 1, 3, 5, and 7, paired with one floor
texture. Saline was injected (same administration schedule)
before sessions 2, 4, 6, and 8, paired with the other floor
texture. Nicotine—texture pairings were counterbalanced so
that within each treatment group, nicotine would be
associated with the wire mesh floor for half of the rats
and with the Plexiglas floor for the other half. For each
experiment, two 20-min test sessions were conducted in the
same open-field whose floor was covered with two
quadrants of the saline-paired texture and two quadrants
of the nicotine-paired texture. Quadrants of the same
texture were positioned diagonally opposite to each other.
The first test session, conducted on day 9, i.e., 24 h after the
last conditioning session, aimed at assessing the establish-
ment of CPP to nicotine. Rats received no injection before
this “probe test”. The second test session, preceded by
repeated administrations of rimonabant (see below), was
conducted either 7, 14, or 21 days later. The time (in
seconds) spent on each texture and the distance traveled (in
centimeters) were automatically recorded by means of the
video system and analyzed by appropriate software
(SuperG Software, Hans C. Neijt; Novartis Pharma, Basel,
Switzerland). Briefly, the cameras were connected to a
frame grabber (type DT3155; Data Translation, Marlboro,
MA, USA). Every second, the digitized frame was
compared with the previously stored frame, whereby the
pixels with altered intensity were identified and used to
compute the position of the rat and the distance traveled.
Half of the time spent on the dividing lines was added to
the total time spent on the nicotine- and the saline-paired
textures.

Treatment schedules

Three independent experiments were performed to assess
the effects of postacquisition repeated intraperitoneal (i.p.)
administrations of rimonabant [3 mg/kg per day, a dose
chosen on the basis of previous study (Forget et al. 2005)]
on the long-term expression of nicotine-induced CPP. These
experiments were conducted according to the same treat-
ment schedule and differed by only the number of days
elapsing between the “probe test” and the second test
session, i.e., 7, 14, or 21 days.

The rats were subjected to the acquisition phase of place
conditioning to nicotine (0.06 mg/kg, s.c.) and to the probe

test (without injection) as described above. In each
experiment, the rats were divided into four treatment
groups matched according to the time spent on the
nicotine-paired texture during the probe test. Chronic
treatments were then administered intraperitoneally daily
between 1600 and 1700 hours, from day 10 (i.e., the day
after the probe test) until the day before the second test
session, and animals were given an additional injection 30
min before the test session. The rats of group 1 received
vehicle daily and 30 min before the second test session
(“Veh/Veh” group). The rats of group 2 were given vehicle
daily and rimonabant (3 mg/kg) 30 min before the test
session (“Veh/R3” group). The rats of group 3 received
rimonabant (3 mg/kg) daily and vehicle 30 min pretest
(“R3/Veh” group). The rats of group 4 received rimonabant
(3 mg/kg) daily and an additional dose 30 min before the
test session (“R3/R3” group).

In “Experiment 17, the rats were given six chronic
plus one acute injections, and the second test session was
performed 7 days after the probe test. In “Experiment 27,
there were 13 chronic plus one acute injections, and the
two test sessions were conducted 14 days apart. In
“Experiment 3”, the rats received 20 daily plus one acute
injections, and 21 days elapsed between the two test
sessions. “Experiments 1 and 3” included an additional
“Saline control” group of animals which never received
nicotine (i.e., given saline only during the conditioning
phase) and which were subjected to the schedule of
chronic plus acute intraperitoneal injections of the vehicle
of rimonabant.

Quantitative autoradiography of CB1 receptor-mediated
[*>S]GTP-y-S binding

This study was conducted in rats used for “Experiment 3”
(chronic rimonabant for 3 weeks). Twenty-four hours after
the second test session, five randomly selected rats from
each of the “Saline control”, the “Veh/Veh”, and the “R3/
R3” nicotine groups were decapitated; their brains were
rapidly removed and frozen in isopentane chilled at —30°C
with dry ice. Coronal sections (20 um thick) were cut in a
cryostat at —20°C, thaw-mounted onto superfrost slides,
and then stored at —80°C until use.

Autoradiography of agonist-stimulated [*>S]GTP-y-S
binding was performed according to published procedures
with slight modifications (Breivogel et al. 1999; Fabre et al.
2000). Briefly, brain sections were (1) preincubated at 25°C
for 10 min in 50 mM of Trizma base (Tris), pH 7.4,
supplemented with NaCl (100 mM), MgCl, (3 mM), EGTA
(0.2 mM) and bovine serum albumin (0.5% w/v), then (2)
incubated for 15 min in the same buffer with 2 mM
guanosine-5"-diphosphate sodium salt and 10 uM 8-cyclo-
pentyl-1,3-dipropylxanthine (DPCPX, an Al adenosine
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receptor antagonist) to decrease background labeling
(Laitinen and Jokinen 1998). Thereafter, sections were
incubated for 2 h at 25°C in the same (but fresh) buffer into
which 0.05 nM [**S]JGTP-y-S (1,000 Ci/mmol) had been
added without (basal conditions) or with (stimulated
conditions) the CB receptor agonist, WIN 55212-2 (1, 10,
and 100 uM). Nonspecific binding was determined
with WIN 55212-2 (1, 10, and 100 uM) plus rimonabant
(10 uM) to block CB1 receptors. Sections were then washed
twice for 2 min each in ice-cold Tris buffer and briefly
immersed in ice-cold distilled water. The slides were dried in
a stream of cool air and apposed to a Kodak BioMax MR
film for 48 h. Optical density (in arbitrary units) on
autoradiograms was measured using a Biocom image
analyzer (Les Ulis, France). [>S]JGTP-y-S binding was
quantified from six to eight sections for each assay
condition [basal, stimulated (three agonist concentrations),
and nonspecific (vs three agonist concentrations)] tested in
each rat.

Drugs and chemicals

Rimonabant (SR 141716 base, micronized, Sanofi-Aventis,
Montpellier, France) was suspended with one drop of
Tween 80 in saline (0.9% NaCl, w/v) for in vivo studies
or dissolved in DMSO (final concentration <0.2%, v/v) for
in vitro studies. (—)Nicotine bitartrate (Sigma Chemicals,
St. Louis, MO, USA) was dissolved in saline, and the pH
was adjusted to between 7.3 and 7.5 with a few drops of 0.1
M NaOH. The doses were expressed as the free base. The
drugs or their respective vehicle were injected in a volume
of 5 ml/kg body weight. Other compounds were [*°S]GTP-
v-S (Amersham Pharmacia Biotech, Bucks, UK), WIN
55212-2, DPCPX, and GTP sodium salt (Sigma Chemicals).

Statistical analyses

Place conditioning results were expressed as mean (:SEM)
time (in seconds) spent on the nicotine-paired floor texture
during the test session. Place preference was assessed by
testing whether the time spent on the nicotine-paired texture
was longer than the time spent on the unpaired texture,
using one-tailed, paired Student’s ¢ test. Treatment effects
on preference time (i.e., paired minus unpaired time
differences) were analyzed by one-way analysis of variance
(ANOVA) followed, where appropriate, by Fisher’s pro-
tected least significant difference (PLSD) test for multiple
comparisons. “Experiments 1 and 3” were performed in
duplicate; there were no statistically significant differences
between the corresponding groups within each experiment,
and data were pooled. Preference for the nicotine-paired
texture, expressed as percent of the respective nicotine
“Veh/Veh” group (percent of preference time), was plotted
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against the time elapsed between the probe test and the test
session (i.e., the chronic treatment duration), and simple
linear regression fitting was calculated. Motor activity
during the test session, expressed as mean (+SEM) distance
(in centimeters) traveled, was analyzed by one-way
ANOVA followed by pairwise comparisons using Fisher’s
PLSD test. Behavioral data were analyzed using StatView
5.0 software (SAS Institute, Cary, NC, USA).

The WIN 55212-2-stimulated [>>S]GTP-y-S binding was
plotted as percent augmentation above nonspecific binding
(meantSEM) and analyzed by two-way (WIN 55212-2
concentrations and treatment groups) ANOVAs. Nonlinear
regression fitting was carried out using Prism 4.02 (Graph-
Pad software, San Diego, CA, USA) software for the
calculation of ECsy values and maximal effects (Bpax
value) of WIN 55212-2.

Results

Effects of postacquisition chronic administration
of rimonabant on long-term expression of nicotine-induced
conditioned place preference

Experiment 1

The rats of the “Saline control” group (n=11), never given
nicotine during the conditioning phase, spent 614+55 s on
the vehicle-paired floor texture during the first test session
(probe test) and 589+60 s during the second test session
conducted 1 week later. These values, not significantly
different from those for the unpaired texture (¢,,=0.87 and
0.19, respectively), indicated that there was no uncondi-
tioned preference for either floor texture.

Eighty rats were given nicotine (0.06 mg/kg, s.c.)
during the conditioning phase. During the probe test
conducted 24 h after the last conditioning session, they
spent 787+23 s on the floor texture previously paired
with nicotine (vs time spent on the unpaired texture:
t;0=8.22; p<0.0001). Thus, the rats developed the expected
preference for the nicotine-associated texture.

The results of the test session conducted 7 days after the
probe test are reported in Fig. la. The rats given seven
injections of vehicle (“Veh/Veh” group) spent 796+37 s on
the texture previously paired with nicotine; this time was
significantly above that spent on the unpaired texture
(t19=5.28, p<0.0001), indicating that preference for the
nicotine-paired texture was still present 1 week after
conditioning. As indicated by the ANOVA, a main
treatment effect fell short of significance (F486=2.367,
p=0.059). This effect was only due to differences between
the “Saline control” group and the “Veh/Veh” and “R3/
Veh” groups (p<0.05). The time spent on the paired texture
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was significantly longer than that spent on the unpaired
texture in the four nicotine-conditioned groups, i.e., rats
given chronic vehicle plus a single 3 mg/kg dose of
rimonabant 30 min before the test (“Veh/R3” group:
711£51 s; t19=2.17, p<0.05), rats given chronic rimonabant
plus vehicle pretest (“R3/Veh” group: 779+50 s; #,9=3.57,
p<0.002), and those given seven injections of rimonabant
(“R3/R3” group: 701£39 s; #;9=2.62, p<0.02). Thus, six
daily injections of rimonabant without acute pretest dose
(“R3/Veh” group) did not antagonize the expression of
nicotine-induced CPP. Moreover, the rats given rimonabant
before the test (“Veh/R3” and “R3/R3” groups) exhibited
similar intermediate preference scores (significant paired vs
unpaired time differences) that were not statistically
different from either the nicotine “Veh/Veh™ or the “Saline
control” groups.

Experiment 2

All of the 48 rats included in this experiment were given
nicotine (0.06 mg/kg, s.c.) during the conditioning phase.
During the probe test, they spent 747+24 s on the floor
texture previously associated with nicotine (vs unpaired
texture: #47,=6.15, p<0.0001), indicating a marked condi-
tioned preference for the nicotine-paired texture.

Figure 1b depicts the results of the test session
conducted 14 days after the probe test. Although the
ANOVA failed to yield a significant main treatment effect
(F(3,44=1.11, NS), the time spent on the texture previously
paired with nicotine was significantly longer than on the
unpaired texture in rats of the “Veh/Veh” group (746+46 s;
111=3.20, p<0.01), the “Veh/R3” group (715+51 s; #,,=2.28,
p<0.05), and the “R3/Veh” group (781%46 s; t;,=3.95,
p<0.005), indicating that CPP was still present in these
animals. In contrast, the rats of the “R3/R3” group only
spent 658+58 s on the nicotine-paired texture, a value
which did not significantly differ from that spent on the
unpaired texture (z,,=1.04). Thus, despite the absence of
significant between-group differences, 14 days after condi-
tioning, the expression of nicotine—CPP was reduced by
daily injections of rimonabant (3 mg/kg) provided that an
additional dose was administered 30 min before the test
session.

Experiment 3

The 16 “Saline control” rats spent 58649 s on the vehicle-
paired floor texture during the probe test and 56149 s
during the test session conducted 3 weeks later. These
values, not significantly different from those for the
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Fig. 1 Effects of chronic administration of rimonabant on long-term
expression of nicotine-induced conditioned place preference. In three
independent experiments, rats were given alternately nicotine (0.06
mg/kg, s.c.) and saline during the conditioning phase and were
subjected to a probe test 24 h later. Then, they received 6 (a), 13 (b),
or 20 (c) daily injections of rimonabant [3 mg/kg/day, i.p. (R3)], or
vehicle (Veh), plus an additional administration of the same dose of
rimonabant (R3), or vehicle (Veh), 30 min before a 20-min test session
that was conducted 1, 2, or 3 weeks after the probe test, respectively.
Saline control rats (Sal/ Ctrl) received saline (s.c.) before each

conditioning session and chronic vehicle (i.p.) between the probe test
and the test session. Histograms represent the mean (+SEM)
difference between the time (in seconds) spent on the floor texture
previously paired with nicotine and the time spent on the unpaired
texture (preference time) during the test session. The number of rats
per group is indicated in Table 1. +p<0.05; ++p<0.01; time spent on
the nicotine-paired vs unpaired texture (paired Student’s ¢ test).
*p<0.05; “R3/R3” group vs “Veh/Veh”, “Veh/R3” and “R3/Veh”
groups (Fisher’s PLSD test after ANOVA)
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unpaired texture (z;5=0.29 and 0.83, respectively), con-
firmed that there was no spontaneous preference for either
floor texture.

The 102 rats administered with nicotine (0.06 mg/kg, s.c.)
during the conditioning phase spent 745+18 s on the
nicotine-paired texture during the probe test (vs unpaired
time: #,0;=7.88; p<0.0001), indicating that they did develop
preference for the nicotine-associated texture.

Figure 1c illustrates the results obtained during the test
session conducted 21 days after the probe test. The time
spent on the nicotine-paired texture was significantly
above that for unpaired texture in rats of the “Veh/Veh”
group (746£26 s; t,5=5.65, p<0.0001), the “Veh/R3” group
(780443 s; t,5=4.16, p<0.0003), and the “R3/Veh” group
(757442 s; t,3=3.75, p<0.001). In contrast, the rats of the
“R3/R3” group only spent 623+46 s on the texture
previously paired with nicotine, a time not significantly
different from that spent on the unpaired texture (z,5=0.41).
The ANOVA indicated a main treatment effect on the time
differences (F4,113y=4.24; p=0.0031). Post hoc comparisons
revealed that performance of the nicotine-conditioned “Veh/
Veh”, “Veh/R3”, and “R3/Veh” groups were significantly
different from the “Saline control” group (ps<0.01) and that
the “R3/R3” group differed significantly from the other
three nicotine-conditioned groups (vs Veh/Veh: p<0.05; vs
“Veh/R3”: p<0.01; vs “R3/Veh”: p<0.05) but not from the
“Saline control” group. Overall, these results indicate that
the incentive value of the nicotine-paired texture was still
present 3 weeks after the conditioning phase and was
prevented by neither a single pretest 3 mg/kg dose of
rimonabant (“Veh/R3” group), as previously shown (Forget
et al. 2005), nor by 20 daily injections of the CB1 receptor
antagonist without additional pretest dosing (“R3/Veh”
group). In contrast, the 3-week chronic administration of
rimonabant followed by an acute dose before the test
session (“R3/R3” group) abolished the long-term expres-
sion of nicotine-induced CPP.

As illustrated in Fig. 2, simple linear regressions calculat-
ed on percent of the preference time plotted against the delay
between the probe test and the test session (1, 7, 14, or 21
days) indicated that the time spent on the nicotine-paired
texture was significantly related to the retention interval in
rats given a single pretest injection of rimonabant (24 h—R3
group in the study by Forget et al. (2005), and “Veh/R3”
group in the present study) (F{1,67y=9.04; =+0.35; p<0.004).
There were no such significant time—effect relationships in
the other rimonabant-injected groups (“R3/Veh™: F(; say=
0.11, 7=+0.05; “R3/R3”: F(1 56=0.99, r=—0.13; NS). Thus,
the ability of a single acute dose of rimonabant (3 mg/kg) to
counteract the expression of nicotine-induced CPP progres-
sively vanished within 3 weeks.

Table 1 reports the distance traveled by rats during the
test session. Depending on the experiment, the “Veh/Veh”
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Fig. 2 Evolution of the expression of nicotine-induced conditioned
place preference according to both the time interval between the
acquisition phase and the test session and the number of injections of
rimonabant. Results are those of nicotine-conditioned rats presented in
Fig. 1. They are expressed as percent (:SEM) of the preference time
of the respective nicotine-conditioned “Veh/Veh” control rats. Results
of day 1 (a single 3 mg/kg dose of rimonabant, 30 min before the test
session conducted 24 h after the last conditioning session) are from
Forget et al. (2005). The horizontal dashed lines indicate the no
preference (0%) and the CPP induced by nicotine alone (100%). For
the sake of clarity, some error bars are omitted. Squares “Veh/Veh”
(chronic + acute vehicle), stars “Veh/R3” (chronic vehicle + acute
rimonabant, 3 mg/kg), circles “R3/Veh” (chronic R3 + acute vehicle),
triangles “R3/R3” (chronic + acute R3) groups. Black symbols Groups
exhibiting a conditioned preference as indicated by the time spent on
the nicotine-paired texture significantly longer than that on the
unpaired texture (p<0.05)

rats traveled 35-45 m in 20 min, a distance that did not
differ from that of the “Saline control” animals. In nicotine-
conditioned rats, an overall treatment effect was observed
in “Experiment 17 (F3 76y=4.73, p<0.005) and “Experiment
3” (F3,08=10.53, p<0.0001). Subsequent pairwise compar-
isons indicated that this was due to a significant reduction
of the distance traveled by rats of the “Veh/R3” and “R3/
R3” groups compared to the “Veh/Veh” group in
“Experiments 1 and 3”, and also by rats of the “Veh/R3”
compared to the “R3/Veh” group in “Experiment 3”. Thus,
in these two experiments, a significant reduction of motor
activity that ranged from —30 to —40% of control levels
was observed in rats given rimonabant 30 min before the
test session whatever the previous chronic treatment. In
“Experiment 27, though there was a trend for a reduction in
motor activity in the corresponding groups (—20 and
—25%), this effect did not reach the level of statistical
significance (F(3 44)=1.49, NS).



Psychopharmacology (2006) 189:59-69 65

Table 1 Distance traveled during the test session conducted either 7 days (“Experiment 1), 14 days (“Experiment 2”), or 21 days (“Experiment
37) after the probe test for nicotine-induced conditioned place preference

Treatment groups (chronic/acute) Distance (cm) traveled during the 20-min test session (mean+SEM)

Experiment 1 (7 days)

Experiment 2 (14 days) Experiment 3 (21 days)

(1) Veh/Veh (n=20) 3664+300
(2) Veh/R3 (n=20) 2326+382*
(3) R3/Veh (n=20) 2979+243
(4) R3/R3 (n=20) 2409+166*

(5) Saline control (n=11) 3921£371

(n=12) 4104+369
(n=12) 3297+419

(n=26) 4538+287
(n=26) 2917+243% %%
(n=12) 3886+350 (n=24) 4381274
(n=12) 3140+379 (n=26) 3114+231*

- (n=16) 4038+395

Rats of groups (1) to (4) were given alternately nicotine (0.06 mg/kg, s.c.) and saline during the conditioning phase, and subsequently, they
received 6, 13, or 20 daily injections of rimonabant (3 mg/kg/day, i.p.; R3), or vehicle (Veh), plus an additional administration of the same dose
of rimonabant (R3), or vehicle (Veh), 30 min before the second test session. The rats of the “Saline control” group (5) were nicotine-naive
and received daily i.p. injections of vehicle (see “Materials and methods” section). The number of rats per group is indicated in parentheses.

*p<0.01 vs respective “Veh/Veh” group

**p<0.05 vs respective “R3/Veh” group (Fisher’s PLSD test after ANOVA)

Quantitative autoradiography of [>>S]GTP-y-S binding
evoked by CBI1 receptor stimulation

As illustrated in Fig. 3a, the CB receptor agonist, WIN
55212-2 (1, 10, and 100 uM), induced a concentration-
dependent increase of [*>S]GTP-y-S binding in the hippo-
campal CA3 area, the lateral caudate-putamen (CPu), and
the shell of the nucleus accumbens (NAcc), and similar

results were obtained in all other brain structures examined
(not shown). Regional differences were noted in the
maximal increase produced by 100 uM WIN 55212-2,
with the hippocampal CA3 area showing the largest
increase, followed, in decreasing order, by the CAl area,
dentate gyrus (DG), lateral CPu, cingulate cortex (Cg Cx),
medial CPu, NAcc core, and NAcc shell (Fig. 3b). In
contrast, the calculated ECsy value of WIN 55212-2 did

CB1 receptor-stimulated [3*S}GTP-y-S binding

> 25017 a 2507
5
o 2004 ‘? 2001 E&1 Saline Contrals
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Fig. 3 a Concentration-dependent increase by WIN 55212-2 of [>°S]
GTP-y-S autoradiographic labeling of three selected areas in brain
sections from “Saline control” rats. b Maximal increase (Bpax) in [35 S]
GTP-y-S autoradiographic labeling produced by 100 uM of WIN
55212-2 in eight different brain areas of rats from “Experiment 3.
“Saline control” group: nicotine-naive rats given 21 daily injections of
vehicle between the first and the second test sessions; “Veh/Veh”
group: rats conditioned to nicotine (0.06 mg/kg, s.c.) and given 21
daily i.p. injections of vehicle between the first and the second test
sessions; “R3/R3” group: rats conditioned to nicotine and given 21

NAcc CPu Cx CPu Hippocampus

daily injections of rimonabant (3 mg/kg, i.p.) between the first and the
second test sessions. Each point or bar is the mean (+SEM) WIN
55212-2-induced increase of [>°S]GTP-y-S binding expressed as
percentage above nonspecific binding. Some error bars are smaller
than symbols (n=5 rats per group). NAcc Nucleus accumbens, CPu
caudate-putamen, median or lateral, Cg Cx cingular cortex, DG
dentate gyrus. Two-way ANOVAs indicated a statistically significant
effect of WIN 55212-2 concentration in each structure considered (all
p<0.0001), but there were no group effects and no WIN x group
interactions
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not significantly differ from one brain area to another
[ECs9 in micromolars (meantSEM): CA3=1.35+0.29,
CA1=1.57%0.53, DG=1.54+0.31, lateral Cpu=1.54+0.16,
Cg Cx=2.47+0.36, medial CPu=1.79+0.22, NAcc
core=1.63+0.22, NAcc shell=1.19+0.21, F73,=1.56,
NS]. In all these regions, the effect of WIN 55212-2 could
be ascribed to the activation of CB1 receptors since it was
completely prevented by rimonabant (10 uM), which, on its
own, did not change [*>S]GTP-y-S binding compared to
baseline (data not shown). In each brain area, the ANOVAs
indicated an overall significant effect of WIN 55212-2 (all
»<0.0001) but no treatment effect and no interaction. Thus,
previous administration of nicotine alone (“Veh/Veh”
group) or nicotine plus rimonabant (“R3/R3” group) had
no significant influence on the activation of G-proteins by
CB1 receptor stimulation whatever the brain structure
considered (Fig. 3b).

Discussions

The present study supports and extends our previous
findings (Forget et al. 2005) giving evidence that, in rats
subjected to an unbiased procedure, (1) the 0.06 mg/kg
dose of nicotine reliably induced robust CPP, (2) the
expression of such incentive learning endured for several
weeks without additional exposure to the drug and the test
apparatus, and (3) a single pretest blockade of CBI1
receptors by rimonabant, at the 3 mg/kg dose active to
abolish the short-term (24 h) expression of nicotine-induced
CPP, was totally ineffective when the test session took
place 3 weeks after the conditioning phase. As illustrated in
Fig. 2, the results of test sessions conducted at shorter time
intervals indicate that the ability of acute rimonabant to
inhibit approach behavior elicited by nicotine-associated
floor texture was reduced within 7 days and was totally
abolished 2 weeks after the conditioning phase (“Veh/R3”
group). Thus, whereas the activation of CB1 receptors is
likely to be necessary for the short-term expression of
nicotine incentive learning, at longer time intervals, the
same function seems to be subserved by neurobiological
processes, independent of the endocannabinoid system,
which developed progressively. It is most interesting that
the acute pretest blockade of CB1 receptors retained its
capacity to abolish long-term expression of nicotine—CPP
in rats that had been given daily injections of rimonabant
during the 2- or 3-week postacquisition period (“R3/R3”
group). Therefore, the endocannabinoid activation of CB1
receptors seems essential to the development of neuro-
adaptive changes responsible for the progressive shift from
CBl1-dependent to CB1-independent expression of nicotine
incentive learning.

@ Springer

The rats given acute rimonabant exhibited a decrease in
locomotor activity as previously reported (Chaperon et al.
1998; Singh et al. 2004). This effect was observed in both
the “Veh/R3” and “R3/R3” groups in “Experiments 1 and
37, and the possibility that hypoactivity contributed to the
observed effects of the blockade of CBI1 receptors cannot
be discounted. In contrast, in “Experiment 2”, the distance
traveled by rats was not significantly modified by rimona-
bant administered either as a single pretest dose (“Veh/R3”
group), as already observed (Le Foll and Goldberg 2004;
Forget et al. 2005), or as daily injections (“R3/Veh” and
“R3/R3” groups). Collectively, these data indicate that
rimonabant had rather variable consequences on locomotor
activity. It is of interest that it must be emphasized that,
whatever the experiment, motor effects were not observed
in the “R3/Veh” group, indicating that no long lasting effect
occurred even after 20 daily injections. Thus, 3 weeks after
conditioning, despite a similar reduction of locomotor
activity (Table 1), the rats of the “Veh/R3” group exhibited
an unaltered preference for the nicotine-paired texture,
whereas rats of the “R3/R3” group no longer expressed
preference for that texture. On the other hand, although the
present study was not designed to investigate the con-
sequences of chronic rimonabant on food intake, it is of
note that body weight gain was significantly attenuated (for
instance in “Experiment 3”, the 20-day weight gains were:
Veh=+55.00+£2.48 g; R3=+43.33£2.60 g; p<0.005; Saline
control=+55.63+4.86 g). This effect is in keeping with the
known consequences of CBI1 receptor blockade on food
consumption and body weight (see, e.g., Ravinet Trillou et
al. 2003 for a review). Nevertheless, the expression of
nicotine—CPP was clearly different in the “R3/Veh” and
“R3/R3” groups in spite of a similar attenuation of body
weight gain as compared with the other two groups (“Veh/
Veh” and “Veh/R3”). Collectively, these data indicate that
the differential effects of acute and chronic rimonabant on
long-term expression of nicotine—CPP are unlikely second-
ary to nonspecific motor or feeding effects.

Other alternative factors which could be responsible for
the effects of rimonabant on conditioned incentive stimuli
associated with nicotine (e.g., rimonabant-induced motiva-
tional or mnemonic effects, nicotine-like discriminative
effects or alteration of nicotine discrimination) were
considered in previous publications (Cohen et al. 2002;
Le Foll and Goldberg 2004; Forget et al. 2005). It seems
unlikely for any of these factors to be a potential
confounder under the conditions used in our studies.

To assess whether possible changes in the functional
properties of CB1 receptors would account for the shift
from CBl-dependent to CBl-independent expression of
nicotine incentive learning, we investigated whether the
capacity of CB1 receptor stimulation to increase [>°S]GTP-
v-S binding exhibited adaptive changes under the long-term
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treatment conditions used in our protocols. As expected
from its mediation by CBI receptors, the rimonabant-
sensitive WIN 55212-2-induced increase in [*° SIGTP-y-S
binding exhibited the same ECs, value, whatever the brain
area considered, but marked regional differences in By
values that matched the known regional variations in CB1
receptor density (Herkenham et al. 1991). However, CB1
receptor-mediated G-protein activation did not differ be-
tween “Veh/Veh” and “Saline control” rats, indicating that,
under our conditions, nicotine conditioning that was
achieved in “Veh/Veh” rats had no influence on CBI
receptor coupling with G-proteins. Similarly, Balerio et al.
(2004) already reported that a 6-day infusion of nicotine
(circa 9 mg free base kg~ ' day ') affected neither the
number and distribution of CB1 receptor binding sites nor
the activation of G-proteins by WIN 55212-2 in mice.
Previous studies clearly established that chronic treat-
ments with cannabinoid agonists downregulate and desen-
sitize¢ CB1 receptors in various brain regions in rats
(Breivogel et al. 1999). However, opposite changes
(supersensitivity and/or upregulation) did not occur after
chronic (3 weeks) CBI1 receptor blockade by rimonabant
under our own conditions. Indeed, B, (and ECsg) values
of WIN 55212-2-induced [**S]GTP-y-S binding did not
differ in rimonabant-treated rats (“R3/R3” group) compared
to the other two groups of animals which did not receive
the CB1 antagonist (“Saline control” and “Veh/Veh”). In
line with these results, Rubino et al. (2000) showed that, in
rats given rimonabant (5 mg/kg, i.p.) once a day for 4 days,
cyclic adenosine monophosphate levels and protein kinase
A activity did not change in several brain areas, suggesting
that repeated blockade of CB1 receptors did not alter their
intracellular signaling mechanisms. Therefore, although in
the present study rimonabant was administered for longer
periods of time, in rats previously given nicotine, the
observed long-term behavioral responses were unlikely
accounted for by compensatory alterations in CB1 receptor
functional activity. They could possibly result from com-
plex adaptive changes in the neuronal reward pathways.
Nicotine shares with other addictive drugs the property
of activating the mesolimbic dopaminergic (DA) reward
pathway (see, e.g., Balfour 2002 and Pierce and Kumaresan
2006 for reviews). Indeed, at low concentrations compara-
ble to those obtained by smoking, nicotine induces a
prolonged increase in firing and burst rates of DA neurons
in the ventral tegmental area (VTA) by interacting with
different nACh receptors located on these neurons and on
GABAergic and glutamatergic afferents. This effect, along
with a direct action of nicotine on DAergic terminals,
promotes a sustained DA overflow in the NAcc, a brain
area that plays a key role in the rewarding effects of drugs
(Salamone et al. 2005). It is interesting to note that these
responses sensitize upon repeated administrations, suggest-

ing that nicotine induces synaptic plasticity (see, e.g.,
Pidoplichko et al. 2004, Wonnacott et al. 2005, and Pierce
and Kumaresan 2006 for reviews). However, it must be
noted that a role for such process in reward-related behavior
is still a matter of debate because enhancement of DA
release as a mechanism underlying behavioral sensitization
to nicotine (Fung and Lau 1989; Benwell and Balfour
1992) has not been consistently demonstrated in sensitized
rats (Nisell et al. 1996; Birrell and Balfour 1998). On the
other hand, several lines of evidence indicate that the
endocannabinoid system is involved in the motivation for a
variety of drugs of abuse including nicotine (see
“Introduction”) through an interaction with the mesolimbic
DA pathway (see, e.g., Tanda and Goldberg 2003 for a
review). Convergent studies showed that, within the VTA,
the local release of DA may induce a transient release of
endocannabinoids that act as retrograde messengers on
presynaptic CB1 receptors located on afferent terminals to
reduce the local release of both GABA (Szabo et al. 2002)
and glutamate (Melis et al. 2004). To the best of our
knowledge, the respective intensities of these opposing
effects have not been assessed in the VTA. However,
studies on hippocampal slices showed that the inhibitory
transmission is markedly more sensitive than the excitatory
transmission to CB receptor agonists (Ohno-Shosaku et al.
2002; Chen et al. 2003). Therefore, it can be hypothesized
that CBI1-mediated suppression of GABAergic inhibitory
control has greater functional consequence on the net
excitability of postsynaptic DA neurons than the concom-
itant relatively mild reduction of glutamatergic excitatory
input. Thus, it is striking that both nicotine and endocanna-
binoids interfere with GABAergic and glutamatergic
control over VTA DA neurons, through receptors located
on afferent terminals, to enhance (nACh) and suppress
(CB1) local neurotransmitter release, respectively.
Endocannabinoids and nicotine might also exert control
over VTA DA neuron activity through multisynaptic
circuits, in particular from the NAcc. In this brain structure,
the activation of nACh receptors located on GABAergic
interneurons and neurons projecting into the VTA, and on
glutamatergic afferent terminals, enhances neurotransmitter
release (Wonnacott et al. 2005). Likewise, endocannabi-
noids can be released from GABAergic medium spiny
neurons in the NAcc and, through retrograde activation of
CBI receptors on glutamatergic afferents, they can induce
long-term depression of the excitatory input to the NAcc
(Robbe et al. 2002). One consequence of this action is a
reduction of the firing rate of GABAergic neurons
projecting into the VTA, which, in turn, results in the
disinhibition of DA neuron activity (Pistis et al. 2002). In
fact, an ex vivo study in rats indicated that chronic nicotine
(1 mg kg~ ' day™' x 7 days) enhanced anandamide levels
in limbic forebrain (Gonzélez et al. 2002). If this effect
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generalizes to the dose and the rhythm of injections used in
the present study, then it can be speculated that the activity
of DA neurons can be modulated by CBI1 receptor-
mediated trans- and multisynaptic processes. This could
represent as many possible mechanisms whereby rimona-
bant interferes with both the motivational properties of
nicotine and the development of long-term synaptic
plasticity responsible for the progressive shift from CBI1-
dependent to CBl-independent expression of CPP sup-
ported by nicotine.

To conclude, the present study shows that the capacity of
a single pretest injection of rimonabant to abolish approach
behavior and the lengthened time contact elicited by the
floor texture previously paired with nicotine progressively
vanished within 1 to 2 weeks. This indicates that the
endocannabinoid system, which plays a pivotal role in the
initial neurobiological processes underlying the attribution
of incentive salience to cues related to nicotine effects
(Forget et al. 2005), is progressively replaced by other
system(s) and no longer constitutes a necessary step for the
long-term expression of nicotine—CPP. Daily administra-
tions of rimonabant during the postacquisition period
allowed an acute pretest injection of this CB1 receptor
antagonist to retain its blocking effect on the long-term
expression of nicotine-induced CPP without altering the
functional G-protein coupling of CB1 receptors in all the
brain regions considered. Thus, a sustained (or repeated)
activation of CB1 receptors is likely to be necessary for the
development of adaptive processes during and/or after the
establishment of nicotine—CPP. As a result, the endocanna-
binoid system no longer controls the dominant influence
exerted by nicotine-paired cues on rats’ behavior. The
neurobiological processes underlying such endocannabi-
noid-dependent synaptic plasticity remain to be elucidated.
However, it can be speculated that the opposite actions
exerted by nicotine and endocannabinoids on GABAergic
and glutamatergic control over DA neurons in the VTA and
limbic projection areas represent possible mechanisms
through which rimonabant interferes with nicotine-induced
neuronal plasticity.
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