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Abstract

Background: Multiple studies suggest a pivotal role of the endocannabinoid system in regulating the reinforcing effects of
various substances of abuse. Rimonabant, a CB, inverse agonist found to be effective for smoking cessation, was associated
with an increased risk of anxiety and depression. Here we evaluated the effects of the CB, neutral antagonist AM4113 on the
abuse-related effects of nicotine and its effects on anxiety and depressive-like behavior in rats.

Methods: Rats were trained to self-administer nicotine under a fixed-ratio 5 or progressive-ratio schedules of reinforcement.
A control group was trained to self-administer food. The acute/chronic effects of AM4113 pretreatment were evaluated on
nicotine taking, motivation for nicotine, and cue-, nicotine priming- and yohimbine-induced reinstatement of nicotine-
seeking. The effects of AM4113 in the basal firing and bursting activity of midbrain dopamine neurons were evaluated in a
separate group of animals treated with nicotine. Anxiety/depression-like effects of AM4113 and rimonabant were evaluated
24h after chronic (21 days) pretreatment (0, 1, 3, and 10mg/kg, 1/d).
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Results: AM4113 significantly attenuated nicotine taking, motivation for nicotine, as well as cue-, priming- and stress-induced
reinstatement of nicotine-seeking behavior. These effects were accompanied by a decrease of the firing and burst rates in the
ventral tegmental area dopamine neurons in response to nicotine. On the other hand, AM4113 pretreatment did not have effects
on operant responding for food. Importantly, AM4113 did not have effects on anxiety and showed antidepressant-like effects.
Conclusion: Our results indicate that AM4113 could be a promising therapeutic option for the prevention of relapse to
nicotine-seeking while lacking anxiety/depression-like side effects.
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Introduction

According to the 2013 World Health Organization report, 5 mil-
lion deaths worldwide per year can be attributed directly to
tobacco consumption, and by 2030 it is expected to reach 8 mil-
lion (WHO, July, 2013). While there are several smoking cessation
therapies available—nicotine replacement therapies, bupro-
pion, varenicline (Cummings and Mahoney, 2006; Jorenby et al.,
2006)—the success rate of these therapies after 1 year remains
only about 20 to 25% (Gonzales et al., 2006). Current medica-
tions show limited efficacy and more novel effective therapeutic
agents are required to help curb tobacco dependence (Lerman
et al.,, 2007; Le Foll et al., 2014).

Behavioral studies in animal models have shown that the
endogenous cannabinoid system plays a key role in brain mech-
anisms underlying the motivational effects of drug and drug-
related stimuli (Cohen et al., 2002; Le Foll et al., 2014). Targeting the
CB, receptor for the treatment of nicotine addiction has garnered
the greatest attention. This is mainly due to the early success and
promise of rimonabant, an inverse agonist for the CB, receptor
that initially proved to be effective as an aid for smoking cessa-
tion. Rimonabant was able to reduce nicotine-taking behavior
under fixed and progressive ratio (FR and PR) schedules of rein-
forcement and blocked nicotine-induce dopamine (DA) release in
the nucleus accumbens (NAcc) shell and the bed nucleus of the
stria terminalis (Cohen et al., 2002; Forget et al., 2009). Rimonabant
blocked cue-induced reinstatement of nicotine-seeking behav-
ior and prevents the establishment and expression of nicotine-
induced conditioned place preference in rodents (Le Foll and
Goldberg, 2004; Forget et al., 2005). Early clinical trials showed the
efficacy of rimonabant in promoting smoking cessation (Cahill
and Ussher, 2011). However, due to the occurrence of side effects,
including depressive disorders, anxiety, insomnia, and thoughts
of suicide (Janero and Makriyannis, 2009; Cahill and Ussher, 2011),
the use of rimonabant was discontinued and all ongoing clinical
studies involving rimonabant for other indications were halted
(Sanofi Aventis, 2008; Janero and Makriyannis, 2009; Le Foll et al.,
2014). In preclinical settings, under chronic administration para-
digms, rimonabant also displayed anxiety-like (O’Brien et al.,
2013) and depressive-like (Beyer et al., 2010) effects.

The idea of targeting the CB, receptor via blockade still repre-
sents a promising strategy, since the use of CB, inverse agonists
has demonstrated the most consistent results in quitting effi-
cacy and in preventing relapse. It has been suggested that the
side effects of rimonabant might be due to its inverse agonist
properties. Therefore, it would be logical to test if the blockade
of the receptor with ligands lacking intrinsic activity per se at
the cellular level, that is, not triggering changes in cellular sign-
aling (no effect on cAMP accumulation [Chambers et al., 2007])
would indeed retain the same efficacy of rimonabant without
its unwanted side effects (Kangas et al., 2013). AM4113 is a CB1
neutral antagonist and represents a novel class of drugs display-
ing high affinity for CB1 (0.8nM) and 100-fold selectivity for the
CB1 receptor over CB2 (Chambers et al., 2007; Sink et al., 2008).

AM4113 did not change the forskolin-stimulated cAMP accu-
mulation in CB1-transfected HEK cells up to concentrations of
10 pM, which is indicative of its neutral antagonist properties
(Sink et al., 2008).

The novel CB, neutral antagonist AM4113 is able to block the
CB, receptor and shows no intrinsic activity (Sink et al., 2008), rep-
resenting a great promise as a smoking cessation aid. We hence
hypothesized here that AM4113 will modify the reinforcing effects
of nicotine and preventrelapse to nicotine seeking, while retaining
the efficacy of rimonabant, but will be devoid of its side effects (i.e.,
anxiety and depressive-like behaviors) (Le Foll et al., 2014).

In the present study, we evaluated the effects of AM4113 in
the reinforcing effects of nicotine (i.e., nicotine-taking/seeking
behavior) by using the i.v. self-administration paradigm. We
also investigated the effects of AM4113 on the neuronal activity
induced by nicotine in the ventral tegmental area (VTA). Finally,
we tested the effects of AM4113 and rimonabant on behavior in
the elevated plus maze (EPM) and forced swim test (FST) follow-
ing its chronic administration in rats.

Materials and Methods

Animals

Male Long Evans or Wistar rats weighing 250 to 275g at the
start of experiments were maintained on ~20g of rat chow daily
(experiment 1) or free access to food (experiments 2 and 3) and
ad libitum water. The animals were habituated for 7 days to the
colony room and single-housed in a temperature-controlled
room on a 12-h reverse light cycle with all behavioral testing
occurring during the dark phase. All experimental procedures
described were carried out in compliance with the guidelines of
the Canadian Council on Animal Care and were reviewed and
approved by the Animal Care Committee at CAMH.

Experiment 1

Training procedures and surgical techniques were similar
to those previously reported (Forget et al., 2010; Khaled et al.,
2010). Animals were initially trained on a schedule in which
each lever press resulted in the delivery of a food pellet (no
associated cues) (FR-1). Operant training sessions terminated
at the 60-minute time point or earlier whenever 100 food pel-
lets (45mg Dustless Precision Pellets, BioServ, Frenchtown, NJ)
were obtained. Animals received a minimum of 5 sessions of
training and by the 5th session, animals had to achieve 100 food
pellets within 20 minutes in order to continue on to nicotine
i.v. self-administration experiments. Once trained, each rat was
implanted with an i.v. catheter in the jugular vein exiting in the
mid-scapular region as previously described (Khaled et al., 2010).
Penicillin G (30000 units, s.c.) was given within 24 hours before
surgical procedures. Anesthesia was induced by a mixture of



xylazine and ketamine hydrochloride (10 and 75mg/kg, respec-
tively, i.p.). Postsurgical analgesia was provided using buprenor-
phine (0.01mg/kg, s.c.). Following surgery, animals were allowed
to recover over a minimum of 7 days in their home cages before
any other experimental procedure.

Acquisition of the Nicotine or Food Self-Administration

The self-administration sessions were carried out in experimen-
tal chambers equipped with 2 levers (Med Associates, St. Albans,
VT). The start of the session was signaled by illumination of a
house light; switching off this light indicated the time-out (TO)
period during which lever responding was recorded but had
no consequences. Nicotine (30-pg/kg/infusion) was delivered
(1-second delivery time) using Med Associates pumps (Model
PHM-104), and nicotine infusion speed was adjusted based on
the weight of each rat. A cue light was present above the active
lever and would illuminate for the duration of the 60-second TO
period following each reinforcement. Rats underwent 5 sessions
of self-administration under a FR-1 schedule of reinforcement,
followed by 3 sessions under a FR-2 schedule and then 7 ses-
sions under a FR-5 schedule (i.e., 5 active lever presses required
for each reinforcement).

Testing Under FR

Two separate group of rats were considered to have acquired sta-
ble food or nicotine self-administration when they pressed the
active lever more than twice the number of times they pressed
the inactive lever, and received a minimum of 10 infusions/1-h
session with <20% variation in the number of infusions/pellets
earned per session during 2 consecutive sessions. Once stable
responding was achieved, rats were tested using either acute
i.p. injections of AM4113 (0, 1, 3, and 10mg/kg in a counter-bal-
anced within subject design with at least 2 washout sessions) or
chronic i.p. injections of AM4113 (10mg/kg, 10 days).

Testing under the PR

Two additional groups of rats were trained to acquire food or
nicotine self-administration behavior under a FR as described
above and then were switched to a PR schedule where the
response requirement progressively increased according to
the formula 5e(0.25*inf number)-5 (Roberts and Bennett, 1993)
with the first response requirements being 5 and 10. The break
point was defined as the highest ratio completed prior to the
first 30-minute period without any response on the active lever.
PR sessions lasted a maximum of 4 hours. The animals were
allowed 10 days of nicotine self-administration under the PR
schedule before testing with acute or chronic AM4113 (0.3, 1, 3,
and 10mg/kg, 10 days), respectively.

Extinction

The effects of AM4113 on reinstatement of nicotine were tested
in separate groups. The extinction phase (>7sessions) consisted
of withholding nicotine and its associated cues (house light
stayed on and cue lights stayed off throughout the session).
During extinction, following stable nicotine self-administration
as described above, responses on the active and inactive levers
were recorded but had no programmed consequences. The cri-
terion for extinction was <20 active lever presses per 1-hour ses-
sion over 2 consecutive sessions.

Reinstatement of Nicotine Seeking

For the cue-induced reinstatement tests (n=7), active lever
presses resulted in presentation of the light cues as during
nicotine self-administration under FR-5 60-second TO, with the
exemption that no drug was delivered and a single presentation
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of the visual cue (light above the active lever on and house light
off for 60 seconds) was delivered response independently imme-
diately at the start of the session. The procedure for cue-induced
reinstatement was chosen based on previous studies showing
high levels of reinstatement (Liu et al., 2007; Forget et al., 2010;
Gamaleddin et al., 2012).

Another group of rats (n=8) underwent nicotine-induced
reinstatement tests as previously reported (Forget et al., 2010).
Briefly, rats were injected with nicotine (0.15mg/kg, s.c.) 10 min-
utes before the test session.

An additional group of rats (n=15) underwent stress-induced
reinstatement tests that used methodology previously described
(Marinelli et al., 2007; Le et al., 2009). Briefly, rats were injected
with yohimbine (an alpha-2 adrenoceptor antagonist that pro-
vokes stress- and anxiety-like responses in both humans and
laboratory animals) (2.5mg/kg, s.c.) 30 minutes before the test
session. Similar to the extinction phase, during nicotine- or
stress-induced reinstatement testing, the cue light above the
active lever was always off.

In the all reinstatement procedures described above (FR-5,
60-second TO), rats were pretreated with vehicle or AM4113 (0.3,
1, 3, and 10mg/kg), in a counterbalanced order, using a within-
subject design, 60 minutes prior to the 1-h reinstatement ses-
sion. Testing days were separated by at least three extinction
sessions and required meeting criteria for stable extinction dur-
ing 2 consecutive sessions.

Experiment 2

Single-Cell Extracellular DA Recording

In vivo single-cell extracellular recording of VTA dopaminergic
neurons was performed in urethane-anesthetized animals. To
determine if AM4113 (3mg/kg) was able to reduce the effects of
nicotine (0.15mg/kg, s.c.) on VTA DA firing activity, we sampled
a total of 38 VTA DA neurons (vehicle/saline, n=10; vehicle/nico-
tine, n=10; AM4113/nicotine, n=10; AM4113/saline, n=9) as pre-
viously described (Tan et al., 2009) (Supplemental Information).

Experiment 3

Chronic Treatment and Body Weight Gain

After habituating the animals to the housing room for one and
one-half weeks, the rats were weight-matched between the 7
different groups: vehicle, AM4113 (1, 3, and 10mg/kg), or rimona-
bant (1, 3, and 10mg/kg). The animals were weighted every day
before daily injections (days 1-21) were administered. At the end
of this chronic treatment, rats were assessed using a battery of
behavioral tests to evaluate the effects of the chronic treatment
on anxiety/depressive like-behaviors.

EPM

The EPM was conducted 24 hours after the end of the chronic
treatment (day 22). The maze consisted of a center platform
(10x10cm) elevated 50cm off the floor, with 4 arms (50x10cm)
at 90° to each other. Two parallel arms had walls (30cm tall)
enclosing the platform. Dim lighting was provided to the plat-
form, with a mean (+SEM) light intensity: 7.9 (+0.9), 7.5 (+0.6),
and 1.6 (+0.2) Ix to the central platform, open and closed arms,
respectively. An experimenter, blind to the experimental condi-
tions, measured the total time each subject spent in the central,
open, and closed areas.

FST

The FST consisted of a Plexiglas cylinder (60-cm height, 20-cm
diameter) filled with water (40cm, 24+1°C). On day 1, the ani-
mals were individually placed in the cylinder and left to swim.
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After 15 minutes, the animals were removed from the cylin-
der and dried with towels before being returned to their home
cages. On day 2, the rats were placed in the same cylinder for
S5 minutes. An experimenter, blind to the experimental condi-
tions, scored immobility and climbing time. The animals were
randomly assigned to 1 of 7 groups: vehicle, AM4113 (3 doses), or
rimonabant (3 doses). To evaluate acute effects of AM4113 and
rimonabant on FST, AM4113 and rimonabant (1, 3, and 10mg/kg)
were administered 23 hours, 5 hours, and 1 hour before the FST
sessions. Chronic effects of AM4113 and rimonabant were also
evaluated by administering AM4113 and rimonabant (1, 3, and
10mg/kg) over 21 days before FST.

Drugs

(-)Nicotine-hydrogen-tartrate (Sigma-Aldrich, St. Louis, MO)
was dissolved in saline, the pH was adjusted to 7.0 (+0.2),
and the solution was filtered through a 0.22-mm syringe fil-
ter (Fisher Scientific, Pittsburgh, PA). AM4113 (N-piperidin-
1-yl-2,4-dichlorophenyl-1H-pyrazole-3-carboxamide) was
synthesized at the Center for Drug Discovery, Northeastern
University, Boston, MA. AM4113 was dissolved in dimethyl-
sulfoxide, Tween 80, and saline as previously described
(Hodge et al., 2008; Sink et al., 2010). Rimonabant [SR141716;
N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methylpyrazole-3-carboxamide)] (NIDA Drug Supply Program,
Bethesda, MD) was dissolved in methyl cellulose and Tween
80. The different doses of AM4113 (0, 0.3, 1, 3, and 10mg/kg)
and rimonabant (0, 1, 3, and 10 mg/kg) were i.p. administered
using a counterbalanced within-subject design (acute treat-
ment) 60 minutes prior to the start of the session (administra-
tion volume: 1mL/kg) (Sink et al., 2008; Cluny et al., 2011). For
chronic studies, treatment consisted of the repeated adminis-
tration of the same dose.

Yohimbine was obtained from Sigma-Aldrich and dissolved
in distilled water. The doses of yohimbine and the pretreatment
time were based on previous studies (Marinelli et al., 2007; Le
et al., 2009).

Data Analysis

Difference in responses between the active and inactive levers
during the acquisition of nicotine self-administration or during
reinstatement was analyzed by 2-way ANOVA with repeated
measures. The effects of AM4113 and rimonabant on the num-
ber of nicotine infusions and food pellets earned under the FR-5
and PR schedules were analyzed using 1-way ANOVA. Similarly,
the effects of AM4113 and rimonabant in the EPM and the FST
and the effects of AM4113 on VTA DA neuronal activity were
analyzed using 1-way ANOVA followed by Bonferroni’s posthoc
for multiple test comparisons. Statistical analyses were con-
ducted using the statistical package Stat Soft. Inc. version 10.
P<.05 was considered to be statistically significant.

Results

Effects of Acute AM4113 on Nicotine and Food SA
under FR-5 and PR Schedules

One-way ANOVA analysis with repeated measures revealed
no significant effects of AM4113 pretreatment on food self-
administration in either FR-5 or during PR schedules [(F,, =
2.21,P>.05), (F,, = 1.18, P>.05)], respectively (Figure 1A-B). On the
other hand, 1-way ANOVA with repeated measures showed the

main effect of AM4113 on nicotine self-administration during

FR-5 (F,,=13.68, P<.001) and PR (F,,=10.77, P<.001) schedules of
reinforcement. Posthoc analyses showed that AM4113 signifi-
cantly reduced nicotine intake (FR-5) relative to saline-baseline
and vehicle controls (AM4113 1mg/kg (P<.001 and P<.05), 3mg/
kg (P<.001 and P<.001), and 10mg/kg (P<.001 and P<.01), respec-
tively) (Figure 1C). Similarly, posthoc tests showed that AM4113
significantly reduced nicotine intake relative to saline-baseline
and vehicle controls under the PR schedule (AM4113 1mg/kg
(P<.001 and P<.01), 3mg/kg (P<.001 and P<.001), and 10mg/kg
(P<.001 and P<.01), respectively) (Figure 1D). No significant dif-
ferences were observed between the saline-baseline and vehicle
control groups (P>.05).

Under chronic treatment, the 1-way ANOVA analysis with
repeated measures revealed a main effect of AM4113 on nico-
tine self-administration during FR-5 (F,,,=15.78, P<.001) and
PR (F, ,=10.43, P<.001) schedules of reinforcement. Under
FR-5, Bonferroni multiple comparison tests revealed signifi-
cant differences between the third saline dose (session 6 of
the experimental sequence) and AM4113 (sessions 10-19)
treatments on nicotine intake (Figure 1E). Bonferonni multiple
comparison tests also revealed significant differences between
the third dose of vehicle (session 9) and AM4113 treatment
(sessions 10-17, P<.001, sessions 18-19, P<.01). The decrease
on nicotine intake persisted after the treatment with AM4113
when rats were treated with either vehicle or saline (sessions
20-25 vs saline on session 6, P<.001-0.05 and sessions 20, 23,
and 25 vs vehicle on session 9, P<.01,P<.001, and P<.5, respec-
tively) (Figure 1E).

Similarly, Bonferroni multiple comparison tests showed a
significant decrease in nicotine intake during treatment with
AM4113, under the PR schedule, compared with the third saline
dose (session 6) vs sessions 10 to 19 (P<.001-0.01) or the third
vehicle dose (session 9) vs sessions 10 to 19 (P<.001-0.01). This
effect of AM4113 persisted under vehicle and saline treatments
(P<.001-0.01) (Figure 1F). No differences were observed during
the third dose of saline (session 6) or the third dose of vehicle
(session 9), before AM4113 treatment, or under FR-5 or PR.

Effects of AM4113 on Reinstatement of Nicotine
Seeking

Two-way ANOVA analysis with repeated measures for active
lever presses indicated a main effect of treatment on nicotine-
seeking behavior compared with extinction conditions (P<.001)
under light-associated cues, nicotine-priming, and stress
(Figure 2A-C, top). ANOVA analysis revealed a main effect of
treatment under all 3 conditions (light cues: F, , = 6.72; P<.001;
nicotine priming: F, ,; = 4.33; P<.05; and yohimbine: F, , = 6.71;
P<.001). Bonferroni posthoc tests showed that pretreatment
with AM4113 (1, 3, and 10mg/kg) during light cue conditions
(P<.001) attenuated the reinstatement induced by nicotine-
associated cues. AM4113 at doses 0.3 (P<.05), 1, 3, and 10mg/
kg (P<.01, P<.001, P<.001) reduced reinstatement induced by
nicotine priming. Similarly, AM4113 attenuated reinstatement
induced by stress (P<.001) at all doses (0.3; 1, 3, and 10mg/kg).
Neither presentation of nicotine-associated cues nor nicotine-
priming nor stress had an effect on responding on the inactive
lever (Figure 2A-C, bottom).

Effects of AM4113 on VTA Neuronal Activity

One-way ANOVA analysis indicated the main effect of AM4113
on VTA DA neuronal activity induced by nicotine. ANOVA
revealed the main effect of treatment on FR (F, ,, = 8.309, P<.001;
Figure 3H), bursting rate (F,,, = 42.988 P<.001; Figure 3I), and

3,38
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spikes firing in burst (F,,, = 7.573, P<.001; Figure 3J). Posthoc Effects of Acute and Chronic Treatment of AM4113
analyses showed significant difference between vehicle/ on Body Weight Gain, Anxiety, and Depressive-Like

nicotine, AM4113/nicotine, AM4113/saline treatment (*P<.05, Behavior
*P<.01, ™P<.001), and vehicle/saline. Moreover, the post-
hoc tests revealed significant differences in neuronal activity ANOVA analysis with repeated measures revealed an overall
between the vehicle/nicotine and AM4113/nicotine treatments effect of treatment (F, ,,, = 2.88, P=.05) and of days (F,, ,, = 86.002,
(#P<.05, ##P < .01, ###P <.001). P<.001) and an interaction between days and treatment
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(F e, = 4.91, P<.001). Posthoc tests showed decreased body
weight during chronic treatment with AM4113 at doses of 3mg/
kg (P<.05) and 10mg/kg (P<.01 and P<.001) and rimonabant at
the highest dose tested (10mg/kg) (P<.05 and P<.01) (Figure 4A).
One-way ANOVA analysis revealed the main effect of treatment
on mean body weight (F,,, =4.98, P<.001). Bonferroni com-
parisons showed significant differences between the vehicle,
AM4113 (P<.05 and P<.001 at 3 and 10 mg/kg, respectively), and
rimonabant (P<.05 at 10mg/kg) (Figure 4B).

One-way ANOVA analysis revealed an overall effect of treat-
ment (F ,, = 2.61 P<.05) on the EPM. For the main effect of group,
posthoc comparisons showed that significantly less time was
spent in the opened arm when rats were treated with rimon-
abant (3mg/kg) compared with the vehicle group. This is con-
sistent with the relatively greater time spent in the closed arm.
Following chronic treatment with AM4113, rats did not display
any significant difference in the open and closed arm time com-
pared with the vehicle group (P>.05) (Figure 5A-B).

For the FST, 1-way ANOVA analysis revealed a main effect
of drug during acute [immobility: F =52, P<.001; climb-
ing: F,,=832, P<.001) and chronic treatments [immobility:
Fe.,,=2.61 P<.05; climbing: time F,,,, = 2.95 P<.001]. Posthoc
analyses showed that immobility time was further increased
(10mg/kg, P<.05) following acute rimonabant administration,
while immobility decreased (P<.05) and climbing increased
(P<.01) following acute AM4113 (1, 3, and 10mg/kg) administra-
tion (Figure 5C-D) compared with vehicle. Posthoc tests showed
that immobility was decreased (P<.05) and climbing increased
(P<.05) following chronic AM4113 (10mg/kg) administration

compared with vehicle (Figure 5E-F). No significant effects were
found under chronic rimonabant treatment (P>.05).

Discussion

In the present study, acute administration of AM4113 dose
dependently decreased nicotine intake and motivation to
obtain nicotine without affecting food-maintained responding.
Moreover, the reduction in both nicotine intake and the moti-
vation to obtain nicotine was maintained during the chronic
administration of AM4113. Interestingly, the effects of the
chronic administration of AM4113 on nicotine intake and moti-
vation for nicotine remained even after discontinuing AM4113
treatment.

AM4113 was also able to dose dependently block reinstate-
ment of nicotine seeking induced by the reintroduction of the
cues previously paired with nicotine, a priming injection of nico-
tine, or a pharmacological stressor. On the other hand, AM4113
significantly reduced both the firing frequency and bursting
activity induced by nicotine on VTA DA cells. Similar to rimona-
bant, chronic treatment with AM4113 decreased body weight
but did not induce anxiety or depressive-like behaviors as meas-
ured in the EPM and FST, respectively.

Previous studies have shown that AM4113 affects food-tak-
ing behavior (Hodge et al., 2008; Sink et al., 2009b). In the pre-
sent study, we did not observe modified food-taking behaviors
following AM4113 administration. These divergent results on
food-taking might be explained firstly by the methodological
differences with respect to previous studies (e.g., 60-minute vs
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ences compared with vehicle (n=40, Dunnett’s Multiple Comparison Test).

30-minute sessions; Sink et al., 2009b) or the different strains
(e.g., Long Evans vs Sprague Dawley rats; Hodge et al., 2008; Sink
et al., 2009b). Secondly, and a more likely explanation for the dis-
crepancy, is the influence of the light/dark cycle on behavioral
results. Our experiments were carried out during the dark period
(active phase) in contrast to the Hodge study, where experi-
ments were conducted during the light period (the resting phase
for the animals). Our findings on the acute effects of AM4113
on nicotine self-administration are in agreement with previous
studies using CB, antagonists. Therefore, both rimonabant and
SLV330 were shown to be effective at reducing nicotine intake
(Cohen et al., 2002; de Bruin et al., 2011). However, Cohen and
colleagues (2002) showed nicotine taking at low dose (0.3mg/kg)
during the second consecutive day of treatment. In our study,
rats received a single injection of each dose; this difference of
magnitude is certainly due to carryover effects in Cohen studies.
Rimonabant is also able to block the development of nicotine-
induced conditioned place preference (Le Foll and Goldberg,

2004; Hashemizadeh et al., 2014). On the other hand, drugs
increasing brain anandamide levels seem to enhance nicotine’s
rewarding/reinforcing effects (Merritt et al., 2008).

The effects of chronic AM4113 on both nicotine intake and
motivation for nicotine resemble previous findings (Forget
et al,, 2009) using rimonabant. Interestingly, in our study the
chronic administration of AM4113 significantly attenuated
nicotine-taking during the course of the 10-day treatment
period. Similarly, studies using a shorter chronic treatment
(3 days) with rimonabant or CB, inverse agonist AM251 found
comparable results (Shoaib, 2008; Forget et al., 2009). Shoaib
(2008) found that AM251 significantly reduced responding, but
no significant effects on responding post-AM251 treatment
were observed. In the study by Forget et al. (2009), rimona-
bant was found effective to decrease motivation; however,
they did not evaluate the possible existence of posttreatment
effects. In our study, we found that both nicotine intake and
motivation for nicotine remained significantly below baseline
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Figure 5. Effects of chronic AM4113 and rimonabant treatments on anxiety-like behavior using the elevated plus maze (EPM) test. Bars represent means + SEM. Rimon-
abant (1, 3, and 10mg/kg, n=18, n=18, and n=19, respectively) dose dependently decreased time spent in the open arm (A) and increased time spent in the closed arm
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and chronic (E-F) AM4113 treatment on immobility and climbing time. *P<.05, *P<.01, **P<.001 significant difference compared to vehicle (n=40), Dunnett’s Multiple

Comparison Test).

levels after the discontinuation of the chronic treatment with
AM4113. Several hypotheses might be proposed in an attempt
to explain the postchronic effects of AM4113. A first hypothesis
might be that AM4113 is accumulated within the animals’ sys-
tem, having carry-over effects on the post-AM4113 treatment
sessions. This possibility seems not very likely, as preliminary
(unpublished) studies have shown that AM4113 has a 2-hour
half-life and can be eliminated within approximately 10 hours
from the time of injection and hence would not be present in
the animals’ system during the next experimental session.
An alternative hypothesis might be that a chronic treatment
with AM4113 results in adaptations on the mesocorticolim-
bic reward neurocircuitry. CB, receptors do not appear to be
expressed on DA neurons (Lupica and Riegel, 2005), but are
expressed on GABAergic (VTA) and glutamatergic (VTA/NAcc)
afferents in the mesocorticolimbic system (Maldonado et al,,
2006). Therefore, endocannabinoids are able to modulate DA
transmission indirectly through interaction with GABA and
glutamate neurons (Cohen et al., 2005a; Maldonado et al., 2006).
In this study we found that AM4113 significantly reduced the
nicotine-induced bursting/firing rate and firing frequency on
VTA DA cells. Previous studies have reported that rimonabant
was able to block nicotine-induced DA release in the shell of
the NAcc and the bed nucleus of the stria terminalis, showing
that CB, blockade is able to reduce nicotine-induced elevation

of DA levels in key mesocorticolimbic structures (e.g., NAcc).
However, to further investigate AM4113’s mechanism of action
on nicotine-reinforcing effects, it will be interesting to study
the effects of the intra-VTA administration of AM4113. In fact,
similar studies were already conducted to evaluate the effects
of the intracerebroventricular administration of AM4113 on
operant responding for food (Sink et al., 2009a).

AM4113 dose dependently reduced cue-, nicotine-, and stress-
induced reinstatement of nicotine seeking. In our study, AM4113
did not affect food-maintained responding. Our results clearly
revealed that AM4113 did not modify the number of inactive lever
presses that act as a control for nonspecific motor effects of the
drug and whether the drug is controlling the behavior. Our results
on nicotine seeking are in agreement with previous studies using
rimonabant (Cohen et al., 2005b; Forget et al., 2009). Indeed, a
large body of evidence has shown that blockade of CB, recep-
tors blocks reinstatement of drug-seeking behavior and that this
effect is seen with a large variety of drugs of abuse (De Vries and
Schoffelmeer, 2005; Le Foll and Goldberg, 2005). Similar to what
was described above for nicotine taking, the effects of AM4113
on cue-induced reinstatement might be due to its actions on
the mesocorticolimbic dopaminergic system. Previous studies
have suggested that the endocannabinoid transmission is criti-
cally involved in triggering conditioned nicotine-seeking behav-
ior in key cortico-limbic regions (Kodas et al., 2007). Therefore,



rimonabant dose dependently reduced cue-induced nicotine-
seeking behavior when injected into the NAcc (Kodas et al., 2007).

In this study we also evaluated the effects of AM4113 on
nicotine-priming induced reinstatement of nicotine seeking.
As demonstrated previously, acute exposure to nicotine effec-
tively reinstated nicotine-seeking behavior in saline-extin-
guished rats (Chiamulera et al., 1996; Shoaib, 2006). AM4113 was
able to decrease the effect of priming doses of nicotine, which
most likely involves a DA-dependent mechanism (Cohen et al.,
2005a). In our study, AM 41113 was also able to reduce nicotine
seeking induced by the pharmacological stressor yohimbine.
Interestingly, a recent study has reported that the chronic stim-
ulation of the endogenous anandamide tone was also able to
reduce stress- (yohimbine) induced relapse (of cocaine seeking)
in rats (Chauvet et al., 2014). On the other hand, rimonabant was
not able to reduce alcohol- (Economidou et al., 2006) or cocaine-
seeking behavior (De Vries et al., 2001) when using the foot-shock
as stressor to induce drug seeking. The different results obtained
in studies using AM4113 or rimonabant might be due the dif-
ferent drugs studied (alcohol or cocaine vs nicotine) or/and the
type of stressor (pharmacological vs foot-shock). In fact, previ-
ous studies have shown the existence of separate brain circuits
responsible for the effects of yohimbine and foot-shock induced
stress. Therefore, yohimbine effects on stress-induced relapse
might be mediated by its effects on D2 (Scatton et al., 1980), a-1
(Doxey et al., 1984), and 5-HT1a (Winter and Rabin, 1992) recep-
tors, while foot-shock effects seem to be mediated by the cortico-
tropin-releasing hormone projections from the central amygdala
to the bed nucleus of the stria terminalis (BNST) (Erb et al., 2001).

In the present study, AM4113 and rimonabant (0, 1, 3, or
10mg/kg) were administered to rats once daily for 21 consec-
utive days. This treatment was sufficient to produce a signifi-
cant reduction in rat body weight at the dose of 10mg/kg for
rimonabant and at 3 and 10mg/kg for AM4113, an effect that is
consistent with the antiobesity activity reported in clinical stud-
ies using this CB, receptor antagonist/inverse agonist (Padwal
and Majumdar, 2007). Indeed both CB, neutral antagonists and
CB, inverse agonists have been successfully adopted in weight
control in obesity animal models (Mastinu et al., 2012; Meye
et al., 2013) and clinical trials (Pi-Sunyer et al., 2006; Van Gaal
et al., 2008). The effects on body weight of both CB, inverse ago-
nists and neutral antagonists might be linked to their capacity
of blocking the synthesis of new adipose tissue (Mastinu et al.,
2013) and to decrease food intake (Cluny et al. 2011).

The side effects associated with rimonabant prevented its
use in clinic (i.e., anxiety and depressive side effects). Therefore,
in this study we tested whether a chronic administration of
AM4113 will have effects on behavioral tests for anxiety and
depressions. In contrast to rimonabant, chronic AM4113 did not
produce anxiogenic-like effects on the EPM, and acute treat-
ment with either drug did not affect anxiety-related indices in
the open-field test (supplementary Figure 2). Previous studies
have shown similar results in rats using the EPM (Sink et al,,
2010). Similarly, studies using other tests for anxiety-like behav-
ior (e.g., the light-dark immersion), found that rimonabant, but
not the cannabis-derived CB, neutral antagonist tetrahydrocan-
nabivarin, produced an anxiogenic-like reaction following its
acute or chronic administration (O’Brien et al., 2013).

In the present study, we observed antidepressant-like behav-
iors in the FST following AM4113 administration (either when 3
times within 24 hours or chronic). Rimonabant administration
resulted in depressive-like behaviors as measured in the FST,
while it did not affect locomotor activity. Similar to rimonabant,
AM4113 did not affect locomotor activity as measured in the
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open-field test (supplementary Figure 2). In line with our find-
ings, Jutkiewicz and colleagues (2010) reported depressive-like
effects following rimonabant but not after AM4113 treatments.
Likewise, previous studies have shown that rimonabant, but not
the neutral antagonist tetrahydrocannabivarin, reduced saccha-
rin hedonic reactions in the taste reactivity test of palatability
processing (O’Brien et al., 2013). The absence of depressive and
anxiety-like behavior side effects following chronic AM4113 can
be attributed to the lack of inverse agonism on the CB, receptor.
In fact, the anxiogenic properties of rimonabant (O’Brien et al.,
2013) seem to be also present in other CB, inverse agonists as
AM251 (Sink et al., 2010). Previous studies have shown depres-
sive-like effects after chronic rimonabant (Beyer et al., 2010).
However, in our study we did not observe increased depressive-
like behaviors following the chronic treatment with rimonabant.
In the Beyer and colleagues study (Beyer et al., 2010), a 21-day
rimonabant treatment induced depressive-like behavior. The
discrepancy between the present study and the Beyer study can
be attributed to the methodology. Indeed, in the Beyer study,
immobility time was evaluated during a 15-minute period on
the first day, and in our study, immobility time was evaluated
during a 5-minute period on the second day of the FST.

In summary, the current study shows a great potential for
AM4113 as a pharmacological therapeutic tool for nicotine addic-
tion. AM4113 effects seem to be specific for nicotine-reinforcing
effects (vs food) rather than a general decrease in motivation.
Moreover, AM4113 decreased nicotine intake and motivation for
nicotine for prolonged periods of time when given chronically,
and the effects persisted after discontinuation of treatment. The
behavioral effects of AM4113 seem to correlate with its effects
on the dopaminergic activity in the VTA in response to nicotine.
AM4113 also attenuated nicotine seeking induced by cue, prim-
ing, or a pharmacological stressor. Interestingly, AM4113 seems
to lack anxiogenic or depression-like effects associated with
the inverse agonism at CB, receptors. In conclusion, CB, neutral
antagonists represent a great promise as smoking-cessation and
weight-loss aids and should be considered for clinical studies.
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