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Abstract
Tobacco use is one of the leading preventable causes of death in developed countries. Since
existing medications are only partially effective in treating tobacco smokers, there is a great need
for improved medications for smoking cessation. It has been recently proposed that cannabinoid
CB1 receptor antagonists represent a new class of therapeutic agents for drug dependence, and,
notably, nicotine dependence. Here, we will review current evidence supporting the use of this
class of drugs for smoking cessation treatment. Preclinical studies indicate that nicotine exposure
produces changes in endocannabinoid content in the brain. In experimental animals, Rimonabant
(SR141716) and AM251, two cannabinoid CB1 receptor antagonists, block nicotine self-
administration behavior, an effect that may be related to the blockade of the dopamine-releasing
effects of nicotine in the brain. Rimonabant also seems efficacious in decreasing the influence of
nicotine-associated stimuli over behavior, suggesting that it may act on two distinct neuronal
pathways, those implicated in drug-taking behavior and those involved in relapse phenomena. The
utility of Rimonabant has been evaluated in several clinical trials. It seems that Rimonabant is an
efficacious treatment for smoking cessation, although its efficacy doesn’t exceed that of nicotine
replacement therapy and its use may be limited by emotional side effects (nausea, anxiety and
depression, mostly). Rimonabant also appears to decrease relapse rates in smokers. These findings
indicate significant, but limited, utility of Rimonabant for smoking cessation.

Introduction
Smoking is currently responsible for the death of one in ten adults worldwide (about 5
million deaths each year). Half the people that smoke today -that is about 650 million
people- will eventually be killed by tobacco (Tobacco Advisory Group of the Royal College
of Physicians, 2000) and this morbidity and mortality can be reduced if subjects stop
smoking (Department of Health and Human Services, 1990). The use of tobacco is on the
rise in developing countries and consequently, tobacco use is one of the few causes of
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mortality that is increasing (http://www.who.int/tobacco/en/). Although considerable
progress has been made in decreasing the prevalence of tobacco smoking in developed
countries, the problem is not going away. Levels of tobacco smoking are still very high in
developing countries like China and India and, even in a developed country like Canada,
18% of the population age 15 years and older are current smokers (Survey, 2006) (over 4.5
million people).

Drug dependence is a chronic, relapsing disorder in which compulsive drug-seeking and
drug-taking behavior persists despite serious negative consequences (American Psychiatric
Association, 2000). Addictive substances, such as cannabinoids, opioids, ethanol and
psychostimulants, including nicotine, induce pleasant states or relieve distress, effects that
contribute to their recreational use. After repeated exposure, adaptive changes occur in the
central nervous system that lead to drug dependence (American Psychiatric Association,
2000). Although addictive drugs produce their effects through actions at various receptors in
the brain, it is thought that their common effects on activity of dopaminergic brain reward
pathways is primarily responsible for their addictive properties (Koob, 1992; Wise, 2004).
Notably, the mesocorticolimbic system, which projects from the ventral tegmental area to
the nucleus accumbens, cortical areas and the amygdala, is implicated in the rewarding
effects of psychostimulants and other drugs of abuse, as well as the effects of non-drug
natural rewards such as food (Wise, 1982). The involvement of dopamine in the rewarding
effects of drugs of abuse is suggested by findings that most drugs abused by humans
increase levels of dopamine in the nucleus accumbens (Imperato et al., 1986; Pidoplichko et
al., 1997) and that blockade of dopamine transmission reduces the rewarding effects of
psychostimulants (Koob, 1992). However, the role of dopamine seems more complex than
simply mediating the primary reinforcing effects of drugs of abuse (Salamone et al., 2003;
Wise, 2004). Recent evidence suggests that dopamine is strongly implicated in learning and
conditioning processes (Schultz, 2002; Schultz et al., 1997) and in drug seeking-behavior
(Phillips et al., 2003).

Nicotine is the principal component of tobacco smoke that leads to addiction. Nicotine
activates several subtypes of neuronal nicotinic acetylcholine (nACh) ion channel receptors,
formed by the combination of five subunits (α and/or β). Hetero-oligomeric receptors
containing β2 and α4 subunits seem to play pivotal roles in the addictive effects of nicotine
(Grottick et al., 2000; Maskos et al., 2005; Picciotto et al., 1998; Walters et al., 2006).
Although nicotine directly activates dopaminergic transmission through actions on nAChRs,
recent studies suggest that this activation is modulated by the endocannabinoid system.
Consequently, the potential therapeutic utility of drugs acting on the endocannabinoid
system for the treatment of tobacco dependence has received considerable attention (De
Vries and Schoffelmeer, 2005; Le Foll and Goldberg, 2005a).

There are currently two identified and cloned forms of cannabinoid receptors, CB1 and CB2
receptors (Gerard et al., 1991; Matsuda et al., 1990; Munro et al., 1993). The CB1 receptor
and its splice variant the CB1A receptor are predominantly found in the brain, with the
highest density in the globus pallidus, substantia nigra pars reticulata, hippocampus,
cerebellum, cortex and striatum. CB2 receptors are predominantly located peripherally,
principally associated with the immune system (Howlett et al., 2002), but they also been
identified in the brain (Onaivi et al., 2006; Van Sickle et al., 2005). Several investigators
have obtained clear evidence that some cannabinoid effects are not mediated by either CB1
and CB2 receptors (Begg et al., 2005; Wilson and Nicoll, 2002). It has been recently
proposed that the orphan receptor GPR55 is a novel cannabinoid receptor (Pertwee, 2007;
Ryberg et al., 2007), although its functional role is still unclear. The transient receptor
potential vanilloid 1 (TRPV1) has been also proposed as a potential target of cannabinoid
ligands (Begg et al., 2005).
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This review focuses on the development of cannabinoid CB1 receptor antagonists for the
treatment of nicotine addiction. The behavioral studies performed so far have used
Rimonabant (SR141716) and AM251, which are inverse agonists/antagonists for the CB1
receptors (see (Howlett et al., 2002; McPartland et al., 2007; Vemuri et al., 2007) for
information on pharmacology of compounds). For simplicity, we will present in this review
those compounds as antagonists, although they are inverse agonists and it appears clear that
their behavioral effects may be slightly different from pure neutral antagonists (Salamone et
al., 2007; Sink et al., 2008). We will first summarize the main animal models used to assess
subjective and rewarding/reinforcing effects of drugs of abuse and then present the
preclinical and clinical findings related to the effects of cannabinoid CB1 receptor blockade
on the subjective and rewarding/reinforcing effects of nicotine in these models. We will also
review the various clinical trials that have been conducted to assess the efficacy of
Rimonabant in smokers and summarize results of these trials that have been presented at
scientific meetings.

Effects of CB1 antagonists in preclinical models of nicotine dependence
Intravenous nicotine self-administration (IVSA) (figure 1A)

Intravenous drug self-administration procedures are generally considered the most direct
measures of the reinforcing effects of drugs. With these procedures, a catheter is chronically
implanted in a jugular vein and this allows the animal to repeatedly intravenously self-
administer small amounts of drug by making an operant response, such as pressing a lever.
Administration of drug constitutes the event that positively reinforces the operant behavior
and reward is inferred if the frequency of responding subsequently increases (thus, defining
reinforcement). With these behavioral procedures, some stimuli (visual and/or auditory) are
repeatedly associated with drug administration. These stimuli, or cues, can progressively
gain motivational value that allows them to induce and maintain drug-seeking behavior and
to reinstate drug-seeking behavior after extinction (Arroyo et al., 1999; de Wit and Stewart,
1981; Goldberg, 1975; Goldberg et al., 1975; Goldberg et al., 1983; Meil and See, 1996;
Self and Nestler, 1988; Stewart, 1983), providing useful measures of the motivational effects
of drug-related stimuli.

Various schedules of reinforcement of nicotine self-administration behavior have been
studied. Under a fixed-ratio schedule of intravenous drug injection, a fixed number of lever-
presses is required to obtain each injection of drug (e.g., five lever presses for a fixed-ratio
5, i.e. a FR5 schedule) (Fig. 1a). In contrast, under a progressive-ratio schedule, the number
of lever-press responses required to obtain a nicotine injection progressively increases after
each drug injection (Hodos, 1961). Thus, the number of responses the subject must make for
each successive nicotine injection (the ratio value) increases progressively until the subject
fails to emit the required number of responses: this highest ratio (the “breaking point”) is
thought to reflect the reinforcing effectiveness of the nicotine injection (Donny et al.,
1999;Le Foll et al., 2007). Once an animal has learned to self-administer nicotine, the
influences of nicotine priming (Andreoli et al., 2003;Chiamulera et al., 1996;Lindblom et
al., 2002), stressors (Buczek et al., 1999) or presentation of nicotine-associated cues
(Caggiula et al., 2002;Caggiula et al., 2001;Lesage et al., 2004) on nicotine self-
administration behavior or on relapse to extinguished nicotine-seeking behavior provide
additional useful measures (Le Foll and Goldberg, 2006;Shalev et al., 2002). It should be
noted that nicotine self-administration is critically influenced by the presence of nicotine-
associated stimuli during the session (Fig. 1B) (Caggiula et al., 2002;Caggiula et al.,
2001;Goldberg et al., 1981;Le Foll and Goldberg, 2005b,2006).

The efficacy of the selective CB1 antagonist, Rimonabant, on nicotine intake was first
systematically evaluated using a fixed-ratio nicotine self-administration procedure in rats

Le Foll et al. Page 3

Addict Biol. Author manuscript; available in PMC 2009 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Cohen et al., 2002). In this study, Rimonabant (0.3 mg/kg and 1 mg/kg i.p.) significantly
reduced the number of responses on the nicotine-associated lever and the number of nicotine
infusions (0.03 mg/ kg/infusion) (Fig. 1Ca). This effect appeared related to the blockade of
nicotine-induced dopamine release in the shell of the nucleus accumbens (Fig. 1D) (Cohen
et al., 2002). In addition, pretreatment with Rimonabant (1 mg/kg i.p.) reduced responding
maintained by nicotine-associated cues in rats, in the absence of nicotine (after 1 month of
nicotine withdrawal) (Cohen et al., 2005)(Fig. 1Cb). In another study, Rimonabant reduced
reinstatement of nicotine-seeking behavior induced by nicotine-associated cues after
prolonged abstinence (De Vries et al., 2005). Similar results have been obtained with
AM251, another CB1 antagonist, which also attenuates nicotine self-administration and
nicotine-seeking behavior in rats (Shoaib, 2008). These experiments with two highly
selective CB1 antagonists in rats suggest that CB1 receptor activity is necessary for nicotine
to serve as a reinforcer of drug-seeking and drug-taking behavior, as well as for nicotine-
associated cues to maintain drug-seeking behavior and to reinstate nicotine-seeking behavior
after extinction.

However, conflicting results have been obtained in mice. CB1 receptor knockout mice did
appear to learn to self-administer nicotine (Cossu et al., 2001), indicating that activation of
CB1 receptors does not play an equivalent role in the processes controlling nicotine self-
administration in the two species. It is possible that CB1 receptor knockout mice develop
compensatory mechanisms during development that could explain such differences. In
addition, the acquisition and maintenance of stable nicotine self-administration behavior has
not been sufficiently evaluated in mice lacking CB1 cannabinoid receptors. More studies are
needed to better understand differences which may exist between pharmacological blockade
and genetic invalidation of CB1 receptors in mice.

Nicotine-induced conditioned place preferences
The conditioned place preference (CPP) procedure is an experimental animal model for
exploring the rewarding effects of drugs of abuse (Fig. 2A). A distinctive environment (e.g.,
one compartment of a two- or three-compartment apparatus (Le Foll and Goldberg, 2005c)
or an environment with a particular floor texture (Forget et al., 2005)) is paired repeatedly
with administration of a drug, and a different environment is repeatedly associated with
administration of vehicle. CPP occurs when repeated administration of a drug in this
particular environment results in the ability of that environment to elicit approach behavior
and increased time contact (place preference) in the absence of the previously administered
drug. It has been argued that CPP, like drug self-administration and a number of related
phenomena, is an example of dopamine-mediated incentive learning and that the approach
behavior and increased time spent by animals in a drug-paired environment can be
considered a measure of drug-seeking behavior (Bardo and Bevins, 2000;Le Foll and
Goldberg, 2005c,b). CPP have been demonstrated for most drugs of abuse, including
nicotine (Bardo and Bevins, 2000;Le Foll and Goldberg, 2005c), as well as natural rewards
such as food. The development of a drug-induced CPP is likely to reflect the rewarding
properties of a drug of abuse, whereas its expression reflects the influence on behavior of
environmental stimuli previously associated with a drug’s effects.

Nicotine has been shown to induce CPPs in a number of studies (see (Le Foll and Goldberg,
2005c) for a review) (Fig. 2B), but successful demonstration of nicotine-induced CPPs is
sensitive to procedural details, such as route of administration, the strain of rodent, the dose
of nicotine used, the duration of individual conditioning sessions, the number of drug
conditioning sessions and pre-exposure to the apparatus before conditioning sessions begin.
Nicotine pre-exposure (Shoaib et al., 1994), use of ‘adolescent’ animals (Belluzzi et al.,
2004; Shram et al., 2006; Vastola et al., 2002) and food restriction (Forget et al., 2005)
appear to facilitate the development of nicotine-induced CPPs (Le Foll and Goldberg,
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2005c). As in self-administration procedures, β2-containing nAChRs seem to primarily
mediate the development of nicotine-induced CPPs (Grabus et al., 2006; Walters et al.,
2006).

Recently, it has been proposed that CPP procedures can also be used to study reinstatement.
This observation arose from the finding that once established, CPPs can be extinguished by
repeated pairings of both drug-associated and vehicle-associated environments with saline
(Mueller and Stewart, 2000). After extinction of CPPs, the same factors that reinstate
extinguished drug-seeking behavior in a self-administration procedure are able to reinstate
extinguished CPPs (Lu et al., 2002; Mueller and Stewart, 2000; Sanchez and Sorg, 2001),
although only very limited research has been conducted with nicotine with such a
reinstatement procedure (Biala and Budzynska, 2006).

The effect of CB1 blockade by Rimonabant has recently been evaluated with nicotine using
a CPP procedure. When administered acutely, Rimonabant (3 mg/kg, IP) inhibited both the
development (Fig. 2C) and the expression (Fig. 2D) of nicotine-induced CPPs in rats (Forget
et al., 2005;Le Foll and Goldberg, 2004). However, inhibition of the expression of nicotine-
induced CPP was only effective when Rimonabant was administered 24h after the last
conditioning session and not when Rimonabant was given 3 or 12 weeks after the last
conditioning session (Forget et al., 2005). These data suggest that the integrity of CB1
receptors is necessary for the perception by rats of the positive interoceptive effects of
nicotine or for the development of conditioned associations between the interoceptive effects
of nicotine and the associated environment in which nicotine’s effects are experienced. In
addition, CB1 receptors seem to be differentially involved in short- versus long-term
expression of conditioned place preferences induced by nicotine in rats (Forget et al., 2006).
In line with these findings in rats, nicotine was not able to induce conditioned place
preferences in CB1-receptor deficient mice, as compared to their wild-type littermates
(Castane et al., 2002).

Nicotine discrimination
Drug discrimination procedures are frequently used as animal models for the subjective
reports of drug effects in humans (Colpaert, 1999; Le Foll and Goldberg, 2005a; Solinas et
al., 2006). An organism’s ability to perceive and identify characteristic interoceptive effects
of drugs is thought to play a role in drug-seeking, encouraging the development of this
behavior and directing it towards one substance rather than another, on the basis of relative
potencies and effects (Stolerman and Shoaib, 1991). In animals, the interoceptive effects of
drugs can serve as discriminative stimuli to indicate how to obtain a reinforcer such as a
food pellet or how to avoid an electric shock (Fig. 3A). Nicotine can serve as a
discriminative stimulus in animals (Rosecrans and Villanueva, 1991). Pharmacological
blockade or genetic invalidation of different subtypes of nicotinic receptors indicated that
nAChRs containing the β2 subunit are the main target of nicotine discriminative effects
(Shoaib et al., 2002; Shoaib et al., 2000; Stolerman et al., 1997). Pharmacological blockade
or genetic invalidation of receptors can also be used to assess involvement of cannabinoid
CB1 receptors in the discriminative effects of nicotine.

Rimonabant administration did not block the discriminative stimulus effects of a high 0.4
mg/kg training dose of nicotine in two recent studies (Cohen et al., 2002; Le Foll and
Goldberg, 2004) and also failed to change the discriminative stimulus effects of lower doses
of nicotine ranging from 0.01 to 0.6 mg/kg in another recent study (Le Foll and Goldberg,
2004) (Fig. 3B). Moreover, Rimonabant did not produce any ‘nicotine-like’ effects in rats
trained to discriminate nicotine from saline (Le Foll and Goldberg, 2004) (Fig. 3B).
However, Rimonabant appeared to counteract the dopaminergic-component of the nicotine
discrimination (Cohen et al., 2002). These results indicate that CB1 receptors are not directly
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involved in nicotine discrimination, suggesting that the effect of Rimonabant is specific to
nicotine reward.

Summary of preclinical findings obtained so far with Rimonabant: effects
on dopamine or glutamate?

The experiments reviewed above suggest that Rimonabant and AM251 can affect both
nicotine self-administration behavior and reinstatement of extinguished nicotine-seeking
behavior. This behavioral profile makes cannabinoid CB1 receptor antagonists a potentially
valuable therapeutic tool for the treatment of tobacco dependence. However, place
preference experiments in rats indicate that, although activation of CB1 receptors is likely
necessary for the short-term expression of nicotine incentive learning, after longer time-
intervals (2–3 weeks) the same function seems to be assumed by neurobiological processes
independent of the endocannabinoid system (Forget et al., 2006). Therefore, we may
question the efficacy of Rimonabant in a situation where subjects have been exposed
chronically to nicotine and may have developed such endocannabinoid-independent
adaptations. In agreement with this hypothesis, using a non-human primate model (Le Foll
et al., 2007), we have recently found that Rimonabant is not effective in reducing responding
maintained by nicotine-associated cues in monkeys with long histories of nicotine self-
administration (unpublished findings).

The mechanisms underlying the effects of CB1 receptor blockade on drug-induced
reinforcement/reward and relapse to drug-seeking behavior remain unknown, but animal
data suggest some possible explanations. Cannabinoid agonists, when administered
intravenously in either anesthetized or freely moving rodents, can increase the level of
activity of dopaminergic neurons in the ventral tegmental area (French et al., 1997; Gessa et
al., 1998; Wu and French, 2000) and this augmentation includes both an increase in baseline
firing rates and an increase in the frequency of action potential bursting. This cannabinoid-
induced increase in dopamine neuron activity is apparently responsible for increases in
extracellular levels of dopamine observed in the nucleus accumbens after Δ9-
tetrahydrocannabinol administration (Chen et al., 1990; Ng Cheong Ton et al., 1988; Tanda
and Di Chiara, 1997). Since Rimonabant can dose-dependently block the nicotine-induced
elevations in dopamine levels in the nucleus accumbens (Cohen et al., 2002), it is likely that
Rimonabant reduces the reinforcing/rewarding effects of nicotine by decreasing nicotine-
induced activation of dopaminergic neurotransmission.

Cannabinoid CB1 receptors are present in limbic structures, including the ventral tegmental
area and the nucleus accumbens (Herkenham et al., 1991), and endocannabinoids may act at
these two levels to facilitate the activation of mesolimbic dopaminergic neurons. Chronic
administration of nicotine in rats results in an increase in endogenous levels of
endocannabinoids such as anandamide in the limbic forebrain (Gonzalez et al., 2002).
Increased levels of endocannabinoids may facilitate dopaminergic neuron activity in the
ventral tegmental area (Cheer et al., 2007), an effect that could be reversed by CB1 receptor
blockade with Rimonabant.

It has been shown that the endocannabinoids anandamide and 2-arachidonylglycerol
(Mechoulam et al., 1998) act as synaptic retrograde messengers. They are released from
postsynaptic neurons upon depolarization, and then act in a retrograde manner to activate
CB1 receptors located on axon terminals, thus inhibiting neurotransmitter release. In the
ventral tegmental area, nicotine activates dopamine neurons (Pidoplichko et al., 1997), a
phenomenon that can induce endocannabinoid release in the nucleus accumbens or the
ventral tegmental area (Riegel and Lupica, 2004). The activation of CB1 receptors on axon
terminals of GABAergic neurons by endocannabinoids would result in inhibition of GABA
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release and disinhibition of dopaminergic neurons, supporting dopamine release in the
nucleus accumbens. On the contrary, activation of CB1 receptors on glutamatergic axon
terminals (e.g, from the prefrontal cortex) would result in inhibition of this excitatory
afferent and less activation of mesolimbic dopamine neurons (Lupica and Riegel, 2005). In
the nucleus accumbens, activation of medium spiny neurons by glutamatergic afferents
coming from the cortex may also produce endocannabinoid release (Robbe et al., 2002).
Stimulation of CB1 receptors on axon terminals of these glutamatergic neurons may inhibit
the activation of medium spiny neurons by reducing glutamate release. This could result in a
disinhibition of mesolimbic dopamine neurons and enhanced dopamine release in the
nucleus accumbens (Robbe et al., 2001).

The effects of pharmacological blockade of CB1 receptors with cannabinoid antagonists
such as Rimonabant or AM251 would be the opposite of the hypothetical mechanisms
described above for endocannabinoid-induced facilitation of mesolimbic dopaminergic
neuron activity and this would explain the inhibitory effect of Rimonabant on nicotine-
induced dopamine release in the nucleus accumbens (Fig. 1D). Since dopamine release in
the nucleus accumbens is thought to play a major role in the positive reinforcing effects of
nicotine (Di Chiara, 2000), this would also explain the inhibitory effects of cannabinoid CB1
receptor antagonists on nicotine reinforcement/reward.

It is possible that the ability of cannabinoid CB1 receptor antagonists to reduce the effects of
nicotine-associated cues on maintenance or reinstatement of nicotine seeking can also be
explained by actions on the mesolimbic dopamine reward system. Indeed, environmental
stimuli associated with self-administration of nicotine or other drugs of abuse can produce
dopamine elevations in the nucleus accumbens (Bassareo et al., 2007; Di Ciano et al., 1998;
Ito et al., 2000; Roitman et al., 2004; Weiss et al., 2000). A recent study by Kodas et al.
(2007) showed that Rimonabant produced its effect on cue-induced nicotine seeking in rats
via an action on key cortico-limbic structures, e.g. the shell of the nucleus accumbens, the
prelimbic cortex and the basolateral amygdala. The basolateral amygdala and the prefrontal
cortex (of which the prelimbic cortex is a part) play critical roles in the induction of drug
seeking behavior by drug-associated cues. For example, basolateral amygdala lesions disrupt
cue-elicited cocaine or heroin seeking behavior in rats (Fuchs et al., 2006; McLaughlin and
See, 2003; Parkinson et al., 2001), and exposure to nicotine-, cocaine- or ethanol-associated
stimuli increases neuronal activity of prefrontal cortical regions in rats (Ciccocioppo et al.,
2001; Le Foll et al., 2002) and in humans (Brody et al., 2002; Grusser et al., 2004). The
effects of injections of Rimonabant into the basolateral amygdala and the prelimbic cortex
on cue-induced nicotine seeking could be explained by the fact that the prefrontal cortex and
the basolateral amygdala may work in concert to modulate dopaminergic and/or
glutamatergic neurotransmission in the shell of the nucleus accumbens (Phillips et al., 2003;
Robbe et al., 2001).

All of these studies suggest that the effects of cannabinoid CB1 receptor antagonists could
be mediated by the modulation of dopamine activity. However, recent studies indicate that
glutamate may be involved in the effects of CB1 blockade. Pretreatment with AM251 (the
selective CB1 antagonist) dose dependently inhibited cocaine-induced increases in nucleus
accumbens glutamate but not increases in dopamine or GABA levels (Xi et al., 2006).
Blockade of accumbens metabotropic glutamate mGluR2/3 receptors by LY341495 [(2S)-2-
amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid] slightly
facilitated cocaine-enhanced glutamate release but blocked the antagonism of cocaine-
induced reinstatement by AM251 (Xi et al., 2006). These data suggest that under cocaine-
extinction conditions, cannabinoid CB1 receptors exert tonic inhibition over nucleus
accumbens glutamate release. Therefore, some of the behavioral effects obtained in the
relapse model by AM251 may be related to effects on glutamate and it has been proposed
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that activation of presynaptic mGluR2/3 autoreceptors secondary to AM251-induced
increase (disinhibition) of nucleus accumbens glutamate release is implicated. Although this
is still hypothetical, cannabinoid CB1 receptor antagonists may affect both glutamatergic
and dopaminergic transmission to reduce the reinforcing/rewarding effects of nicotine and
reinstatement.

Effects of CB1 antagonism on clinical trials in human smokers
Given the efficacy of the selective cannabinoid CB1 receptor antagonist Rimonabant in
reducing nicotine self-administration (Cohen et al., 2002), as well as nicotine-induced
dopamine release in the shell of the nucleus accumbens (Cohen et al., 2002) and the
expression of nicotine- induced conditioned place preferences (Le Foll and Goldberg, 2004)
in animals, Sanofi-Aventis developed a clinical program of Rimonabant for smoking
cessation, called STRATUS (Studies with Rimonabant And Tobacco Use). Results from five
(yet unpublished) phase III STRATUS trials were presented at various scientific meetings
(Anthenelli and Despres, 2004; Cinciripini et al., 2006; Dale, 2004; Dale et al., 2004;
Niaura, 2005; Rigotti et al., 2007). Two trials — one in Europe (STRATUS-EU) and one in
the USA (STRATUS-US) — were identical in design and involved a double-blind 10-week
treatment course with Rimonabant versus placebo followed by a 40-week post-treatment
follow-up. A STRATUS-META trial was conducted in the USA and involved only a double
blind Rimonabant versus placebo 10-week treatment course, with no extended follow-up. A
STRATUS-WORLDWIDE (WW) trial was designed to assess the long-term efficacy and
safety of Rimonabant for maintenance of abstinence in smokers who successfully quit
smoking. Finally, the CIRRUS trial assessed the efficacy and safety of adding a nicotine
patch to Rimonabant for smoking cessation. In all STRATUS trials, participants were males
or females at least 18 years of age, and had to be smoking at least 10 cigarettes/day, be free
of uncontrolled systemic/chronic illnesses or substance abuse and be motivated to quit
smoking.

A pooled analysis of the three short term STRATUS –US/–EU/–META trials was presented
at a scientific meeting (Cinciripini et al., 2006). In these trials, participants were randomised
to placebo, Rimonabant 5 mg/day (STRATUS-US/-EU) or Rimonabant 20 mg/day (all
studies) for 10 weeks. The target quit date was set at the end of the second week of
treatment. Participants were seen on a weekly basis over the first 12 weeks. Brief behavioral
counselling sessions on topics related to smoking behaviors (e.g., cravings and relapse
prevention) were provided at each visit. No specific dietary restriction was provided during
the course of the study, although diet and exercise were included as behavioral counselling
topics. Smokers randomised to a 5 mg/day dose (in two of the three trials) were not taken
into account in this pooled analysis. The primary efficacy endpoint was prolonged
abstinence during the last 4 weeks of treatment, measured by self-reported smoking
abstinence and expired carbon monoxide concentrations and confirmed by plasma cotinine
levels. Body weight change from baseline to the end of treatment was a secondary efficacy
endpoint. All analyses were performed in the intent-to-treat population. Smokers (n=1579)
were assigned to Rimonabant 20 mg/day (n=789) or placebo (n=790). Rimonabant 20 mg/
day resulted in a significantly higher prolonged abstinence rate compared with placebo (22%
vs 15%, p<0.001; odds ratio [OR]: 1.6, 95% CI: 1.2–2.1). In participants achieving
prolonged abstinence, Rimonabant significantly reduced post-cessation weight gain versus
placebo: +0.7 vs +2.8 kg (p<0.001).

The aim of the STRATUS-WW trial was to assess the long-term efficacy and safety of
Rimonabant for maintenance of abstinence in smokers who were abstaining at the end of an
initial 10-week treatment. The STRATUS-WW was a randomised, double-blind, 5-arm,
placebo-controlled 2-year clinical trial. The trial was carried out in Australia, Canada and
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the United States. A total of 5055 cigarette smokers were randomised to two treatment
groups: 5mg or 20mg Rimonabant. At Week 10, 1672 successful quitters were re-
randomised to either placebo or 5 mg (for those already receiving 5 mg) and placebo, 5 mg
or 20 mg (for those already receiving 20mg). Active treatment continued for 42 weeks,
followed by a 50-week off-drug period. Relapse was defined by seven or more consecutive
days of smoking (even a puff) or two or more consecutive days with five or more cigarettes
(even a puff) smoked per day. In the 5 mg stratum, patients who were re-randomised to
continue the same treatment or placebo had similar relapse rates after 32 weeks of treatment.
However, in smokers who had initially received 20 mg, a significantly higher proportion of
participants treated with 5 and 20 mg Rimonabant were abstinent at 32 weeks compared to
those receiving placebo (51.9%; p<.001 and 50.9%; p<.05 vs placebo, respectively). Post-
cessation weight gain in patients that did not relapse to smoking was significantly lower in
the 20 mg Rimonabant group (p<0.001 vs placebo). Post-cessation weight gain was similar
in the placebo and 5 mg Rimonabant groups.

The aim of the STRATUS-CIRRUS trial was to assess the possible value of adding a
nicotine patch to Rimonabant for smoking cessation. This randomised double blind placebo-
controlled trial enrolled 755 smokers who were given Rimonabant (20 mg/day) open-label
for 9 weeks. Target quit date was set at week 1, when participants were randomly assigned
to receive nicotine patch (21 mg for 8 weeks, 14 mg for 1 week, and 7 mg for 1 week) or
placebo for 10 weeks. Participants had brief cessation counselling at each visit, and were
followed-up until week 26. The primary endpoint was sustained abstinence from week 6 to
week 9, verified by carbon monoxide concentrations. Smokers receiving Rimonabant plus
active nicotine patch had a higher rate of sustained abstinence compared to those receiving
Rimonabant plus placebo patch (OR 2.36; 95% CI 1.71–3.27). They also had a higher 7-day
point abstinence rate at the end of treatment and at week 26, more reduction in cigarette
cravings at the end of treatment and no difference in body weight change from baseline
among completers or sustained abstainers. Adding a nicotine patch to Rimonabant did not
lead to increases in serious adverse events or in treatment discontinuation due to adverse
events. Placebo-controlled trials showed a slightly higher percentage of treatment-emergent
adverse events and of treatment discontinuations, and no change in serious adverse events
incidence with 20 mg/day Rimonabant compared to placebo. Most adverse events were
gastro-intestinal symptoms (Cinciripini et al., 2006).

Although these first reports, taken individually, suggested that the use of Rimonabant was
relatively well tolerated, those studies reported trends to increase anxiety or depressive
symptoms. This risk has been confirmed recently by two meta-analysis studies (Christensen
et al., 2007; Rucker et al., 2007) and by a report by the US Food and Drug Administration
(Food and Drug Administration Endocrinologic and Metabolic Advisory, June 13, 2007).
Those studies concluded that the subjects in the RIO trials conducted for obesity were two to
three times more likely to discontinue the treatment because of depressive mood or anxiety
in the Rimonabant group compared to the placebo group. Since patients with serious mood
disorders were not included in the RIO trials, it is possible that the incidence of these
psychiatric disorders may be higher in general population and, possibly, in smokers, since
the incidence of psychiatric disorders is higher in tobacco smokers compared to non
smokers. For these reasons, the FDA Advisory Committee concluded that more safety
information was needed to put Rimonabant in the US market. Further studies that are in
progress will clarify the incidence of these psychiatric disorders and assess whether these
conditions are associated with an increased risk of suicide.
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CONCLUSION: is there a place for cannabinoid CB1 receptor antagonists in
smoking cessation?

Evidence collected so far indicates that cannabinoid CB1 receptor antagonists have potential
as a treatment for smoking cessation, but that their efficacy would not be greater than
efficacies of the established medications, bupropion, nicotine replacement therapy and
varenicline, all of which act to reduce both nicotine withdrawal symptoms and the
motivation to take nicotine. There is no indication that cannabinoid CB1 receptor antagonists
would be effective in decreasing nicotine withdrawal symptoms.

The rate of smoking cessation by subjects entering into clinical trials which combine
effective medication and behavioral and cognitive therapy is around 30% at the end of the
first year; the vast majority of subjects relapse (Fiore, 2000; Le Foll and George, 2007).
Since cannabinoid CB1 receptor antagonists significantly increase the likelihood of
maintaining abstinence, this class of drugs represents a potentially useful tool. However,
their efficacy is limited. The significant effect of CB1 receptor antagonists on the control of
weight gain indicates that they may be particularly useful for individuals that wish to avoid
weight gain following smoking cessation. Post-cessation weight gain concerns may be an
important deterrent to stopping smoking. The probability of attempting to stop smoking
appears to be lower in subjects reporting smoking-related weight concerns (Jeffery et al.,
2000; Klesges et al., 1988; Klesges and Shumaker, 1992; Meyers et al., 1997; Pomerleau et
al., 2001). A CB1 antagonist could lower post-cessation weight concerns and increase the
rate of smoking cessation attempts in some smokers. Interestingly, preclinical data obtained
so far seems to implicate CB1 receptors in relapse to various drugs of abuse. Therefore,
cannabinoid CB1 receptor antagonists may be of particular interest for treatment of subjects
dependent on multiple drugs. One of the most appealing populations for evaluating the
effects of Rimonabant or other CB1 antagonists would be subjects addicted both to tobacco
and marijuana, since CB1 receptors clearly mediate the reinforcing effects of marijuana
(Tanda et al., 2000).

The evidence collected in rats indicates that cannabinoid CB1 receptor antagonists may be
particularly useful for the prevention of relapse. However, recent data obtained in preclinical
experiments in rats and non-human primates and in human clinical trials suggests that the
utility of cannabinoid CB1 receptor antagonists may be more limited than initially thought.
However, clinical trials designed specifically to evaluate relapse prevention may reveal
important effects of this class of drugs. It is also clear that the increased incidence of anxiety
and depressive symptoms in subjects treated with Rimonabant is a concern and that
clinicians should be using this drug carefully in that regard. Various agencies have
established guidelines to reduce the risk. It will be interesting to compare the side effects of
Rimonabant to those of other CB1 inverse agonists, such as taranabant (Addy et al., 2008;
Addy et al., 2008; Kirkham, 2008). It should be noted that Rimonabant is an inverse agonist/
antagonist. It has been recently demonstrated that a cannabinoid CB1 receptor neutral
antagonist AM4113 can produce suppression of food intake and food-reinforced behavior in
animals (Sink et al., 2008), without producing some unwanted side effects such as nausea
and vomiting (Sink et al., 2008), (the main side effects in terms of frequency during clinical
trials). Further studies are needed to confirm that such CB1 receptor neutral antagonists can
block the motivation to take nicotine and have a good tolerability profile in humans.

List of abbreviations

SR 141716,
Rimonabant

N-piperidinyl-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl) -4-
methylpyrazole-3-carboxamide
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AM-251 N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide
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Figure 1. Rimonabant decreases nicotine self-administration and cue-maintained responding in
rats
A) During repeated sessions, animals learned to press a lever to obtain intravenous
injections of nicotine and a brief light stimulus was associated with each nicotine injection.
This light stimulus progressively gained motivational properties. B) Removing the
environmental light stimuli associated with nicotine injection (no-cues condition)
dramatically reduced nicotine self-administration by rats, as compared to situation in which
nicotine delivery is associated with presentation of these light stimuli (cues condition).
Adapted from (Donny et al., 2003) and reproduced with permission from (Le Foll and
Goldberg, 2005a). Results are expressed as mean (±SEM) of number of lever-press for
saline or nicotine injection per session. C) Rimonabant (SR 141716) administration
decreased intravenous nicotine self-administration (a) and responding maintained by
nicotine-associated stimuli (b) in rats. Reproduced with permission from (Cohen et al.,
2005). D) Rimonabant (SR 141716) administration decreased nicotine-induced dopamine in
the shell of the nucleus accumbens, as assessed with microdialysis in awake rats.
Reproduced with permission from (Cohen et al., 2002).
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Figure 2. Rimonabant blocks nicotine-induced conditioned place preferences (CPP)
A, In order to induce CPP, a box with two discrete chambers, or environments, is usually
used. Rats were repeatedly injected with nicotine before being placed in one environment
and with saline before being placed in the other environment. Then, in a nicotine-free state,
the animals were allowed access to both environments and the amount of time spent in each
environment was recorded. Reproduced with permission from (Le Foll and Goldberg,
2005a). B, Nicotine induced significant conditioned place preferences over a large range of
doses in rats. Results are expressed as the difference in time in sec spent in the drug-paired
side between the post- and the pre-conditioning session. * P <0.05. Adapted from (Le Foll
and Goldberg, 2005c) C, Rimonabant (3 mg/kg) blocked the establishment of nicotine-
induced conditioned place preference when administered before each conditioning session
with nicotine. Reproduced with permission from (Forget et al., 2005). D, Rimonabant
administered acutely before the test-session blocked the short term expression of nicotine-
induced CPP when the test take place 24h after the last conditioning session, * P < 0.05; **
P<0.01 paired vs unpaired time. + P <0.05 vs nicotine conditioned group without
Rimonabant (black diagrams). Reproduced with permission from (Forget et al., 2005).
Similar results have been reported by (Le Foll and Goldberg, 2004).

Le Foll et al. Page 19

Addict Biol. Author manuscript; available in PMC 2009 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Rimonabant does not affect subjective effects induced by nicotine in rats
A) Description of the drug discrimination paradigm. Rats are trained to press on levers to get
food pellets. Rats will be trained to respond on the lever after either saline or training drug
injections. During some training sessions after the saline pretreatment, only one lever will
allow the animal to get the food pellet (left graph). On other training sessions after the
injection of the training drug (e.g nicotine 0.4 mg/kg in B), only lever-presses on the other
lever will results in food pellets delivery (middle graph). After training, the rats will press
only the saline-associated lever during the saline sessions and only the nicotine-associated
lever after injection of nicotine at the training dose (see B). These rats are trained to
discriminate the subjective effects induced by nicotine injections (right). B) Dose-effect
functions for the discriminative-stimulus effects of nicotine in rats (n = 24) trained to
discriminate 0.4 mg/kg nicotine from saline. The percentage of responses on the lever
associated with nicotine administration is shown as a function of dose (mg/kg) during tests
with various nicotine doses. SR141716 given acutely 60 min before the session did not
modify the discrimination of nicotine (no shift of the curve). The arrow indicates that
SR141716 alone, at doses of 0.3 and 3 mg/kg, did not produce responding on the nicotine-
associated lever, i.e. did not produce any ‘nicotine-like’ effects in those rats. Reproduced
with permission from (Le Foll and Goldberg, 2004).
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Table 1

Main effect of CB1 blockade on the subjective, discriminative and rewarding/reinforcing effects of nicotine in
animals and human subjects

Species Model Results Reference

Humans Smoking cessation trial Rimonabant increased smoking cessation
rates

(Anthenelli and Despres, 2004)
(Cinciripini et al., 2006)

Rats Self-administration of IV nicotine at a low
ratio requirement (FR4)

Rimonabant and AM251 decreased self
administration

(Cohen et al., 2002; Shoaib, 2008)

Rats Expression of CPP (Stimulus-controlled
behavior)

Rimonabant blocked preferences for
nicotine-paired environment

(Forget et al., 2005; Le Foll and
Goldberg, 2004)

Development of CPP Blocked by rimonabant (Forget et al., 2005)

Rats Nicotine discrimination No effect of Rimonabant (Cohen et al., 2002; Le Foll and
Goldberg, 2004)

Mice Nicotine-induced CPP No CPP for nicotine in CB1 deficient mice (Castane et al. 2002).

Mice Self-administration of IV nicotine at a low
ratio requirement (FR1)

No effect of CB1 receptor invalidation (Cossu et al., 2001)
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