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Abstract
Tobacco dependence is the leading preventable cause of adult morbidity and mortality in the world. Despite the magnitude of this global
public health problem, relatively few medications (i.e. nicotine replacement therapy and sustained-release bupropion) are currently approved
for the treatment of this pandemic.
Nicotine and other components in tobacco smoke are more likely to produce a dependence state in cigarette smokers than alcohol and
cocaine in regular users of those drugs of abuse. As our understanding of the neurobiology of tobacco dependence increases, so, too, grows
the number of potential therapeutic targets by which we can intervene in this devastating addiction. The purpose of this manuscript is to
review three novel mechanisms of action that may serve as therapeutic targets for the pharmacologic treatment of tobacco dependence. For
each of these therapeutic targets, we discuss medications in development that affect these pathophysiologic mechanisms.
First, we examine the role of the endocannabinoid system (ECS) in the development of nicotine dependence and highlight the development
of rimonabant, the first selective antagonist of the cannabinoid type 1 (CB-1) receptor. Second, we explore how heterogeneity among various
subtypes of nicotinic receptors might be exploited to develop more specific agents acting at these receptors such as varenicline—a partial
agonist at the a4b2 nicotinic receptor. Finally, we examine how selective inhibitors of monoamine oxidase (MAO) such as selegiline might
be used as adjunctive medications for the treatment of tobacco dependence.
Published by Elsevier B.V. on behalf of Association for Research in Nervous and Mental Disease.
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1. Introduction
Tobacco dependence is the leading preventable cause of
death among adults in the United States [1] and elsewhere
throughout the world [2]. While the percentage of adult
cigarette smokers in the United States has declined from its
peak of approximately 43% in the mid-1960s to its current
level of approximately 22% in 2003 [3], global smoking
prevalence rates in developing countries are declining at a
much slower rate [4]. The World Health Organization
estimates that there are approximately 1.25 billion smokers
worldwide at present and that global mortality due to
tobacco-related diseases should rise from approximately 5
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million deaths annually in 2004, to over 10 million deaths
per year in 2030 [2].
Given the enormity of this global public health problem
it is intriguing that relatively so few medications have been
developed, to date, to combat this pandemic. The United
States Food and Drug Administration has currently
approved only two types of pharmacotherapy for tobacco
dependence: nicotine replacement therapy in a variety of
formulations (e.g. polacrilex gum, transdermal patches,
nicotine inhaler, nicotine spray, nicotine lozenges) and
sustained-release bupropion [5]. Each of these agents has
been found to be more effective than placebo in numerous
randomized clinical trials as summarized in Table 1 below.
However, despite their clear advantage over placebo at
doubling or even trebling a smoker’s odds at quitting
smoking, current pharmacotherapies for tobacco dependence are generally underutilized and 7–8 out of 10 smokers
are still likely to relapse to smoking within 1 year after using
these agents [6]. Off-label use of nortriptyline and clonidine
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Table 1
Currently approved first-linea, and off-label second lineb pharmacotherapies for the treatment of tobacco dependence: cumulative odds ratios and estimated
abstinence rates compared with placeboc
Agent

Estimated OR

Estimated abstinence rate (placebo versus agent)

Bupropion SRa
Nicotine Guma
Nicotine Patcha
Nicotine Spraya
Nicotine Lozengea
Nortriptylineb
Clonidineb

2.1
1.5
1.9
2.7
2.0
3.2
1.9

17.3 versus 30.5%
17.1 versus 23.7%
10.0 versus 17.7%
13.9 versus 30.5%
–
11.7% versus 30.1%
–

OR, odds ratio; 95% C.I. all O1.
a
Currently approved first-line medications have been approved by the US Food and Drug Administration (FDA) and are recommended as the first agents to
use in the treatment of tobacco dependence.
b
Although not FDA-approved for this indication, these medications are recommended for use as aids to smoking cessation in the Clinical Practice Guideline:
Treating Tobacco Use and Dependence [5].
c
Data shown are modified from the Clinical Practice Guideline: Treating Tobacco Use and Dependence [5] except estimated ORs for nicotine lozenge [42]
and clonidine [67] which are adapted from Cochrane Database Systematic Reviews.

as second-line aids to smoking cessation has been
recommended [5,6], but these medications suffer from
high rates of unwanted side effects such as weight gain, dry
mouth and sedation. Thus, there is clearly a need to develop
new medications for the treatment of tobacco dependence.
The purpose of this article is to provide the non-specialist
with a brief review of some of the key neurobiological
elements involved in the development and maintenance of
tobacco dependence. Rather than presenting a broad
overview of all of the medications currently under
development as aids to smoking cessation, instead we
focus on three neural mechanisms on which our center has
been conducting studies and about which we have first-hand
familiarity working with some of the medications being
developed that target these systems. For more exhaustive
reviews on both currently available and novel pharmacotherapies for nicotine dependence, it is recommended that
the reader see the recent excellent reviews by George and
O’Malley [7] and Foulds et al. [8].

2. Why is tobacco smoke so addicting?
In order to rationally develop new pharmacotherapies for
tobacco dependence, it is important to understand elements
of the neurobiology of tobacco addiction. As discussed
below, tobacco dependence is preferred over other terms
such as nicotine dependence since it is likely that other
components in tobacco smoke contribute to the addiction
process beyond just nicotine (see Section 5 below).
In the United States and in other Western developed
countries, the health risks of cigarette smoking are now
widely known. These public health efforts have been
partially successful as evidenced by the fact that over 70%
of cigarette smokers express a desire to want to quit
smoking with 30% (in Western Europe) to 50% (in the US)
of smokers actually making a quit attempt each year [5].
However, most of these quit efforts are attempted without

the benefit of approved pharmacotherapy, and when this is
the case, the likelihood of one successfully quitting smoking
is roughly 1 in 20 [5].
As alluded to earlier, tobacco smoke is a highly addictive
drug. Results from the National Household Surveys on Drug
Abuse indicate that among regular users of tobacco, alcohol,
cocaine, and cannabis, cigarette smokers were more likely
to become dependent on cigarettes than were regular users
of each of these other types of drugs [9]. As a corollary to
this epidemiologic observation, rates of current smoking
among alcoholics or cocaine addicts who have successfully
recovered from those addictions are three- to fourfold
greater than that found in the general population [10,11].
2.1. Cigarettes: the model nicotine delivery system
One reason that smoking is so addictive is that the
inhaled route of administration is an ideal way to deliver
nicotine and other psychoactive components in tobacco
smoke to the brain. Nicotine delivered in tobacco smoke
readily diffuses into the arterial blood across lung capillaries
and then is swiftly distributed into the brain via rapid
diffusion across the blood–brain barrier. Thus, nicotine from
tobacco smoke reaches the brain within 10–20 s of its
inhalation [12]. As a result of its rapid elimination and
distribution to peripheral tissues, the rapid decline in brain
nicotine concentrations sets up a cycle where the smoker has
to readminister the drug frequently. This rapid onset and
offset of nicotine’s effects in the brain contribute to
nicotine’s addition potential much like that observed with
the smoking of other drugs such as crack cocaine.
2.2. Nicotine commandeers nAChRs in the brain reward
circuit to reinforce smoking behaviors
Exogenous nicotine from tobacco smoke binds to
nicotinic acetylcholine receptors (nAChRs) that are widely
distributed throughout the brain and periphery [13]. In
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general, stimulation of nAChRs on nerve terminals
promotes neurotransmitter release while binding at postsynaptic and somal (neuron cell bodies) nAChRs mediates a
small minority of fast excitatory transmission [14]. The
nAChRs to which exogenous nicotine from cigarette smoke
bind were not intended for this purpose; but rather, were
designed to facilitate cholinergic neurotransmission using
acetylcholine (ACh) as the primary neurotransmitter (see
Fig. 1). Such cholinergic neurotransmission generally relies
upon the release of small amounts (i.e. 1 mM) of ACh that
gets rapidly degraded by acetylcholinesterase to limit the
duration of the signal [14]. However, exogenous nicotine
from cigarette smoking collects in the brains of smokers in
miniscule amounts (i.e. 0.1 mM) and is not broken down by
acetylcholinesterase [15]. Thus, nicotine from tobacco
smoke hijacks these nAChRs in ways for which they are
not designed to further contribute to the addiction potential
of tobacco smoke (see Section 4 below).
Like other drugs of abuse, nicotine’s addiction potential
is primarily mediated via its actions on the mesocorticolimbic dopamine system [16–18]. This system, schematized
in Fig. 1, is comprised of dopamine neurons originating in
the ventral tegmental area (VTA) of the midbrain that send
their axonal projections rostrally to a region of the ventral
striatum known as the nucleus accumbens (NAcc).
Dopaminergic projections also extend further rostrally to
regions of the cerebral cortex, especially to one area known
as the prefrontal cortex (PFC) that plays important roles in
executive processing and decision-making [15]. In addition
to having bidirectional connectivity with the PFC, the
subcortial midbrain dopamine system also has reciprocal
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linkages with limbic system structures such as the
hippocampus (important for memory processing and
associative learning) and the amygdala (important for
emotional processing) [19]. Thus, given the interconnectivity of these subcortical, cortical, and limbic system
structures, each of which are populated with nAChRs, it is
not surprising that cigarette smoking and craving for
tobacco becomes associated with a host of behaviors and
cues involving natural reward learning, memory and
emotions [15,19].
While endogenous ACh is required for nicotine to elicit
its reinforcing effects [15]; dopaminergic neurotransmission
in the mesocorticolimbic reinforcement circuitry is further
modulated by several other neurotransmitters other than
acetylcholine. Chief among these are glutamate and
gamma-aminobutyric acid (GABA) [20,21]. Glutamate,
the major excitatory neurotransmitter in the brain, generally
acts like an accelerator on the VTA dopaminergic neurons.
In contrast, GABA, the major inhibitory neurotransmitter in
the central nervous system, mainly functions as the
decelerator on midbrain dopamine neurons. Together,
these four principal neurotransmitters (i.e. dopamine,
ACh, glutamate and GABA) and their receptors form
elaborate feed forward and negative feedback loops that are
perturbed by nicotine and other intermediary neuromodulators released during tobacco smoking [15].
Nicotine, like other drugs of abuse, leads to a release of
dopamine in the NAcc [18,21]. Electrophysiological studies
indicate that nicotine stimulates dopaminergic neurons in at
least three ways [15,20,21]. First, nAChRs located directly
on dopaminergic neurons in the VTA bind exogenous

Fig. 1. Nicotine Commandeers the Brain’s Reward Circuitry. In this simplified schematic of brain reward center connectivity, reproduced with permission from
reference [15], dopamine (DA), acetylcholine (ACh), GABA, and glutamate (Glu) neurons are illustrated in select brain nuclei involved in drug reward.
Nicotinic acetylcholine receptors (nAChRs) that usually bind ACh from cholinergic projections originating in the pedunculopontine tegmental and laterodorsal
tegmental nuclei (PPTg/LDT) are hijacked by exogenous nicotine in tobacco smoke to reinforce smoking and smoking-related behaviors. See text for further
description. VTA, ventral tegmental area; NAcc, nucleus accumbens; PFC, prefrontal cortex. From Fagen, ZM et al. Ann NY Acad Sci 1003: 185–195 (2003).
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nicotine from tobacco smoke to excite the brain cell to
release dopamine. Second, nAChRs located on the terminals
of glutamatergic projections synapsing on dopaminergic
dendrites bind nicotine from cigarette smoke and release the
excitatory neurotransmitter, glutamate, to further stimulate
dopamine release. Third, in what appears to be a two-stage
process, nAChRs on GABAergic neurons that normally
function as the brake on dopamine neurons, are desensitized
by chronic exposure to exogenous nicotine, thus, releasing
their inhibition of dopaminergic neuronal firing and further
stimulating the release of dopamine. Taken together then,
nicotine hijacks nAChRs in the mesocorticolimbic dopamine system to reinforce the smoking behavior despite
adverse consequences by altering the balance in favor of
glutamatergic excitation of dopaminergic neurons at the
expense of GABAergic inhibition.

3. Therapeutic target #1:
3.1. The endocannabinoid system
The mesocorticolimbic dopamine pathway is modulated,
in part, by the endocannabinoid system (ECS), a recently
discovered modulatory network with exciting implications
for the treatment of tobacco dependence. The ECS is
comprised of at least two types of cannabinoid receptors
which belong to the superfamily of G-protein coupled
receptors [22]. The cannabinoid type 1 (CB-1) receptor,
found ubiquitously throughout the brain in regions such as
the cortex, limbic system and hypothalamus [23], is also
located in the gut [24] and on adipocytes [25]. The
cannabinoid type 2 (CB-2) receptor is primarily located
on immune cells. These receptors bind endogenous ligands
(so-called endocannabinoids) that are produced in the brain
and body on demand in response to various physiologic
demands such as starvation [26]. These endocannabinoids,
such as anandamide and 2-arachidonylglycerol (2-AG), are
synthesized from lipid cell membranes to serve as signaling
molecules that generally inhibit the release of neurotransmitters from presynaptic nerve terminals located in the
vicinity near where they are released [27]. Thus,
endocannabinoids participate in a retrograde signaling
process to modulate the release of dopamine in the
mesolimbic dopamine reinforcement center.
Several lines of evidence indicate that endocannabinoids
modulate the reinforcing effects of nicotine. In experimental
animals, chronic nicotine administration stimulates the
production of endocannabinoids in the limbic forebrain
region where the NAcc is located [28]. Co-administration of
rimonabant, the first selective antagonist of the CB-1
receptor, blocks nicotine self-administration in rodents
trained to administer this drug. Furthermore, in vivo
microdialysis studies in rodents co-administered rimonabant and nicotine found that the CB-1 antagonist blocked
dopamine release in the NAcc [29]. Rimonabant was also

found to block conditioned reinforcement in rats trained to
lever press in response to nicotine-associated environmental
stimuli—an animal model that simulates aspects of cueinduced drug taking in humans [30]. Taken together then,
these studies in experimental animals provide evidence that
suppression of the ECS may make nicotine less reinforcing.
These exciting preclinical results led to the development
of a phase II proof-of-concept study in humans to determine
whether rimonabant might be an aid to smoking cessation in
smokers motivated to try to quit smoking. Since the ECS
plays an important role in food intake and energy balance
[31,32], and since the drug also has anti-obesity effects
through both central and peripheral mechanisms [33], it was
postulated that rimonabant would also demonstrate the
added benefit of limiting post-cessation weight gain that so
often is an obstacle to individuals contemplating quitting
smoking. Indeed, the findings from this first phase II trial
were promising in that smokers treated with rimonabant
(40 mg) roughly doubled their odds of quitting smoking
compared with placebo. (Anthenelli et al., unpublished data)
Moreover, on average, rimonabant-treated quitters gained
only 25% of the weight gained by placebo-treated quitters at
least in the short term in this 10-week active treatment trial.
The promising phase II trial results paved the way for
further phase III clinical trials. Thus, the STRATUS
(Studies of Rimonabant and Tobacco Use)—US trial
compared fixed dosages of rimonabant 5 versus 20 mg in
a randomized, multicenter, double-blind, placebo controlled
clinical trial [34]. Seven hundred 84 smokers who were
motivated to try to quit smoking were randomized to
placebo, rimonabant 5 mg, or rimonabant 20 mg in a 10week treatment trial. All subjects received brief weekly
smoking cessation counseling. Abstinence from smoking
was evaluated by self-report, daily diaries, and confirmed by
expired breath carbon monoxide (CO) levels %10 parts per
million (ppm) as well as plasma cotinine concentrations. As
was the case in the phase II trial, the primary endpoint was
prolonged abstinence during the last four weeks of
treatment. Secondary efficacy outcome measures included
weight change, safety and tolerability measures.
Consistent with the phase II trial results, the findings
from the STRATUS-US trial have not yet been published
and can only be summarized here. There were no significant
differences across the three groups on demographic or base
line smoking characteristics. Compared with placebo,
rimonabant 20 mg (but not 5 mg) roughly doubled the
odds of quitting smoking and led to an 85% reduction in
post-cessation weight gain among these quitters, at least in
the short-term in this 10-week treatment trial [34]. The
medication was generally well tolerated with relatively few
subjects discontinuing treatment due to adverse events.
The combination of positive preclinical and clinical
(phase II and III) results make rimonabant a promising agent
for the treatment of tobacco dependence. While results
regarding the longer term effects of the medication on
maintaining smoking abstinence, preventing post-cessation
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weight gain, and safety are not yet available, studies
determining these parameters are either completed or
nearing completion and the results should be available
soon. However, when these short-term results are taken
together with the Rimonabant in Obesity (RIO)—program
results assessing the medication’s efficacy and tolerability
for the treatment of overweight/obesity and dyslipidemia
[35–37], rimonabant might be the first in a class of
cardiovascular risk managing agents that simultaneously
treats tobacco dependence, post-cessation weight gain, and
obesity via ECS suppression.

4. Therapeutic target #2:
4.1. Nicotinic receptor subtypes
As alluded to above, nicotine in tobacco smoke
commandeers the dopamine reward circuitry by binding to
nAChRs. These ligand-gated receptors are structurally and
functionally diverse as a result of being composed of
multiple protein subunits designated alpha (a), beta (b),
delta (d), etc. and it is this structural heterogeneity that
distinguishes among neuronal type nicotinic receptors and
muscle type nAChRs (i.e. nAChRs in muscle are comprised
of a, b, d and gamma (g) subunits whereas brain nAChRs
are made up of either homomeric a pentamers or
heteromeric a/b subunits) [13,38]. The number and types
of subunits that comprise a nAChR affect that receptor’s
role and function in the brain. Thus, homomeric a7 nAChRs
are located on glutamatergic terminals synapsing on
dopaminergic cell bodies and dendrites, while heteromeric
a/b nAChRs are found directly on the soma of dopamine
neurons and on GABAergic inputs to dopamine brain cells
[38]. Since nAChRs are ubiquitously distributed in various
brain regions involved in drug reinforcement (i.e. the
mesocorticolimbic dopamine pathway), memory and
learning (i.e. the hippocampus) and emotional processing
(i.e. the amygdala), it is not surprising that nicotine in
tobacco smoke affects all these processes.
Electrophysiological studies have demonstrated that
chronic or repeated doses of nicotine cause nAChRs to
desensitize or become refractory to further ion-gated
stimulation [14,21]. Thus, nAChRs exposed to chronic
nicotine adapt by becoming desensitized such that the ion
pore becomes closed for minutes to hours following the last
dose of nicotine. Since desensitized receptors turn over
more slowly than do nAChRs in the active state, there is an
upregulation of nAChRs in the brains of chronic smokers;
the number of nAChRs is increased in an effort to offset the
quantities of receptors found in the desensitized or inactive
state [14,39].
Desensitization of nAChRs such as that which occurs in
chronic smokers most likely contributes to physiologic
dependence on nicotine. That is, smokers become tolerant to
nicotine’s effects because desensitized nAChRs are inactive
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and are refractory to further stimulation by exogenous
nicotine. Such desensitization of nAChRs allows chronic
smokers to take in large amounts of nicotine, which in a
non-smoker, would normally lead to adverse effects such as
nausea or dizziness [14].
Upregulation of nAChRs in the brains of smokers most
likely contributes to the other component of physiological
dependence—tobacco withdrawal [14,40]. This uncomfortable state, that usually begins within hours of smoking
one’s last cigarette, is marked by a characteristic pattern of
symptoms and signs that include dysphoric or depressed
mood, irritability, insomnia, anxiety, difficulty concentrating, restlessness, decreased heart rate and increased appetite
or weight gain [41]. In addition to these complaints, the
tobacco withdrawal syndrome is also marked by craving for
the drug, and it is this constellation of factors that so often
leads smokers to relapse to smoking after they have
attempted to abstain.
Nicotine replacement therapy (NRT) substitutes nicotine
in the form of gum, patch, spray, inhaler and lozenge in a
safer formulation than that found in tobacco smoke. While
numerous studies have found NRT to be an effective aid to
smoking cessation [42], because of their routes of
administration, the available NRTs do not reproduce plasma
and brain nicotine concentrations to the extent provided by
cigarette smoking [8]. Moreover, full agonism by NRT at
nAChRs is nonselective, thus, all types of nAChRs in both
the brain and periphery are stimulated and this can
contribute to unnecessary side effects such as nausea or
tachycardia especially if individuals smoke cigarettes while
using NRT products.
4.1.1. Selective nAChR agents
Preclinical studies have implicated the a4b2 subtype of
nAChR as most likely playing a central role in the
pathophysiology of nicotine dependence. This receptor
subtype predominates among all other nicotinic receptor
subtypes in the brain, and it has a high affinity for nicotine
[43]. Picciotto et al. found that b2 receptors are necessary
for the maintenance of nicotine self-administration in rodent
models, as evidenced by b2 knockout (KO) mice selfadministering cocaine, but failing to maintain self-administration when the stimulant was switched to nicotine [44].
In a related fashion, a4b2 KO mice that are administered
nicotine do not manifest increases in striatal DA concentrations as compared to wild type mice [45]. Furthermore,
genetically engineered knock-in mutant mice with a4
nicotinic subunits rendered hypersensitive to nicotine
respond to very low doses of agonist by exhibiting
reinforcement after acute nicotine administration; whereas
following chronic nicotine administration, these mutant
mice exhibit other cardinal features of dependence such as
tolerance and sensitization [43].
Since the a4b2 nAChR subtype appears to play an
important role in the development of nicotine dependence, a
variety of selective agents targeting this receptor have been
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developed for testing in humans as potential aids to smoking
cessation. To date, the majority of these compounds have
been a4b2 partial agonists. These compounds have appeal
over full agonists because they have the potential to mitigate
both the positive and negative reinforcement associated
with tobacco smoking. Thus, in the presence of nicotine
from smoking, such agents hold the promise of blocking
nicotine-induced reward by having antagonistic blocking
effects at a4b2 receptors; whereas in the absence of
nicotine, these compounds’ agonistic effects should,
theoretically, ameliorate nicotine withdrawal much like
the full agonists do.
Based on a review of pharmaceutical compounds fitting
this profile, it appears that at least three such agents are
currently being tested in humans [46,47]. Perhaps the
furthest along in development among these agents is
varenicline (CP-526,555), an a4b2 partial agonist with
phase II-A and II-B trials already completed and with phase
III trials completed or underway. While there are scant
published data available regarding this compound and its
use in clinical trials, the company has released some reports
to investors regarding the phase II-A trial that are available
in the public domain [48]. Thus, this first proof-of-concept
study examined varenicline 0.3–2 mg per day versus
bupropion sustained-release (300 mg) in a 3-arm, 7-week,
randomized, placebo-controlled clinical trial. According to
the results released to date, almost half of vareniclinetreated smokers quit smoking compared with 16% of
subjects receiving placebo and 33% of smokers administered bupropion SR [48]. Data regarding weight change and
side effects are not available; however, when taken with the
positive reports of a4b2 partial agonists in animal models of
nicotine dependence [47], selective partial agonism of this
specific nAChR subtype appears to hold promise.

5. Therapeutic target #3:
5.1. Selective inhibition of monoamine oxidase (MAO)
In addition to nicotine’s effects on dopaminergic
neurotransmission in the brain, other components in tobacco
smoke also indirectly affect this monoamine neurotransmitter. Monoamine oxidase (MAO) is a mitochondrial
flavoenzyme found ubiquitously throughout the brain and
body that catalyzes the oxidative deamination of exogenous
and endogenous biogenic amines that includes dopamine
[49]. MAO exists in two forms, A and B, that are the
products of two discrete structural genes located on the X
chromosome [50,51]. MAO-A, which is selectively
inhibited by clorglyline and newer compounds such as
moclobemide, preferentially deaminates norepinephrine,
serotonin and epinephrine. MAO-B preferentially deaminates benzylamine and phenylethylamine, and is selectively
inhibited by deprenyl (selegiline) [52]. Dopamine and
tyramine are approximately equally catabolized by both

forms of MAO [49,52]. Since inhibition of tyramine
breakdown can lead to hypertensive crises in patients
treated with non-selective MAO inhibitors (e.g. tranylcypromine or phenelzine), both reversible inhibitors of MAOA (e.g. moclobemide) and selective inhibitors of MAO-B
(e.g. selegiline) have been developed to try to lessen the
potential for this so-called ‘cheese effect’ [49,53].
Tobacco smoking leads to potent inhibition of both types
(A and B) of MAO, and smokers have 30–40% lower MAOB and 20–30% lower MAO-A activity than non-smokers
[49,50,54]. Smoking-induced inhibition of MAO may have
important implications for the development and maintenance of tobacco dependence, and the return of MAO activity
following smoking abstinence may be yet a third therapeutic
target for drug development in tobacco smokers.
As alluded to above, while nicotine is the main culprit in
producing most of tobacco smoke’s addicting effects, it
appears that compounds in cigarette smoke other than
nicotine are responsible for its MAO inhibitory effects.
While the precise compounds have not been identified, it is
known that amine/smoke adducts form when biogenic
amines are exposed to aqueous extracts of tobacco smoke
[49]. Adducts of 1,2,3,4-tetrahydroisoquinoline (THIQ) and
1,2,3,4-tetrahydro-b-carboline (THbC) have been found to
act as competitive inhibitors for MAO-A and -B, and it is
likely that these and related compounds mediate cigarette
smoke’s effects on MAO activity [55–57].
Since MAO-A and -B both catabolize dopamine
intraneuronally, their potent inhibition by cigarette smoking
should potentiate dopaminergic neurotransmission and,
thus, further contribute to smoking’s reinforcing effects.
Ivan Berlin and we have proposed an hypothesis whereby
chronic habitual tobacco smoking is best understood by a
two component model involving both nicotine and reduced
MAO activity [49]. In this 2-component model, the main
effect of nicotine is on neurotransmitter and neuromodulator
release, while the MAO-inhibiting compounds in tobacco
smoke lead to the potentiation of these effects by slowing
down the catabolism of dopamine and other neurotransmitters (e.g. norepinephrine and serotonin) known to be
involved in the addiction process. The involvement of
both of these mechanisms might help to explain why
nicotine in tobacco products appears to be so addicting,
whereas nicotine in pharmacologic replacement therapies so
seldom produces a dependence state [49].
Tobacco-related inhibition of MAO activity reverses
itself in 3–4 weeks after an individual quits smoking, and
former smokers do not exhibit reductions in MAO activity
compared with never smokers [58,59]. The return of MAO
activity within days to weeks of quitting smoking probably
occurs at the least opportune time, however, since the
tobacco withdrawal syndrome is most likely characterized
by a dopamine (as well as norepinephrine and serotonin)
depletion state [60]. Thus, we have hypothesized that the
return of MAO activity levels to normal levels following
successful smoking cessation most likely contributes to the
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tobacco withdrawal syndrome, especially subacute and
more protracted withdrawal symptoms and signs, by
causing increased catabolism of monoamine neurotransmitters at a time when they are in relatively short supply.
5.1.1. Substituting a selective MAOI as a smoking
replacement
Several small-scale trials in smokers motivated to try to
quit smoking provide evidence that selective MAOIs might
be efficacious as adjunctive medications for the treatment of
tobacco dependence. In one laboratory study, 15 smokers
received the selective MAO-B inhibitor, selegiline
(10 mg/day) and placebo in counterbalanced order for
two, 4-day periods separated by a 2-week washout period
[61]. During the lab sessions, ad lib smoking sessions were
conducted after brief enforced periods of abstinence to
determine the medication’s effects on tobacco withdrawal
and response to smoking. The authors found that selegiline
decreased craving for tobacco and also reduced the number
of cigarettes smoked and smoking satisfaction ratings
during the smoking sessions [61].
Two published clinical trials, both using selegiline
dosages of 10 mg per day, also provide preliminary
evidence that this selective MAOI appears safe for use
and increases smoking cessation rates compared with
placebo in tobacco dependent smokers. George et al.,
randomized 40 subjects in an 8-week, double blind placebo
controlled study and found that, compared with placebo,
selegiline significantly improved weekly point prevalence
abstinence rates and smoking cessation rates during the
last 4 weeks of the trial (selegiline 30% vs. placebo 5%;
PZ0.07) [62]. At the 6-month follow-up period, selegilinetreated subjects continued to report higher rates of 7-day
point prevalence abstinence (20%) compared with placebo
(5%); however, because of the small sample size, this
finding also did not reach statistical significance. Selegiline
was well tolerated in these smokers, and treatment retention
was similar between placebo and drug groups [62].
Using an adjunctive treatment design and a 1-year
follow-up period, Biberman et al., reported that adding
selegiline to an 8-week course of transdermal nicotine
replacement was associated with a doubling of the 52-week
continuous abstinence rate in selegiline-treated smokers
compared with subjects who received patch therapy and
placebo [63]. While this result also did not quite reach
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statistical significance (PZ0.08), the small sample size and
lack of a standardized concomitant psychosocial intervention during the trial probably contributed to this. However,
when taken together with the findings of Houtsmuller et al.
[61], and George et al. [62], these small-scale proof of
concept studies provide consistent evidence that selective
inhibition of MAO-B may be yet another therapeutic target
for the treatment of tobacco dependence.

6. Discussion
As summarized in Table 2, in this paper we have
highlighted three novel therapeutic targets for the treatment
of tobacco addiction that we believe hold great future
promise for smokers motivated to try to quit smoking. With
the exception of selegiline, which is FDA-approved for the
adjunctive treatment of Parkinson’s Disease when used with
levodopa/carbidopa, all of the drugs discussed in this article
are investigational medications that have not been approved
by the US FDA or other regulatory agencies. Thus, although
the phase II and, in the case of the CB-1 blocker,
rimonabant, phase III trials we have discussed have been
positive, it remains to be seen whether the long-term safety
and efficacy of these agents will be demonstrated, and the
reader is urged to place these findings in the proper
perspective. The reader should also be mindful that, to our
knowledge, the rimonabant and varenicline results discussed herein have not yet, as of the time of this writing,
undergone the scrutiny of independent scientific peer
review, a critical step in the evaluation of any investigational medication. However, these same cautionary statements apply to other compounds being developed for this
indication [8], and the investigational medications we have
highlighted have substantial preclinical and clinical
evidence behind them to warrant enthusiasm.
In addition to the three novel mechanisms of action and
corresponding agents we have described in this article,
several other nicotine and non-nicotine medications are
being developed to help tobacco dependent men and women
quit smoking. New nicotine replacement medications such
as the nicotine straw are being developed to improve
adherence by making the medications easier to use, and
nicotine vaccines are also under development [8]. Other
agents targeting the a7 nicotinic receptor subtype such as

Table 2
Promising therapeutic targets for new drug development in the treatment of tobacco dependence
Therapeutic target

Prototypic agents

Proposed mechanism of action

Smoking-induced overactivation of the
endocannabinoid system (ECS)

Rimonabant
(SR141716)

a4b2 Nicotinic Receptor Subtype

Varenicline
(CP-526, 555)
Selegiline
(l-deprenyl)

Cannabinoid type 1 (CB-1) receptor blockade suppresses nicotine-induced EC
release that contributes to tobacco smoking’s reinforcing effects; added advantage
of curbing post-cessation weight gain
Partial agonism at a4b2 nAChRs ameliorates nicotine withdrawal and blocks
smoking’s reinforcing effects
Forestalls return of MAO-B activity after smoking cessation that contributes to
subacute and protracted nicotine withdrawal

Selective MAO-B inhibition
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GTS-21 (DMXBA, anabaseine) are being developed both as
possible aids to smoking cessation and as cognitive
enhancers [8,64,65]. Finally, a whole host of agents are
being tested in various animal models to evaluate their
potential as therapeutic agents for tobacco dependence [66].
Thus, there is much optimism that within the next few years
we will have several new medications available in our
treatment armamentarium to combat this pernicious disease.
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