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The authors review recent advances in
the pharmacotherapy and pharmacoge-
netics of nicotine dependence. Despite
the negative health consequences of
smoking, approximately 23% of adults in
the United States are daily tobacco smok-
ers and approximately 13% are nicotine
dependent. Data for development of new
medications for nicotine dependence are
likely to come from animal models of the
reinforcing value of nicotine, studies to
identify proteins in transgenic rodents,
and pharmacological studies of nicotine
withdrawal. The initial pharmacogenetic
studies of pharmacotherapies approved

by the United States Food and Drug Ad-
ministration for treatment of nicotine
dependence—nicotine replacement (nic-
otine gum, nicotine nasal spray, and
transdermal nicotine) and bupropion—
have identified candidate alleles at the
dopamine D, receptor gene and p opioid
receptor gene that may predict therapeu-
tic response. Because no one medication
is likely to be safe and efficacious for a
majority of persons with nicotine depen-
dence, it will be useful to develop genet-
ics-based methods and other tools to pre-
dict therapeutic response in subgroups of
nicotine-dependent persons.

(Am J Psychiatry 2005; 162:1441-1451)

In this article, we briefly review the epidemiology of nic-
otine dependence, the efficacy of nicotine dependence
pharmacotherapies, and the pharmacogenetics of nico-
tine dependence treatment. Nicotine dependence is a
complex trait, the end result of genetic susceptibility inter-
acting with environmental risk factors to produce the syn-
drome (1). Similarly, response to pharmacotherapy in nic-
otine dependence is a complex trait. Pharmacotherapy for
nicotine dependence is important to psychiatrists, as epi-
demiological studies indicate that a majority of individu-
als with schizophrenia or affective disorders are daily
smokers (2).

Epidemiology of Nicotine Dependence

Cigarette smoking is implicated in approximately 400,000
deaths annually (3). Cigarette smoking is the greatest pre-
ventable cause of cancer, accounting for at least 30% of all
cancer deaths (4). Approximately 23% of American adults
are cigarette smokers (5). The nicotine in tobacco is the
primary rewarding compound that establishes and main-
tains tobacco use (5, 6), and most persons who smoke
regularly (daily for at least 1 month) develop nicotine de-
pendence (6-8). Regular smoking typically begins in ado-
lescence (5, 9-11).

A complex set of factors allows for the initiation into
smoking; those factors include the smoking status of
friends and parents, economic status, and heritable fac-
tors (7, 12). Factors that facilitate continuation of smoking
probably involve a complex interaction between aversive
and rewarding influences of nicotine, as well as environ-
mental variables, including peer group approval and eco-
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nomics. Continued regular smoking leads to nicotine
dependence (7). For a DSM-IV diagnosis of nicotine de-
pendence, a smoker must meet three or more of the fol-
lowing six major criteria:

1. Tolerance (e.g., the absence of nausea or dizziness
despite substantial levels of smoking)
2. Withdrawal
A. Daily use for at least several weeks
B. After abrupt cessation, reports of four or more of
the following signs:

(1) dysphoric or depressed mood
(2) insomnia
(3) irritability, difficulty managing anger
(4) anxiety
(5) difficulty in concentration
(6) restlessness
(7) decreased heart rate
(8) increased appetite or weight gain
3. Repeated unsuccessful attempts to quit or reduce
nicotine use
4. Reduction or elimination of social or occupational
activities because smoking tobacco is not allowed in
those settings
5. Continued use despite medical or psychological
harm
6. Use that is often greater than intended or more fre-
quent than intended

Once smoking becomes established (daily smoking for 1
month), approximately 20% of smokers develop nicotine
dependence, based on responses to the Fagerstrom Test
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for Nicotine Dependence, which consists of six questions
(13) (Appendix 1). Although the maximal score is 10, a
score >4 indicates probable nicotine dependence.

Most nicotine-dependent persons report annual at-
tempts to quit smoking, but less than 15% are successful
over the long term (5). To reduce tobacco-related morbid-
ity and mortality, new approaches to nicotine dependence
treatment are needed. Some of these new approaches may
be developed on the basis of findings from the study of an-
imal models of nicotine dependence.

Animal Models
of Nicotine-Related Phenotypes

The rewarding effects of nicotine are mediated, in part,
by release of dopamine in the nucleus accumbens from
ventral tegmental area neurons (14-16). Increasing syn-
aptic dopamine in the nucleus accumbens is a mecha-
nism of reward for many abused drugs (17). The mecha-
nism through which nicotine mediates the increase in
nucleus accumbens synaptic dopamine may involve the u
opioid receptor and its endogenous ligand, f-endorphin
(18, 19).

Several animal models have been developed for the re-
warding valence of nicotine. Rodents can be trained to
self-administer nicotine in an operant chamber, where a
lever must be pressed to receive an intravenous bolus of
nicotine. Drugs that reduce operant self-administration
may show promise as smoking cessation medicines in
clinical trials. One promising compound is baclofen, a y-
aminobutyric acid type B receptor antagonist, which has
been shown to decrease intravenous self-administration
of nicotine in rats (20, 21). A second compound deserving
additional study is a specific inhibitor of norepinephrine
reuptake, reboxetine, which also reduced intravenous nic-
otine self-administration in rats (22).

Another behavioral model of the rewarding valence of
nicotine in rodents is conditioned place preference. This
paradigm uses an apparatus consisting of a box divided
into two distinct compartments, with a communicating
door. The two compartments are distinguished by floors
and walls of different appearance and/or texture (e.g.,
one compartment might have a wire mesh floor and ver-
tical stripes on walls, while the other compartment has a
solid plastic floor and horizontal dashes). Inmediately
after drug administration, which is usually by injection,
the rodent is placed into one compartment, and the
communicating door is locked. Exposure to the drug is
paired consistently with the same compartment, with
the communicating door locked, and placebo is paired
with the other compartment. After several pairings of the
drug with one compartment and placebo with the other
over several days, the rodent (without any drug for the
past day) is placed in the box with the communicating
door open. If the animal spends more time on the drug-
paired side, this result is taken as evidence that the ani-
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mal experienced the drug as rewarding. Similarly, avoid-
ance of the drug-paired side is evidence that the drug
was aversive.

Drugs that block nicotine place preference in rodents
may be useful compounds for smoking cessation trials in
humans. This conceptual leap is often assumed to be
valid because cigarette smoking is valued in part for its
rewarding effects (e.g., mild euphoria). If a medication
blocks the rewarding effects, it may reduce cigarette
consumption.

However, drugs that universally block experience of re-
ward for any event would not be acceptable compounds
for clinical trials in smoking cessation, for obvious rea-
sons. For example, a partial agonist at the strychnine-
insensitive glycine receptor site blocks nicotine, mor-
phine, cocaine, and amphetamine place preference in
mice, but it does not interfere with place preference for su-
crose pellets (23). The absence of an effect on the natural
reward of food suggests that the drug does not block all
hedonic mechanisms in the brain.

Nicotine withdrawal may be studied by chronic nicotine
administration in rodents, followed by a nicotinic antago-
nist injection (24). Compounds that attenuate the severity
of nicotine withdrawal symptoms in rodents may have
promise in treatment of nicotine dependence because
smoking may be maintained in part through avoidance of
withdrawal.

Implicit in these studies is the assumption that drugs
that reduce the rewarding valence of nicotine, or reduce
nicotine withdrawal symptoms, may be useful clinically in
treating nicotine dependence. Although this assumption
may not be correct, it is supported by the use of nicotine
replacement therapy as a means to manage nicotine with-
drawal symptoms.

Studies of transgenic mice have provided some insights
into the rewarding mechanisms of nicotine, and these
findings have suggested pharmacological approaches to
the treatment of nicotine dependence. Nicotine has been
found to induce release of B-endorphin (18, 19) and met-
enkephalin (25) from neurons. Mice lacking the p opioid
receptor gene, for which pB-endorphin and met-enkepha-
lin are naturally occurring ligands, do not show nicotine
place preference (26). Thus, some aspect of the rewarding
valence of nicotine requires p opioid receptors and (pre-
sumably) an endogenous ligand, either B-endorphin or
met-enkephalin or both. These studies suggest a role for
opioid antagonists in smoking cessation.

Mice lacking the B2 subunit of nicotinic receptors do not
experience nicotine as rewarding (27). These data are con-
sistent with the finding that the B, subunit is essential for
nicotine to elicit dopamine release in the nucleus accum-
bens (28). This assumption leads to the hypothesis that
nicotine’s rewarding actions are mediated through bind-
ing to nicotinic receptors containing the 3 subunit in the
nucleus accumbens, yielding increased release of dopa-
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mine, with an essential role for a functioning p opioid re-
ceptor system.

Mice lacking cannabinoid type 1 (CB1) receptors do not
show nicotine place preference (24). This study and other
studies have led to the development of a promising com-
pound for smoking cessation, the CB1 receptor antagonist
rimonabant (29).

Promising compounds for smoking cessation may also
be identified by screening for blockade of nicotine-in-
duced increases in synaptic dopamine in the nucleus
accumbens, an action of nicotine that is essential to its
rewarding valence (15, 16). A recent example of this strat-
egy is found in the observation that cannabinoid recep-
tor antagonists can block the nicotine-induced release of
presynaptic dopamine in the shell of the nucleus accum-
bens (30).

In multiple instances, animal model studies have yielded
promising compounds for clinical trials in nicotine de-
pendence. These clinical trials will most likely lead to new
pharmacotherapies approved by the United States Food
and Drug Administration (FDA) for nicotine dependence
in the near future. At present, however, only two pharma-
cotherapies for nicotine dependence have FDA approval:
nicotine replacement and bupropion.

Pharmacological Treatments
for Nicotine Dependence

Nicotine Replacement Therapy

Nicotine replacement therapy increases smoking ces-
sation rates significantly, compared to behavioral coun-
seling (31, 32). However, nicotine gum is often not used
properly and is not effective across all settings (33). Simi-
larly, nicotine nasal spray is aversive for many smokers,
and adherence rates tend to be lower than those for other
forms of nicotine replacement therapy (34). Thus, trans-
dermal nicotine (“the patch”) is the preferred first-line
treatment (31).

Although transdermal nicotine is significantly more
effective than placebo or behavioral counseling, only
20%-30% of smokers are able to quit with this form of
treatment, and up to 95% relapse to their former smok-
ing practices (35-37). Moreover, a short course of nico-
tine replacement therapy (e.g., 4 weeks) may not be
effective in the long term (38). Although it has been sug-
gested that the modest efficacy of transdermal nicotine
is attributable to inadequate nicotine replacement with
the 21-mg standard clinical dose, abstinence rates with a
44-mg dose are not maintained at 12-month follow-up,
and significant side effects have been reported (39).
Other studies have not found better outcomes with the
44-mg dose of transdermal nicotine, even in the short
term (37, 40).

With regard to the optimal duration of transdermal nic-
otine treatment, the results of meta-analyses (36, 41) and
clinical trials (42, 43) provide little support for improved
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outcomes with treatment longer than 8 weeks in duration
or with tapering versus abrupt cessation of treatment
(44). In a comparison of standard transdermal nicotine
treatment and extended treatment (8 additional weeks of
“maintenance” therapy with the 21-mg dose, followed by
a tapering phase) in a group of 55 smokers with absti-
nence-induced depressed mood, significant differences
in abstinence rates were not observed; however, when
treatment dropouts were excluded, the extended treat-
ment group had significantly lower rates of relapse (45).
This effect of extended therapy was observed only during
the 21-mg dose phase and not during the tapering phase,
suggesting that the benefits of extended high-dose treat-
ment may be achieved only if individuals continue taking
this dose (45). Although these studies do not provide
strong support for higher-dose or longer-duration nico-
tine replacement therapy overall, the optimal dosage and
duration of treatment for subgroups of smokers remain to
be determined.

Bupropion

Bupropion, an antidepressant used to treat nicotine de-
pendence, has an unclear mode of action, although there
is evidence that bupropion inhibits uptake of dopamine
and norepinephrine (46-48). Bupropion is also a nicotinic
receptor antagonist, which suggests the hypothesis that
treatment may reduce the reinforcing effects of smoking
(49). Sustained-release bupropion has been shown to pro-
duce significantly higher abstinence rates, compared both
with placebo (50-52) and with transdermal nicotine (53,
54). Six-month abstinence rates of 18%-26.9% have been
reported for bupropion, compared to rates of 7%-15.7%
for placebo (50, 51). Bupropion is efficacious for smokers
who may be more prone to relapse, such as women (55,
56), African Americans (57), and smokers with higher lev-
els of nicotine dependence (58).

Bupropion’s efficacy in the treatment of nicotine depen-
dence may be partly attributable to beneficial effects on
abstinence-induced weight gain (51, 59) and negative
mood symptoms (57, 60). The beneficial effects of bupro-
pion have been observed only during active treatment (61,
62). The benefits of sustained bupropion treatment for
nicotine dependence remain unexplored.

Medications Used for Other Indications

Several medications are being studied as treatments for
nicotine dependence. Brief treatment with naltrexone, an
opioid antagonist, has been shown to reduce cigarette
consumption and levels of plasma nicotine, compared to
placebo (63). Naltrexone in combination with transdermal
nicotine attenuates cue-elicited craving in the laboratory
(64), but an earlier report cited no effect of a single acute
dose of naltrexone on smoking behavior (65). Clinical data
on the efficacy of naltrexone as a smoking cessation ther-
apy have been equivocal (66-70). Fluoxetine, a selective
serotonin reuptake inhibitor, has been studied as a smok-

http://ajp.psychiatryonline.org 1443



NICOTINE DEPENDENCE

ing cessation treatment, but largely negative results have
been documented (71, 72). Preliminary evidence sug-
gested that fluoxetine may be more effective than placebo
among smokers with higher levels of pretreatment depres-
sion symptoms (73).

Pharmacogenetic Approaches
to Nicotine Dependence Treatment

Despite progress made in the pharmacological treat-
ment of nicotine dependence, the efficacy of available
treatments is limited. Although current guidelines recom-
mend transdermal nicotine as a first-line treatment for
nicotine dependence (31), the vast majority of smokers
receiving transdermal nicotine relapse to their former
smoking practices (35, 36). Bupropion has been shown to
produce higher quit rates than nicotine replacement ther-
apy (53), yet it is effective for only a minority of smokers.

Several studies have attempted to identify pretreatment
variables that can be used to individualize pharmacother-
apies for nicotine dependence, but with limited success.
Measures of nicotine dependence, such as smoking rate,
level of dependence, and cotinine level, have predicted
outcome in some nicotine replacement therapy studies
(40, 74) but not in others (75). Smokers with low to moder-
ate nicotine dependence levels, nonobese smokers, and
Caucasian smokers may benefit more from transdermal
nicotine, and smokers who are highly dependent, obese,
or members of minority groups may benefit more from
nasal spray (76). Bupropion may be a more effective treat-
ment for women (55) and smokers with higher levels of
nicotine dependence (58). These data do not provide an
empirical basis on which to tailor the choice of treatment
to individual smokers, but pharmacogenetic research may
identify smokers for whom bupropion and nicotine re-
placement therapy will have the strongest benefit. Re-
search on the role that inherited variation plays in the re-
sponse to pharmacotherapy for nicotine dependence may
yield individualized treatments based on genotype and
may thereby improve efficacy.

A pharmacogenetic approach to nicotine dependence
treatment may yield knowledge of DNA variants that influ-
ence treatment outcome, under the assumption that in-
herited differences in drug metabolism and drug targets
influence toxicity and efficacy (77-79).

Pharmacogenetic Investigations
of Nicotine Replacement Therapy

In a pharmacogenetic study conducted in the United
Kingdom, 755 of 1,500 smokers participating in a placebo-
controlled trial of transdermal nicotine also provided
blood samples for DNA analysis (80, 81). The DNA analysis
focused on genetic variation in the dopamine pathway, on
the basis of previous evidence that nicotine’s rewarding ef-
fects are mediated, in part, by dopaminergic mechanisms
(82). Transdermal nicotine was significantly more effec-
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tive than placebo for carriers of the Al allele of the D,
dopamine receptor gene (DRD2) but not for A2 homozy-
gotes (80). The difference in the odds ratios for the treat-
ment effect between the genotype groups was significant
after the first week of treatment but not at the end of treat-
ment. This study also examined a polymorphism in the
dopamine B-hydroxylase gene (DBH). Transdermal nico-
tine was effective (odds ratio of 3.6 for transdermal ni-
cotine versus placebo) in producing abstinence among
smokers with both the DRD2*A1 allele and the DBH*A al-
lele and was less effective for smokers with other geno-
types. This genetic association with treatment response
was significant at both 1 week and 12 weeks of treatment,
suggesting that the efficacy of transdermal nicotine may
be modulated by DRD2 and DBH. A follow-up study sup-
ported the association of the DRD2*A1 variant with absti-
nence at 6 and 12 months posttreatment; however, the ef-
fect was observed only among women. Results for DBH
were not reported (81).

In an open-label pharmacogenetic trial of transdermal
nicotine versus nicotine nasal spray, the role of the | opi-
oid receptor gene (OPRM1I) gene was examined (83). The p
opioid receptor is the primary site of action for the reward-
ing effects of the endogenous opioid peptide, B-endor-
phin, which is released afer acute and short-term nicotine
administration (18, 19). Exon 1 of the human OPRM1 gene
includes a common Asn40Asp (A118G) mis-sense single
nucleotide polymorphism. The Asp40 variant increases
the binding affinity of f-endorphin for this receptor three-
fold, relative to the wild-type Asn40 OPRM]1 (84). The
Asp40 variant is found in about 25%-30% of individuals of
European ancestry (85, 86) and is therefore sufficiently
common to explain clinically significant differences in re-
sponse to different forms of nicotine replacement therapy.

Among 320 smokers of European ancestry, persons car-
rying the OPRM1 Asp40 variant (Asn/Asp or Asp/Asp, N=
82) were significantly more likely than those homozygous
for the Asn40 variant (Asn/Asn, N=238) to be abstinent at
the end of the treatment (83). The differential treatment
response was evident among smokers who received trans-
dermal nicotine (quit rates of 52% versus 33% for the Asp40
and Asn40 groups, respectively; odds ratio=2.4) but was
not significant among smokers who received nicotine na-
sal spray. Among smokers who received transdermal nico-
tine, the advantage for the Asp40 group was significantly
greater during the 21-mg dose phase. Smokers with the
Asp40 variant also reported significantly less severe with-
drawal symptoms and mood disturbance during the first 2
weeks of abstinence and gained significantly less weight at
the end of treatment, compared to those with the Asn40
genotype. Although these results must be validated in fu-
ture research, the findings suggest a hypothesis that smok-
ers with the OPRM1 Asp40 variant may achieve significant
benefit from transdermal nicotine and may be candidates
for extended high-dose patch treatment, or even mainte-
nance therapy, to reduce risk of relapse.
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Consistent with this pharmacogenetic hypothesis, a
longitudinal analysis in the transdermal nicotine group
revealed that the OPRM1 genotype effect in the Asp40
group was greatest during 21-mg patch treatment, de-
clined as treatment was tapered, and disappeared after
treatment was discontinued. In the Asn40 homozygotes,
dose tapering did not appear to alter abstinence rates,
which declined steadily from the quit date. Event history
analysis of lapse and recovery events showed that trans-
dermal nicotine-treated smokers with the Asp40 variant
were significantly more likely to recover from lapses than
were Asn40 homozygotes during the 21-mg dose phase
(83). There was no genotype effect on recovery from lapses
during the 14-mg or 7-mg phase or after treatment was
discontinued. Thus, nicotine-dependent persons with the
Asp40 allele may benefit from extended higher-dose
transdermal nicotine therapy.

Consistent with the treatment outcome data from this
trial (83), smokers with the OPRM1 Asp40 variant reported
significantly less severe withdrawal symptoms and mood
disturbance during the first 2 weeks of abstinence, com-
pared to the Asn40 homozygotes. An increase in negative
affect during this period strongly predicted relapse. Smok-
ers with the Asp40 variant also had significantly less
weight gain at the end of treatment than did the Asn40 ho-
mozygotes. OPRM1 genotype effects on these intermedi-
ate outcomes may be mediated by greater -endorphin
occupancy at the pu receptor. Although these results must
be validated in future research, the findings suggest a hy-
pothesis that smokers with the OPRM1 Asp40 variant may
be candidates for extended high-dose patch treatment, or
even maintenance therapy, as an alternative to smoking.

Pharmacogenetic Investigations of Bupropion

A placebo-controlled smoking cessation clinical trial of
bupropion (87) was the source of pharmacogenetic analy-
ses focused on the cytochrome P450 2B6 gene (CYP2B6),
which has been implicated in bupropion kinetics (88) and
in brain nicotine metabolism (89). In this trial, 426 smok-
ers of European ancestry provided blood samples and re-
ceived bupropion (300 mg/day for 10 weeks) or placebo,
plus counseling. Smokers with decreased activity alleles of
CYP2B6 (slower metabolizers) reported greater increases
in cravings for cigarettes following the target quit date and
had significantly higher relapse rates. These effects were
modified by a significant gender-by-genotype-by-treat-
ment interaction, suggesting that bupropion attenuated
the effects of genotype among female smokers. The find-
ings of a significant association of CYP2B6 genotype with
smoking cessation in the placebo group and absence of a
genotype association with bupropion side effects suggest
that the genotype effect on treatment outcome is not at-
tributable to bupropion pharmacokinetics. Rather, the
greater relapse liability in the genetically slower metabo-
lizers may be attributable to slower rates of inactivation of
nicotine (by conversion to cotinine) in the central nervous
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system. Additional trials are warranted to confirm these
results, as are studies to explore the neurobiological
mechanisms of the observed genetic effect.

A second report from this clinical trial (87) examined ge-
netic variation in the dopamine pathway, based on the
premise that bupropion’s effects are attributable, in part,
to inhibition of dopamine reuptake (46). The genetic anal-
ysis focused on common polymorphisms in the dopamine
transporter (SLC6A3) gene and the DRD2 gene, both of
which had been associated in previous studies with smok-
ing behavior (90-93). Although the analysis did not sup-
port the hypothesis of genetic modulation of response to
bupropion, the results revealed a significant gene-gene in-
teraction effect on liability to relapse, mirroring results
from a previous study of smoking status (90). Specifically,
smokers with DRD2*A2 and SLC6A3*9 alleles had signifi-
cantly higher abstinence rates at the end of treatment
(53% versus 39%) and a longer latency to relapse at the end
of treatment (28 versus 21 days) and at 6-month follow-up
(83 versus 65 days). By contrast, among smokers with
DRD2*A1 genotypes, the effect of SLC6A3 on abstinence
rates and time to relapse was not significant.

On the basis of existing biological and epidemiological
data on DRD2 and SLC6A3, a biobehavioral mechanism
for the observed findings can be postulated. Data suggest
that individuals with DRD2*A1 genotypes exhibit lower
dopamine D, receptor density and, therefore, may have
lower levels of neuronal dopamine-dependent activity,
compared to individuals with DRD2*A2 genotypes (94—
96). This interpretation is consistent with epidemiological
evidence for association of DRD2*A1 with cognitive func-
tion (97, 98), as well as with a variety of addictive behaviors
(99). With regard to SLC6A3, the 9-repeat genotype has been
associated with lower levels of dopamine transporter pro-
tein expression (100, 101). This lower level of expression
may yield less neuronal dopamine reuptake and higher
levels of synaptic dopamine. Thus, individuals with this 9-
repeat allele may derive less reinforcement from nicotine-
induced dopamine release, by virtue of a chronically high
level of synaptic dopamine at baseline. Thus, one could
speculate that in the presence of normal receptor function
(i.e., in individuals with DRD2*A2 genotypes), lower
dopamine transporter levels and higher levels of synaptic
dopamine (i.e., in individuals with SLC6A3*9 genotypes)
would minimize the phasic effects of nicotine on dopa-
mine release, thereby reducing positive reinforcement
from smoking. This effect, in turn, would make it easier for
smokers with the DRD2*A2/SLC6A3*9 haplotype to main-
tain smoking abstinence. By contrast, individuals with
lower synaptic dopamine levels (i.e., those with SLC6A3*10
genotypes) and normal receptor density (i.e., those with
DRD2*A2 genotypes) might have the greatest need for and
reinforcement from nicotine.

An association of the DRD2 Taql polymorphism with
bupropion’s effects on subjective withdrawal symptoms
has also been reported in a small investigation (102). The
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Al allele of DRD2 has also been linked with smoking ces-
sation and abstinence-induced negative mood symptoms
following treatment with venlafaxine, a serotonin and
norepinephrine reuptake inhibitor (103).

Weight gain occurs in a majority of daily smokers after
quitting (104, 105), and weight gain predicts relapse to
smoking (105). To investigate possible mechanisms, we
examined genetic variations in the dopamine pathway as
moderators of the effect of bupropion on abstinence-in-
duced changes in the rewarding value of food (106). This
analysis was based on the evidence described earlier for
the beneficial effects of bupropion on weight gain after
smoking cessation (51). Seventy-one smokers of European
ancestry participated in this experiment; all of them were
genotyped for the DRD2 Taql polymorphism and ran-
domly assigned to treatment with bupropion (300 mg/
day) or placebo. They participated in two behavioral labo-
ratory sessions during which the rewarding value of food
was assessed with a behavioral economics measure: ses-
sion 1 occurred before medication and before cessation of
smoking; session 2 occurred after 3 weeks of bupropion
treatment and 1 week of sustained abstinence. Carriers of
the DRD2*A1 allele exhibited significant increases in the
rewarding value of food after abstinence from smoking,
and these effects were attenuated by bupropion treatment
(a significant medication-by-genotype interaction). Fur-
ther, higher levels of food reward at session 2 (postquit)
predicted a significant increase in weight by 6-month
follow-up in the placebo group but not the bupropion-
treated group. These results provide new evidence that the
increase in body weight that occurs after smoking cessa-
tion is related to increases in food reward and that food re-
ward is partly determined by genetic factors. Bupropion’s
efficacy in attenuating abstinence-induced weight gain
may be attributable, in part, to its effect in decreasing food
reward.

Challenges in Pharmacogenetic Studies
of Nicotine Dependence

Phenotype Assessment

Given the complexity of nicotine dependence, including
its multiple genetic and environmental components, it is
difficult to imagine that a single compound could provide
effective pharmacotherapy for the millions of nicotine-
dependent individuals in the United States. Rather, a given
medication may be useful for a minority of nicotine-depen-
dent persons. Thus, it becomes essential to optimize phar-
macotherapy by using reliable predictors of therapeutic re-
sponse. Genetic background will be one of those reliable
predictors, but only one. It will be necessary to develop new
phenotypes related to the multidimensional nature of nico-
tine dependence. These new phenotypes may provide bet-
ter prediction of pharmacotherapy response.
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As a complex trait, nicotine dependence has multiple
facets, including molecular brain adaptations to chronic
nicotine use, electrophysiological alterations, structural
and functional brain abnormalities, and neurocognitive
changes. Therapeutic response to pharmacotherapy has
been measured typically in terms of reduction in the num-
ber of cigarettes smoked per day or in terms of absolute
abstinence, confirmed by carbon monoxide in exhaled air
and/or measures of plasma (or salivary) cotinine, a nico-
tine metabolite. Therapeutic response to pharmacother-
apy for nicotine dependence might be more closely re-
lated to pharmacogenetics when that therapeutic
response is also defined partly in terms of nicotine-evoked
electrophysiological parameters, brain imaging findings
for responses to nicotine, or nicotine-induced cognitive
changes. Research in these areas is needed.

The overwhelming majority of daily smokers gain
weight after smoking cessation (104), and the average in-
crease may be as high as 5 kg. Weight gain is one predictor
of relapse after smoking cessation (105). Thus, studies of
weight gain after smoking cessation (107), as a nicotine-
related phenotype, are needed for a more adequate re-
sponse to this public health concern.

Sample Size

The complexity of the phenotype requires that pharma-
cogenetic studies of nicotine dependence have adequate
statistical power to detect small gene effects, especially
when the model includes gene-gene and gene-environ-
ment interactions in the presence of active (versus pla-
cebo) pharmacotherapy. It will be necessary to study hun-
dreds to thousands of clinical trial participants to identify
the key genetic variants predicting therapeutic and ad-
verse responses.

In any approach to estimating sample sizes for pharma-
cogenetic studies of nicotine dependence, several param-
eters must be estimated and several modes of inheritance
must be assumed. One parameter estimated is the allele
frequency of a hypothetical DNA variant that increases the
probability that a nicotine-dependent person will stop
smoking if given a certain medication. It does not seem
reasonable to study alleles that are present at less than
10% frequency in the population, as these alleles will be
too uncommon to influence the outcome for most treat-
ment seekers. A second parameter estimated is the size of
the effect of the variant in increasing the probability that a
nicotine-dependent person will stop smoking if given the
medication under study. Reasonable assumptions of ef-
fect size are in the range of 1.5 to 2 (expressed as the odds
ratio). Several modes of inheritance (recessive, dominant,
and additive) are included. Table 1 gives the sample sizes
required for 90% power to detect a significant (p=0.05,
one-sided) effect of an active compound under these rea-
sonable assumptions for the typical study in which sub-
jects are randomly assigned to receive either the active
compound or placebo.
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Implications of Pharmacogenetic
Research in Nicotine Dependence
for Psychiatry Practice

Individuals with psychiatric illness carry a dispropor-
tionate burden from cigarette smoking and tobacco-re-
lated mortality. Data from a nationally representative sur-
vey indicated that individuals with a current psychiatric
illness are not only more likely to be regular smokers but
also less likely to quit smoking (108). Ninety-two percent
of persons with a diagnosis of schizophrenia have been
estimated to have a lifetime history of smoking and 83%
to be current smokers, compared to about one-quarter of
the general population (109). Rates of current smoking
are also elevated among persons with bipolar disorder
(69%), major depression (37%), and generalized anxiety
disorder (46%) (108). Further, there is evidence for a com-
mon genetic etiology for smoking and psychiatric illness
and support for the role of the a7 neuronal nicotinic re-
ceptor in both schizophrenia and bipolar disorder (110).

Although smoking cessation treatments have not been
extensively studied in persons with psychiatric illness,
some pharmacotherapies have shown promise. For exam-
ple, in arandomized clinical trial of a smoking cessation in-
tervention for persons with schizophrenia, bupropion was
found to be safe and significantly more effective than pla-
cebo (111). Evidence for the safety and efficacy of transder-
mal nicotine, especially in conjunction with atypical anti-
psychotic agents, has been reported (112).

Pharmacogenetics research in smoking has the poten-
tial to advance the science and practice of smoking ces-
sation treatment in the general population and among
persons with psychiatric illness. In addition to providing
insights into targets for novel pharmacotherapies, infor-
mation about smokers’ genotypes may allow practitioners
to select the optimal type, dosage, and duration of treat-
ment for individual patients. Although this research is still
in its infancy, recent data suggested that health care pro-
viders are very favorably disposed toward providing genet-
ically tailored treatment in practice; for example, among
1,120 physicians in the American Medical Association, the
average reported likelihood of adoption of genetic testing
to tailor smoking treatment (on a 0%—-100% scale) was
73.5% (113). However, several barriers to clinical transla-
tion of pharmacogenetics research in smoking must be
addressed, including a lack of preparedness of health care
providers to counsel patients about genetic results and
concerns regarding the potential for stigmatization and
discrimination based on genetic findings (113, 114). Such
findings highlight the importance of provider education in
genetics, as well as the need to address broader health care
policy issues.
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TABLE 1. Number of Subject Pairs Required for 90% Power
to Detect Differences in Outcome Due to a DNA Variant in
a Placebo-Controlled Medication Trial®

Number of Subject Pairs

Allele

Frequency 0dds Recessive Dominant Additive
(%) Ratio Inheritance  Inheritance  Inheritance
10 1.50 9,474 637 536
10 1.75 4,818 329 277
10 2.00 3,067 212 179
20 1.50 2,460 443 311
20 1.75 1,254 233 163
20 2.00 800 152 106
30 1.50 1,167 424 243
30 1.75 598 225 129
30 2.00 383 149 85

aNumbers are pairs of active-compound-treated and placebo-
treated subjects required to give 90% power to detect a significant
difference (p=0.05, one-sided) in outcome in three possible modes
of inheritance. The causative allele frequencies and odds ratios are
varied within reasonable ranges. Calculations were done with the
Quanto program (107).

Summary

Despite 40 years of government warnings regarding the
negative health consequences of smoking, roughly 23% of
adults in the United States are daily tobacco smokers. Nic-
otine produces a dependence syndrome that renders ab-
stinence a difficult goal. Social pressures against smoking
have increased, producing fewer opportunities to smoke,
yet smoking represents the single largest preventable
source of morbidity and mortality in the United States.
Thus, the need for new medications is great.

New medications for nicotine dependence may be de-
veloped through animal models of the reinforcing value of
nicotine as well as through pharmacological studies of
nicotine withdrawal. Studies of transgenic rodents have
been valuable in identifying specific genes whose proteins
can be targeted for pharmacotherapy.

The initial pharmacogenetic studies of FDA-approved
pharmacotherapies, including nicotine replacement and
bupropion, have appeared in the literature. These studies
have identified (in a preliminary manner) candidate alleles
at the D, dopamine receptor gene and p opioid receptor
gene that may predict therapeutic response. Given the
complexity of the nicotine dependence phenotype, it
seems that no one medication will show efficacy and
safety for a majority of nicotine-dependent individuals.
Thus, it will be essential to use genetics and other tools to
predict therapeutic response in subgroups of nicotine-
dependent persons.

This research is of particular importance to psychia-
trists, as a large fraction of individuals with behavioral
disorders are daily smokers, including the majority of
persons with schizophrenia and affective disorders (2).
Psychiatrists must consider smoking cessation therapy a
high priority in their clinical practices, and newer, more
efficacious medications will facilitate this change.
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APPENDIX 1. Fagerstrom Test for Nicotine Dependence

Points for
Question and Answer Answer
1.How many cigarettes do you smoke daily?
10 or less 0
11-20 1
21-30 2
31 or more 3
2.1f you had to give up one cigarette, which one would
be the most difficult to give up?
The first one in the morning 1
Any other 0
3.How soon after arising in the morning do you smoke
the first cigarette of the day?
Within 5 minutes 3
6-30 minutes 2
31-60 minutes 1
After 60 minutes 0
4. Do you find it difficult to refrain from smoking in
places where it is forbidden?
Yes 1
No 0
5.Do you smoke even when you are so ill that you are in
bed most of the day?
Yes 1
No 0
6. Do you smoke more frequently during the first few
hours of each day than during the rest of the day?
Yes 1
No 0
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