
Psychopharmacology (2006) 184: 494–503
DOI 10.1007/s00213-005-0135-z

ORIGINAL INVESTIGATION

David H. Malin . J. Ronald Lake . Tanya D. Smith .
Habil N. Khambati . Rhonda L. Meyers-Paal .
Ana L. Montellano . Ryan E. Jennings .
Daniel S. Erwin . Stacey E. Presley .
Barbara A. Perales

Bupropion attenuates nicotine abstinence syndrome in the rat

Received: 3 January 2005 / Accepted: 18 July 2005 / Published online: 15 September 2005
# Springer-Verlag 2005

Abstract Rationale: Bupropion reduces discomfort and
craving associated with smoking cessation. This study
determined whether a rat model of nicotine dependence
could detect such nicotine abstinence-alleviating effects.
Objectives: Experiments determined whether the absti-
nence-alleviating effects of bupropion were detectable by
(1) behavioral abstinence signs precipitated by the nico-
tinic antagonist mecamylamine, (2) place aversion condi-
tioned to mecamylamine-precipitated nicotine abstinence,
and (3) spontaneous behavioral abstinence signs after ab-
rupt nicotine withdrawal. Methods: In experiments 1 and
2, nicotine-dependent rats were coinfused for 7 days with
3.15 mg/kg/day nicotine and 20 mg/kg/day bupropion
or with nicotine alone. They were then challenged with
1 mg/kg mecamylamine and observed for behavioral ab-
stinence signs (experiment 1) or place aversion conditioned
to precipitated abstinence (experiment 2). In experiment 3,
rats were nicotine-infused for 7 days as above. A day after
termination of nicotine infusion, rats were observed for
spontaneous nicotine abstinence signs before and after
injection with saline or bupropion. Results: In experiment
1, rats coinfused with nicotine and bupropion had sig-
nificantly fewer mecamylamine-precipitated abstinence
signs than rats infused with nicotine alone but similar
numbers to rats infused with saline alone. In experiment 2,
bupropion pretreatment significantly reduced the aversive-
ness of mecamylamine-precipitated nicotine abstinence. In
experiment 3, a single bupropion injection dose-depen-
dently alleviated spontaneous nicotine abstinence syn-
drome. Conclusions: These results suggest that these rat
models of nicotine dependence and abstinence syndrome

may be useful in detecting nicotine abstinence-alleviating
effects of potential medications for smoking cessation. The
effects of acute bupropion administration raise interesting
questions regarding bupropion’s mechanism of action.
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Introduction

A rodent model of nicotine physical dependence and
abstinence syndrome has been introduced and validated
(Malin 2001; Malin et al. 1992, 1994). In this model, de-
pendence is induced by continuous subcutaneous infusion
of nicotine bitartrate via an Alzet osmotic minipump, and
abstinence is initiated by removal of the pump or rapidly
precipitated by injection of nicotinic antagonists such as
mecamylamine (Malin et al. 1994). The severity of the
abstinence syndrome is assessed by counting occurrences
of behavioral abstinence signs on a standard checklist. This
model has met a variety of validity criteria (Malin 2001),
and the abstinence syndrome has generally been quantita-
tively reproducible across studies (Malin et al. 1994, 1998).
Several independent research groups have confirmed the
basic phenomena of the continuous infusion model (Adams
and Cicero 1998; Carboni et al. 2000; Epping-Jordan et al.
1998; Hildebrand et al. 1997, 1998; Suzuki et al. 1996;
Watkins et al. 2000). Nicotine abstinence precipitated in
rats rendered nicotine dependent by this method is clearly
aversive, as assessed by the conditioned place aversion
procedure (Suzuki et al. 1996).

One objective in developing the rat model of nicotine
dependence was to provide a means to rapidly screen
compounds for potential alleviation of nicotine abstinence
syndrome, which would suggest potential usefulness in
certain stages of smoking cessation. This gives rise to the
question: would the model be capable of detecting the
benefits of a drug already known to be useful in smoking
cessation? Bupropion (Zyban and Wellbutrin) is such a
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drug. In addition to its use as an antidepressant (Ascher
et al. 1995; Horst and Preskorn 1998), bupropion has been
used clinically to aid smoking cessation and has produced
significant enhancement of quit rates (Gonzales et al. 2001;
Hayford et al. 1999; Hays et al. 2001; Hurt et al. 1997;
Jamerson et al. 2001; Johnston et al. 2001; Jorenby et al.
1999) as well as decreased cue-induced cigarette craving
(Brody et al. 2004). Providing a possible explanation for
these findings, animal studies found that bupropion, pos-
sibly acting as a noncompetitive nicotinic receptor an-
tagonist, can alter nicotine reinforcement (Bruijnzeel and
Markou 2003; Glick et al. 2002) as well as nicotine lo-
comotor, hypothermic, convulsive, and antinociceptive ac-
tions (Slemmer et al. 2000).

Suggesting an additional explanation for clinical effi-
cacy, bupropion significantly reduced the severity of with-

drawal syndrome in smoking cessation (Shiffman et al.
2000). The main purpose of the present study was to de-
termine whether bupropion would have a similar effect on
nicotine abstinence syndrome in the rat continuous infu-
sion model of nicotine dependence. This was assessed
in three different ways. First, mecamylamine-precipitated
behavioral abstinence signs were observed in already-nic-
otine-dependent rats that were then coinfused with nico-
tine and bupropion prior to nicotine antagonist challenge.
Secondly, the aversiveness of mecamylamine-precipitated
nicotine abstinence was evaluated by conditioned place
aversion in rats treated as above. Lastly, an experiment
attempted to confirm the ability of acutely administered
bupropion to alleviate ongoing spontaneous nicotine ab-
stinence syndrome (initiated by termination of nicotine
infusion), as reported by Cryan et al. (2003).
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Fig. 1 Diagrams of three experimental designs. Experiment 1 (top).
The effect of nicotine bupropion coinfusion during the last 7 days of
nicotine infusion on somatic behavioral signs precipitated by 1 mg/
kg mecamylamine. Experiment 2 (middle). The effect of bupro-

pion coinfusion on place aversion conditioned to mecamylamine-
precipitated nicotine abstinence syndrome. Experiment 3 (bottom).
The effect of 7.5 or 11.5 mg/kg burpropion or saline s.c. on somatic
behavioral signs during spontaneous nicotine abstinence
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Experiment 1: chronic bupropion attenuates mecamylamine-
precipitated nicotine abstinence syndrome in the rat

Bupropion treatment for smoking cessation is generally
initiated at least 7 days before the target quit date and
continues during the withdrawal period following smoking
cessation (Hayford et al. 1999; Jorenby et al. 1999). To
model this general treatment approach, rats already ren-
dered nicotine dependent were subsequently continuously
infused with bupropion together with further nicotine in-
fusion, followed by challenge with a nicotine antagonist at
a dose previously shown to precipitate a vigorous absti-
nence syndrome only in nicotine-dependent rats.

Experiment 1 methods

Subjects The subjects were 24 male Sprague–Dawley rats,
weighing 389–454 g. They were individually housed and
maintained on ad libitum food and water and a 12-h light/
dark cycle. Animal care and use in all three experiments
conformed to standards established by the National Insti-
tute of Health.

Dependence induction The research design is shown in
Fig. 1 (top). A nondependent control group (n=8) was
subcutaneously implanted with a 2ML1 Alzet osmotic
minipump (Durect, Cupertino, CA, USA) filled with sa-
line. After 7 days of saline infusion, the pump was re-
placed with another saline-filled minipump, and the rats
were infused with saline for 7 more days. A nicotine-de-
pendent control group (n=8) was subcutaneously im-
planted with a minipump filled with nicotine bitartrate [−]
isomer (Sigma, St. Louis, MO, USA) in saline. These rats
were rendered nicotine dependent by 7-day infusion of
9 mg/kg/day nicotine bitartrate (3.15 mg/kg/day expressed
as the base). This treatment has been shown to induce
significant nicotine dependence, as assessed by both spon-
taneous and mecamylamine-precipitated abstinence syn-
dromes (Malin et al. 1992, 1994). The pump was then
replaced with another minipump filled with the same con-
centration of nicotine bitartrate, and the rats were infused
for 7 more days with nicotine to maintain dependence.

A nicotine-dependent, bupropion-treated experimental
group (n=8) received the same nicotine infusion as the
nicotine-dependent control group for the first 7 days. The
minipump was then replaced with another minipump
filled with nicotine bitartrate together with bupropion HCl
(Sigma). These rats were coinfused for the next 7 days with
9 mg/kg/day nicotine bitartrate and 20 mg/kg/day bupro-
pion HCl. This infusion rate of bupropion was selected
because it resulted in an antidepressant-like effect in the rat
Forced Swim Test (West and Weiss 1998). All minipump
implants were carried out under halothane anesthesia.

Observations Rats were habituated to a clear rectangular
observation chamber (48×38×20 cm) for 30 min on day
7 of infusion, immediately prior to removal of the first

minipump and implantation of the second pump. Rats were
observed for abstinence signs over 30 min on day 13 to
confirm that they were not undergoing nicotine abstinence
syndrome prior to mecamylamine challenge. On day 14,
each rat was injected subcutaneously with 1 mg/kg mec-
amylamine HCl (Sigma). This dose of mecamylamine has
been shown previously to induce a vigorous nicotine ab-
stinence syndrome in rats infused for 1 week with 9 mg/kg/
day nicotine bitartrate but not in nondependent rats in-
fused with saline alone (Malin et al. 1994). Immediately
following the mecamylamine injection, rats were observed
over 30 min for nicotine abstinence signs. Observers
counted the number of signs based on a checklist of nic-
otine abstinence signs developed and validated by Malin
et al. (1992). Categories included “wet dog” shakes and
tremors, gasps and writhes, teeth chatters and chews, pto-
sis, and miscellaneous, less frequent signs (seminal ejac-
ulations, scratches, yawns, and hops). Ptosis was counted
no more frequently than once each minute, and any con-
tinuous teeth chatter, chewing, or tremors were counted no
more than once every 15 s. All observations were carried
out under “blind” conditions.

Experiment 1 results

As shown in Fig. 2, rats infused with nicotine for 2 weeks
had far more overall mecamylamine-precipitated absti-
nence signs (total occurrences of all categories of sign) than
rats coinfused with bupropion during their second week of
nicotine infusion or rats infused for 2 weeks with saline
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Fig. 2 Overall nicotine abstinence signs/30 min (M±SEM) precip-
itated by 1 mg/kg mecamylamine HCl s.c. in rats infused with saline
for the preceding 14 days (white bar), infused with 9 mg/kg/day
nicotine bitartrate for 14 days (single hatched bar), or infused with
nicotine bitartrate for 7 days and nicotine bitartrate plus 20 mg/kg/
day bupropion for the next 7 days (double hatched bar). **p<0.01 vs
the saline-infused group and p<0.05 vs. the group coinfused with
nicotine and bupropion

496



alone. Analysis of variance (ANOVA) revealed a signifi-
cant effect of drug infusion [F(2,21)=4.92, p<0.05]. Post
hoc analysis [Fisher’s least significant difference (LSD)]
revealed that the group infused for 2 weeks with nicotine
alone had significantly more abstinence signs than the sa-
line-infused group and the group coinfused with nicotine
and bupropion, p<0.01 and p<0.05, respectively. There was
no significant difference between the saline-infused rats
and those coinfused with nicotine and bupropion.

Figure 3 shows the occurrences of various categories of
abstinence signs exhibited by the three groups. In every
category except shakes/tremors, the rats infused with nic-
otine alone exhibited more precipitated abstinence signs
than the other two groups. According to Fisher’s LSD test,
the group infused with saline and the group coinfused with
nicotine and bupropion both had significantly fewer (p<
0.05) gasps/writhes and instances of ptosis than the group
infused with nicotine alone.

Observation of the rats on day 13 (a day prior to
mecamylamine challenge) revealed an unusually fine and
persistent head tremor in one rat coinfused with nicotine
and bupropion, qualitatively different from any previously
observed nicotine abstinence signs. Since this atypical
tremor preceded nicotine abstinence, it might tentatively
be attributed to bupropion treatment rather than nicotine
abstinence. On day 14, two of the rats in the group coin-
fused with nicotine and bupropion exhibited the atypical
tremor, resulting in this group having an elevated number
of shakes/tremors.

Experiment 2: bupropion attenuates the aversiveness
of mecamylamine-precipitated nicotine withdrawal
in the rat

This experiment determined whether the ability of bupro-
pion to reduce the behavioral signs of antagonist-precip-
itated nicotine abstinence syndrome would correspond to
an ability to reduce the aversiveness of the syndrome. The
dose of mecamylamine employed has been previously
shown to be nonaversive in nonnicotine-dependent (saline
infused) rats in the conditioned place aversion procedure
while producing a marked aversion in nicotine-dependent
rats (Suzuki et al. 1996).

Experiment 2 methods

Subjects The subjects were 21 male Sprague–Dawley rats
weighing 423–468 g. The rats were housed individually
and maintained as above.

Dependence induction The research design is shown in
Fig. 1 (middle). All rats were implanted subcutaneously
with one 2ML1 Alzet osmotic minipump under halothane
anesthesia. Nicotine dependence was induced by 7 days
of continuous infusion of 9 mg/kg/day nicotine bitartrate
(3.15 mg/kg/day expressed as the base). One week later,
the pumps were removed under halothane anesthesia,
and another pump was implanted. Ten of the rats received
7 more days of 9 mg/kg/day nicotine tartrate infusion,
whereas the other 11 rats received 7 additional days of
9 mg/kg/day nicotine bitartrate together with 20 mg/kg/day
bupropion HCl as described above.

Conditioned place preference apparatus An automated,
custom-designed conditioned place preference apparatus
was constructed by Columbus Instruments, Columbus, OH,
USA. It consisted of two plexiglas boxes, 30×30×30-cm
high each and separated by a guillotine door that could
either be closed or raised 12 cm to permit free passage
between chambers. The walls and floor of the two cham-
bers were covered with plastic sheeting. One box was
checkered in black and white with a textured transparent
plastic floor over the sheeting. The other box was speckled
in shades of gray, white, and black with a smooth trans-
parent plastic floor. A transparent plexiglas start box, gated
by a guillotine door, opened onto the center of the ap-
paratus at the boundary of the checkered and speckled
sides. The two chambers had transparent tops, and they
were dimly illuminated by 13-W red darkroom bulbs 55 cm
above the top of each chamber. Switches mounted under
the floor were triggered by a weight difference of 80 g or
more between the two sides. The switches were connected
to two timers that displayed the cumulative time the rat
spent in each side.

Testing procedure Beginning on day 10 of nicotine in-
fusion, each rat was habituated to the apparatus on 3 suc-
cessive days. On each day, the door between the chambers
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Fig. 3 Occurrences of various categories of nicotine abstinence
signs/30 min (M±SEM) precipitated by 1 mg/kg mecamylamine HCl
s.c. in rats infused with saline for the preceding 14 days (white bar),
infused with 9 mg/kg/day nicotine bitartrate for 14 days (single
hatched bar) or infused with nicotine bitartrate for 7 days, and nic-
otine bitartrate plus 20 mg/kg/day bupropion for the next 7 days
(double hatched bar). *p<0.05 vs the group infused for 14 days with
nicotine alone
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was raised, and the rat was allowed to explore freely for
15 min. The third habituation session served as a pretest to
determine each rat’s preferred side and the number of
seconds spent on that side. On the subsequent day (the
conditioning day), each rat was injected with saline and
locked for 30 min in its initially nonpreferred side. It was
then injected subcutaneously with 1 mg/kg mecamylamine
to precipitate nicotine abstinence and was locked for
30 min in its initially preferred side. Twenty-four hours
after the saline injection, each rat was returned for a 15-
min free choice trial with the door between the chambers
left in the open position. The number of seconds spent in
the previously preferred chamber was recorded. Each rat’s
aversion score was the change from pretest to postcondi-
tioning test in the seconds spent in the initially preferred
chamber that had been associated with nicotine abstinence.
A negative score was thus indicative of conditioned aver-
sion. This measure was chosen to be consistent with the
earlier study (Suzuki et al. 1996) that established the aver-
siveness of the rat model of precipitated nicotine abstinence
syndrome.

Experiment 2 results

Coinfusion of bupropion did not have a clear-cut effect on
preference between the two chambers during the pretest
(prior to conditioning). Of the time that they committed
to either chamber, rats infused with nicotine alone spent
71.9±8.2% (mean±SEM) in the speckled chamber. Rats
coinfused with nicotine plus bupropion after the first 7 days
of nicotine spent 86.3±8.1% of the time in the speckled
chamber. This difference was not significant [NS; t(19)=
1.25].

Following the conditioning session, the rats infused only
with nicotine demonstrated marked aversion to their ini-
tially preferred chamber, which had been associated with
nicotine abstinence (Fig. 4). They reduced by 200.3±61.3 s
(mean±SEM), the time spent in the conditioned chamber.
In contrast, the rats coinfused with bupropion reduced their
time in the initially preferred, abstinence-associated cham-
ber by only 13.9±16.6 s. This 93% difference in the aver-
sion scores was significant [t(19)=3.06, p<0.01].

Experiment 3: acute bupropion dose-dependently
reduces nicotine abstinence syndrome in the rat

This experiment determined whether prolonged continuous
bupropion administration was essential to the drug’s ab-
stinence alleviating effects or whether acutely administered
bupropion might also be effective. In addition, the exper-
iment evaluated the effect of bupropion on spontaneous,
rather than precipitated nicotine withdrawal syndrome.
This has more direct preclinical relevance, since the dis-
comfort experienced in the days following smoking ces-
sation (Shiffman and Jarvik 1976; Hatsukami et al. 1984)
constitutes a spontaneous abstinence syndrome.

Experiment 3 methods

Subjects The subjects were 21 male Sprague–Dawley rats,
weighing 375–430 g, maintained as described in experi-
ment 1.

Dependence induction The research design is shown in
Fig. 1 (bottom). All rats were implanted with an Alzet
2ML1 osmotic minipump and were infused for 7 days with
9 mg/kg/day nicotine bitartrate (3.15 mg/kg/day expressed
as the base) as described in experiment 1. Seven days
(164 h) after implantation, nicotine infusion was abruptly
terminated by pump removal under halothane anesthesia.

Observations Rats were habituated to the observation
chamber for 30 min on days 5, 6, and 7 of nicotine infu-
sion. Eighteen (preinjection) and twenty-two hours (post-
injection) following termination of nicotine infusion, rats
were observed under “blind” conditions over 30 min for
spontaneous behavioral abstinence signs as described in
experiment 1. These time points were chosen because
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numbers of abstinence signs are maximal between 17 and
23 h following termination of 9 mg/kg/day nicotine bi-
tartrate infusion (Malin et al. 1996, 1998).

Ten minutes prior to the 22-h observation, groups of
seven rats each were injected subcutaneously with 11.5 or
7.5 mg/kg bupropion HCl or with saline alone. Sub-
chronically administered injections at doses ranging from

5–15 mg/kg bupropion have been shown to decrease im-
mobility in the Forced Swim Test, an indicator of anti-
depressant activity (Cooper et al. 1980, 1994; Reneric and
Lucki 1998). Final selection of doses as well as the inter-
val between bupropion injection and behavioral observa-
tion was based on small pilot experiments. Abstinence
reversal scores for each rat were the number of signs
postinjection (22-h observation) as a percentage of signs
preinjection (18-h observation). Thus, complete reversal
of abstinence syndrome would be indicated by a score of
0%, while no reversal would be indicated by a score of
100%. For each individual category of abstinence sign,
only postinjection scores were analyzed to avoid dividing
by zero in cases where a subject had no preinjection signs
in a particular category.

Locomotor immobility was also assessed for each rat
during both behavioral observations. Low activity is a
correlate of nicotine abstinence syndrome (Malin et al.
1992). The stationary behavior score for each rat was the
cumulative duration of episodes of immobility (complete
lack of ambulatory and exploratory behavior) during each
30-min observation. Each rat’s immobility reversal score
was its postinjection immobility score as a percentage of
its preinjection immobility score.

Experiment 3 results

As shown in Fig. 5, bupropion dose-dependently reduced
abstinence reversal scores (overall postinjection nicotine
abstinence signs as a percentage of preinjection signs).
ANOVA revealed a significant dose effect [F(2,18)=23.51,
p<0.001]. There was a significant negative linear trend of
abstinence reversal scores as a function of dose [F(1,18)=
46.35, p<0.001]. Post hoc comparisons (Fisher’s LSD test)
revealed significant differences between each of the three
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groups. Nicotine-dependent rats injected with either 7.5 or
11.5 mg/kg bupropion had significantly reduced absti-
nence reversal scores compared with rats injected with
saline alone (p<0.001). In addition, the group receiving the
higher dose of bupropion had a significantly greater reduc-
tion in signs than the group receiving the lower dose of
bupropion (p<0.01). These results were not attributable to
any significant preinjection differences in overall absti-
nence signs among the three treatment groups. Preinjection
abstinence scores (M±SEM) were 46.14±7.56, 43.71±6.72,
and 45.86±3.63 for the saline, low dose and high dose
groups, respectively. ANOVA revealed no significant ef-
fect of treatment group on preinjection scores [F(2,18)=
0.04, NS].

Figure 6 shows the occurrences of various categories of
abstinence signs exhibited by the three groups. Abstinence
signs were lower in bupropion-treated than in saline-treated
rats in all categories except miscellaneous, less frequent
signs. There were significant negative linear trends as
a function of dose for gasps/writhes [F(1,18)=18.47,
p< 0.001] and ptosis [F(1,18)=19.39, p<0.001]. In both of
these categories, post hoc comparisons (Fisher’s LSD test)
indicated that both bupropion dose groups had signifi-
cantly fewer signs than saline-treated rats (p<0.001 and
p<0.01, respectively).

Stationary behavior during nicotine abstinence was
significantly reduced by bupropion in a dose-dependent
manner. Saline-injected rats averaged 100.61% of their
preinjection stationary behavior, whereas animals inject-
ed with 7.5 and 11.5 mg/kg bupropion averaged 89.17
and 62.45%, respectively, of their preinjection immo-
bility scores. ANOVA revealed a significant dose effect
[F(2,18)=5.09, p<0.05]. There was also a significant neg-
ative linear trend of immobility percentage scores as a
function of dose [F(1,18)=8.56, p<0.01]. According to
Fisher’s LSD test, subjects receiving the higher dose of
bupropion had significantly lower immobility percentage
scores than the rats receiving saline alone (p<0.01) or the
lower dose of bupropion (p<0.05).

Discussion

The ability of bupropion to alleviate nicotine abstinence
syndrome was readily detected by three different variations
of the rat model of nicotine dependence (Malin et al. 1992;
Malin et al. 1994; Suzuki et al. 1996). Bupropion’s ab-
stinence-alleviating effect in the rat was extremely robust,
since it resulted from both acutely administered bupropion
and bupropion chronically coadministered along with nic-
otine and since it affected both spontaneous or mec-
amylamine-precipitated nicotine abstinence. It was also
detectable by somatically expressed behavioral signs, dura-
tion of immobility, and conditioned place aversion. This is
in addition to a previous report (Cryan et al. 2003) of
bupropion reversing the elevated intracranial self-stimula-
tion (ICSS) thresholds that result from nicotine absti-
nence, an indicator of impaired reinforcement mechanisms
(Epping-Jordan et al. 1998). The Cryan et al. (2003) study

also reported dose-dependent bupropion alleviation of
spontaneous somatic behavioral nicotine abstinence signs.
The results of experiment 3 are quite consistent with re-
sults of that study. The differences appear to be rather
minor. In the present study, bupropion alleviation of nic-
otine abstinence syndrome was evaluated at 22 h after
termination of nicotine infusion, as compared with 12 h in
the Cryan et al. (2003) study, and significant alleviation of
signs was observed with 7.5 and 11.5 mg/kg bupropion,
as compared with 20 and 40 mg/kg bupropion. In both
studies, the bupropion-induced decrease in gasps and
writhes reached significance, while the decrease in ptosis
also reached significance in the present study. The effects
of coinfusing bupropion along with nicotine in experi-
ments 1 and 2 are most readily interpreted as interference
with nicotine dependence, since 1 mg/kg mecamylamine
precipitates neither abstinence signs nor conditioned place
aversion in rats not exposed to nicotine (Malin et al. 1994;
Suzuki et al. 1996). Thus, there would be virtually no
room to demonstrate an alleviation of mecamylamine ef-
fects by bupropion infusion alone in the absence of nico-
tine infusion.

These results have implications for the validity and use-
fulness of rat models of nicotine dependence and ab-
stinence. As reviewed by Malin (2001), the basic model
involving somatically expressed behavioral signs has met
many criteria of internal validity; that is, several experi-
ments have established that the signs result from chronic
nicotine exposure in the rat, followed by decreased nicotine
exposure. However, the model’s degree of external validity
and, thus, its degree of preclinical usefulness, will be in-
dicated by the number of phenomena that are observed
both in the rat model and in human smokers. For instance,
the opiate antagonist naloxone induces abstinence signs
selectively in nicotine-dependent rats (Malin et al. 1993)
and also in smokers as opposed to nonsmokers (Krishnan-
Sarin et al. 1999). The finding that bupropion alleviates
nicotine abstinence syndrome in rats as well as in smokers
(Shiffman et al. 2000) adds to the rat model’s apparent
degree of external validity. It is particularly encouraging
that bupropion had this effect in rats when employed in a
manner that models the common clinical practice of begin-
ning chronic bupropion treatment during ongoing smoking
in tobacco-dependent individuals prior to the target quit
date (Hayford et al. 1999; Jorenby et al. 1999). It is also
encouraging that the rat model detected a major bupro-
pion-induced decrease in the aversiveness of nicotine ab-
stinence, since negative affect during smoking cessation
appears to contribute to early relapse (Laje et al. 2001).
Taken as a whole, the results suggest that the model in its
several variations may be useful in preliminary screening
for other compounds with similar potentially useful effects.

It is also interesting that an entire pattern of the measures
(somatic behavioral signs, immobility, ICSS thresholds,
and conditioned aversion) that increase as a group in nic-
otine abstinence should decrease as a group when nicotine-
abstinent rats are treated with bupropion. This is consistent
with the hypothesis that these measures are somewhat
coherent and reflect, to some extent, a common state of the
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organism induced by nicotine dependence followed by
nicotine abstinence.

The neurobiological mechanisms of bupropion’s effi-
cacy in smoking cessation are complex and somewhat
unclear. Since depression is a risk factor for nicotine
dependence (Glassman et al. 1990) and since bupropion
has long been used as an antidepressant, it might be
assumed that bupropion aids smoking cessation through
its antidepressant action. However, bupropion and most
other antidepressants require chronic administration be-
fore achieving antidepressant effects (Stahl et al. 2004),
while acute administration immediately attenuated nico-
tine abstinence syndrome in this study and that of Cryan
et al. (2003). In clinical studies, bupropion efficacy in
smoking cessation was not mediated through depressive
symptoms (Lerman et al. 2004) and was unrelated to a
history of depression (Hayford et al. 1999), casting fur-
ther doubt on the antidepressant hypothesis. Bupropion is
also a noncompetitive antagonist of several subtypes of
nicotinic cholinergic receptors, reversing a variety of nic-
otine actions in animal models (Fryer and Lukas 1999;
Miller et al. 2002; Slemmer et al. 2000). Bupropion can
alter nicotine self-administration in the rat, although the
direction and extent of this effect depend on such factors
as the bupropion dose and the nicotine reinforcement
schedule (Bruijnzeel and Markou 2003; Glick et al. 2002;
Rauhut et al. 2003; Shoaib et al. 2002). Bupropion’s nic-
otinic antagonist action might explain interference with
the reinforcing effect of smoking or with the dependence-
inducing action of nicotine in experiments 1 and 2. How-
ever, nicotine receptor antagonism would not explain the
ability of a single bupropion injection to reverse nicotine
abstinence syndrome in experiment 3 in rats that are al-
ready nicotine dependent and deprived of nicotine. If any-
thing, nicotinic receptor antagonism would be expected to
enhance the effects of reduced nicotinic receptor stimu-
lation and intensify the resulting abstinence syndrome.

Bupropion and its hydroxybupropion metabolite bind
respectively to dopamine and norepinephrine transporters
and interfere with dopamine and norepinephrine reuptake,
resulting in higher extracellular catecholamine levels
(Ascher et al. 1995; Damaj et al. 2004; Ferris and Cooper
1993; Miller et al. 2002). Nicotine potently induces dopa-
mine release in the mesolimbic pathway, an action essential
to its reinforcing effect (Balfour et al. 2000; Corrigall and
Coen 1991). In studies using the same rat model of nic-
otine dependence (Malin et al. 1992, 1994) employed in
the current study, nicotine abstinence resulted in decreased
dopamine release in several brain regions associated with
the mesolimbic dopamine pathway (Carboni et al. 2000;
Fung et al. 1996; Hildebrand et al. 1998; Panagis et al.
2000). Therefore, it is possible that bupropion may al-
leviate nicotine abstinence syndrome, at least in part, by
restoring levels of extracellular dopamine available at the
synapse. On the other hand, nicotine also facilitates nor-

peinephrine turnover (Singer et al. 2004) and, based on
studies with genetically modified mice, the noradrenergic
actions of the hydroxybupropion metabolite appear to be
essential for the antidepressant-like actions of bupropion
in the tail suspension and forced swimming tests (Cryan
et al. 2004). The catecholaminergic actions of bupropion
might also explain its ability to substitute for nicotine in
the drug discrimination procedure in a manner that is not
mediated by nicotinic receptors, since it is not blocked by
the nicotinic receptor antagonist mecamylamine (Wiley
et al. 2002; Young and Glennon 2002). Among antidepres-
sant and transmitter reuptake inhibitor drugs, bupropion
has nearly unique efficacy in smoking cessation (Kotlyar
et al. 2001). This might result from its dual effects on
nicotinic and catecholaminergic mechanisms as well as its
dual effects on nicotine reinforcement and nicotine ab-
stinence syndrome. In the search for further smoking
cessation treatments, it is desirable to identify other com-
pounds or combinations of compounds with such dual
activities.
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