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Abstract

Bupropion, a norepinephrine and dopamine reuptake inhibitor and nicotinic acetylcholine receptor
antagonist, facilitates smoking cessation and reduces some symptoms of nicotine withdrawal.
However, the effects of bupropion on nicotine withdrawal-associated deficits in learning remain
unclear. The present study investigated whether bupropion has effects on contextual and cued fear
conditioning following withdrawal from chronic nicotine or when administered alone. Bupropion
was administered alone for a range of doses (2.5, 5, 10, 20 or 40 mg/kg), and dose-dependent
impairments in contextual and cued fear conditioning were observed (20 or 40 mg/kg). Follow-up
studies investigated if bupropion disrupted acquisition or expression of fear conditioning. Bupropion
(40 mg/kg) administration on training day only produced deficits in contextual fear conditioning.
Alternatively, bupropion (20 or 40 mg/kg) administration during testing dose-dependently produced
deficits in contextual and cued fear conditioning. To test the effect of bupropion on nicotine
withdrawal, mice were withdrawn from 12 days of chronic nicotine (6.3 mg/kg/day) or saline
treatment. Withdrawal from chronic nicotine disrupted contextual fear conditioning; however, 5 mg/
kg bupropion reversed this deficit. Overall, these results indicate that a low dose of bupropion can
reverse nicotine withdrawal deficits in contextual fear conditioning, but that high doses of bupropion
produce deficits in fear conditioning.
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Introduction

Tobacco use is amajor worldwide health problem. The World Health Organization has reported
that tobacco use produces a major risk for cancer in developed nations, and that by the year
2020, an estimated 8.4 million people will die annually from tobacco-related diseases
(Twombly, 2002,2003). Once dependence on tobacco has been established, it is very difficult
to quit: 42% of cigarette smokers attempt to quit each year, but less than 6% are successful
(Mcllvain et al., 1995). One treatment option for smoking cessation is bupropion, a drug that
acts as a dopamine and norepinephrine reuptake inhibitor (Li etal., 2002), and is also a nicotinic
acetylcholine receptor (nAChR) antagonist (Fryer and Lukas, 1999;Slemmer et al., 2000).
Research has demonstrated that bupropion produced greater long-term rates of smoking
cessation when compared to placebo or nicotine patch treatment (Hurt et al., 1997;Jorenby et
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al., 1999). Furthermore, bupropion decreased some nicotine withdrawal symptoms, such as
increased irritability and impaired concentration (Shiffman et al., 2000) and also reduced
cravings for nicotine (Brody et al., 2004;Durcan et al., 2002).

Although bupropion is effective in promoting smoking cessation and reducing nicotine
withdrawal symptoms, the behavioral mechanisms by which it produces these effects are only
beginning to be understood. Animal models have demonstrated that bupropion altered nicotine-
associated changes in reward, nicotine self-administration, nicotine withdrawal-associated
conditioned place aversion, and somatic signs of withdrawal. Acute nicotine enhanced brain
reward functioning as measured by intercranial self-administration (ICSS), whereas
withdrawal from chronic nicotine produced a decrease in brain reward functioning (Epping-
Jordan et al., 1998;Harrison et al., 2002;Skjei and Markou, 2003). Cryan and colleagues
(2003) reported that a low dose of bupropion blocked the acute nicotine enhancement of ICSS
and also reversed the decrease in ICSS when rats were withdrawn from chronic nicotine. In
addition, rats withdrawn from chronic nicotine exhibited somatic signs of nicotine withdrawal
such as writhing or abdominal constrictions, and bupropion dose-dependently reversed these
symptoms (Cryan et al., 2003;Malin et al., 2006). Malin and colleagues (2006) have also found
that bupropion can reverse nicotine withdrawal-related conditioned place aversion.
Furthermore, bupropion modulates nicotine self-administration. Both high doses (Rauhut et
al., 2003;Rauhut et al., 2005) and intermediate doses (Bruijnzeel and Markou, 2003;Glick et
al., 2002) of bupropion reduced nicotine self-administration; whereas some studies report that
bupropion increased nicotine self administration (Rauhut et al., 2003;Shoaib et al., 2003), but
these results appear to depend on the dose and strain tested. Taken together, these studies
suggest that bupropion may facilitate smoking cessation by limiting the rewarding effects of
nicotine use, as well as the somatic signs of nicotine withdrawal.

In humans, nicotine withdrawal is associated with disrupted cognition, such as difficulty in
concentrating or impairment in working memory (Hughes et al., 1994;Jacobsen et al.,
2005;Mendrek et al., 2006), and bupropion improved the ability to concentrate in smokers
withdrawn from nicotine (Shiffman et al., 2000). However, few animal studies have examined
the effects of nicotine withdrawal on processes involved in cognition, such as learning and
memory, and no animal studies to date have investigated the effects of bupropion on learning
and memory deficits that occur during nicotine withdrawal. One ideal animal model for
examining the effects of nicotine withdrawal on learning and memory is Pavlovian fear
conditioning, in which subjects form an association between a context and a footshock
(contextual fear conditioning), and an association between an auditory stimulus and a footshock
(cued fear conditioning). Previous studies have shown that acute nicotine enhanced contextual
fear conditioning but had no effect on cued fear conditioning in mice (Davis et al., 2005;Davis
et al., 2006;Gould and Higgins, 2003;Gould and Wehner, 1999;Wehner et al., 2004). In
contrast, withdrawal from chronic nicotine produced impairments in contextual fear
conditioning but not cued fear conditioning (Davis and Gould, 2007;Davis et al., 2005).

An important application of this animal model for nicotine withdrawal-associated deficits in
learning and memory is to test compounds that may reverse the effects of nicotine withdrawal.
Currently, nicotine replacement has been shown to reverse deficits in contextual fear
conditioning following withdrawal from chronic nicotine (Davis et al., 2005). Furthermore,
atomoxetine (a norepinephrine reuptake inhibitor) is also effective in ameliorating nicotine
withdrawal-associated deficits in contextual fear conditioning (Davis and Gould, 2007). The
effects of bupropion on other symptoms of nicotine withdrawal, such as somatic symptoms or
alterations of reward and reinforcement (Bruijnzeel and Markou, 2003;Cryan et al., 2003),
suggest that it may be effective in reversing nicotine withdrawal-associated deficits in learning.
Therefore, the present study tested this hypothesis by determining whether bupropion can
reverse nicotine withdrawal-associated deficits in contextual fear conditioning.
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Subjects were male C57BL/6J mice (ages 8-12 weeks). Mice were maintained on a 12 hour
light-dark cycle (lights on at 7:00 am) and housed in groups of four with ad libitum access to
food and water. Behavioral procedures occurred during the light phase of the cycle. The Temple
University Institutional Animal Care and Use Committee approved all behavioral and surgical
procedures. For all experiments, groups consisted of 7 to 12 mice.

Mice were trained and tested for contextual fear conditioning in four identical chambers (17.78
cm x 19.05 cm x 38.10 cm) that were housed in sound attenuating boxes (Med-Associates, St.
Albans, VT). The front, back, and top chamber walls were Plexiglas, and side walls were
stainless steel. The floors of the chambers were composed of metal rods that were connected
to a shock generator and scrambler. Speakers were attached to the right wall of each chamber,
and were used to administer the white noise conditioned stimulus (CS). Ventilation fans
provided air exchange and background noise (69 dB), and were mounted on the right wall of
each sound attenuating box. A computer connected to the chambers used Med-PC software to
control stimulus administration. Testing for cued fear conditioning occurred in four identical
altered chambers (20.32 x 22.86 x 17.78 cm) that were housed in sound attenuating boxes and
located in a different room from the training chambers. The side walls of the chamber were
made of aluminum, and all other walls were composed of Plexiglas. The chamber floors were
covered in white plastic. Speakers for delivering the CS were mounted on the left wall of each
chamber. The background of the sound attenuating chambers differed in color from training
chambers, and a vanilla extract olfactory cue was added to further distinguish these chambers
from the training chambers.

Procedures: Contextual and Cued Fear Conditioning

Freezing (defined as the absence of all movement except for respiration) was used as the
assessment of conditioned fear and was measured with a time-sampling procedure that has
been described in detail elsewhere (Gould and Wehner, 1999). Briefly, mice were observed
for one second during 10 second bins and were scored as freezing or active. During training,
mice were placed in the chamber and baseline activity was scored for 120 seconds. Mice were
then exposed to two coterminating CS (85 dB white noise) - US (0.57 mA footshock) pairings
separated by a 120 second inter-trial interval. The CS was presented for 30 seconds, and the
footshock was activated during the final two seconds of CS administration. After the first CS
- US pairing, immediate freezing was scored during the 120 second inter-trial interval before
the second presentation of the CS and US. The training session ended with a 30 second period
during which freezing behavior was not recorded. Twenty-four hours after training, mice were
tested for contextual fear conditioning by returning them to the training chambers and scoring
freezing for 5 minutes. One hour later, mice were tested for both generalized freezing and for
cued fear conditioning in an altered context. Once mice were placed in the altered context
chambers, generalized freezing was scored for the first 3 minutes. Next, the CS was
continuously activated and cued fear conditioning was scored for the next 3 minutes.

Drug Administration

Bupropion hydrochloride (Sigma, St. Louis, MO) was dissolved in saline and administered
subcutaneously for all experiments. For all experiments investigating the effects of acute
bupropion on fear conditioning, bupropion was dissolved in saline at 2.5, 5, 10, 20, or 40 mg/
kg (injection volume of 10 mg/mL), and was administered subcutaneously twenty minutes
before training and/or testing. The doses of bupropion were based on prior research that used
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a similar range of doses to investigate the effects of bupropion on locomotor activity (Mitchell
et al., 2006;Redolat et al., 2005). Additionally, a control group in each experiment was
administered saline subcutaneously 20 minutes before training and testing.

In all experiments involving nicotine withdrawal, nicotine hydrogen tartrate salt (Sigma, St.
Louis, MO) was dissolved in saline and administered via mini-osmotic pumps (model 1002;
Alzet, Cupertino, CA). Mice were anesthetized with 5% isoflurane and implanted
subcutaneously with mini-osmotic pumps containing either 6.3 mg/kg/day nicotine (reported
in freebase nicotine weight) or saline. This dose of nicotine was selected because previous
research has demonstrated that withdrawal from chronic nicotine administration at this dose
produces impairments in contextual fear conditioning in C57BL/6 mice, and also produces
plasma nicotine levels comparable to what is observed in smokers (Benowitz et al., 1989;Davis
and Gould, 2007;Davis et al., 2005;Henningfield and Keenan, 1993). Chronic nicotine or saline
administration continued for 12 days following pump implantation, with all pumps removed
on day 12. Training and testing took place on days 13 and 14, respectively.

Experimental Design

High doses of bupropion produce deficits in contextual and cued fear
conditioning—The first experiment investigated the dose-dependent effects of bupropion
on fear conditioning when bupropion was administered alone on both days. Twenty minutes
before training, C57BL/6 mice received an injection of saline or bupropion. On testing day,
mice were given an injection of saline or bupropion before testing contextual fear conditioning.
One hour later, mice were tested for cued fear conditioning and mice in all groups received an
additional injection of saline or bupropion. In this experiment, bupropion was administered on
both days because the drug is typically administered over several days when used as a smoking
cessation aid (Hurt et al., 1997;Jorenby et al., 1999), and would not be administered to patients
just during the acquisition or recall of a task that assesses learning and memory.

The effects of bupropion on the acquisition of fear conditioning—Given that high
doses of bupropion disrupted fear conditioning in the first experiment, additional experiments
were conducted to determine whether high doses of bupropion impair the acquisition or
expression of fear conditioning. To test for the effect of bupropion on acquisition of fear
conditioning, saline or bupropion was administered 20 minutes before training. Twenty-four
hours later, mice in all groups received an injection of saline 20 minutes before testing
contextual and cued fear conditioning.

The effects of bupropion on the recall or expression of fear conditioning—In
order to test for the effect of bupropion on the recall or expression of fear conditioning, mice
in all groups were administered saline 20 minutes before training. On testing day, mice were
given an injection of saline or bupropion 20 minutes before testing contextual fear conditioning,
and an additional injection of saline or bupropion 20 minutes before testing cued fear
conditioning.

Bupropion ameliorates nicotine withdrawal deficits in contextual fear
conditioning in a dose-dependent manner—To investigate the effects of bupropion on
nicotine withdrawal-related deficits in contextual fear conditioning, C57BL/6 mice were
chronically treated with nicotine or saline for 12 days via mini-osmotic pumps, with all pumps
removed on day 12. On training day (day 13), mice withdrawn from chronic nicotine or saline
received an injection of saline or bupropion 20 minutes before training. The doses of bupropion
were selected because previous experiments with bupropion revealed that high doses of
bupropion (20 and 40 mg/kg) produced deficits in the expression of fear conditioning. Twenty-
four hours later (day 14), mice in all groups were administered the same drug dose they had
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received on the previous day (i.e. saline, 2.5, 5, or 10 mg/kg bupropion) 20 minutes before
testing contextual and cued fear conditioning.

Bupropion reverses nicotine withdrawal deficits in contextual fear conditioning
by enhancing memory recall—The final experiment investigated whether bupropion
administration before training alone or testing alone would reverse nicotine withdrawal-related
deficits in contextual fear conditioning. C57BL/6 mice were chronically treated with nicotine
or saline for 12 days via mini-osmotic pumps, with all pumps removed on day 12. Mice
withdrawn from chronic nicotine were split into three groups: one which received saline on
both training and testing day (days 13 and 14, respectively), mice that received 5 mg/kg
bupropion on training day and saline on testing day, and mice that were administered saline
on training day and 5 mg/kg bupropion on testing day. Mice withdrawn from chronic saline
received an injection of saline 20 minutes before training and testing. As with previous
experiments, mice in all groups received two injections on testing day: 20 minutes before
testing contextual fear conditioning, and 20 minutes before testing cued fear conditioning.

Statistical Analyses

Results

Data from the experiments involving acute bupropion were analyzed with one-way ANOVAs.
Tukey post-hoc comparisons were used to test pair-wise comparisons between specific levels
of acute and chronic drug treatment. For the withdrawal from chronic nicotine experiment,
data were analyzed using a 2 (chronic drug treatment: nicotine, saline) x 4 (acute drug
treatment: 2.5, 5, or 10 mg/kg bupropion, saline) ANOVA. A one-way ANOVA was used to
determine whether bupropion administered on training or testing day reversed nicotine
withdrawal-related deficits in contextual fear conditioning. For all ANOVAS, a Levene statistic
was used to test the assumption of homogeneity of variance. If the assumption of homogeneity
of variance was not met, a Games-Howell post-hoc test was used; otherwise a Tukey post-hoc
test was used.

High doses of bupropion produce deficits in contextual and cued fear conditioning

In order to determine whether the acute administration of bupropion alters contextual or cued
fear conditioning, bupropion (2.5, 5, 10, 20, or 40 mg/kg) or saline was administered to C57BL/
6 mice just prior to the training and testing of fear conditioning (Figure 1). A one-way ANOVA
revealed a significant main effect for drug treatment when mice were tested for contextual fear
conditioning [F(5, 54) = 17.53, p < 0.05] and cued fear conditioning [F(5, 54) = 12.26, p <
0.05]. Games-Howell post-hoc comparisons determined that mice treated with the 20 and 40
mg/kg doses of bupropion exhibited deficits in contextual and cued fear conditioning when
compared to all other groups (saline and 2.5, 5, and 10 mg/kg bupropion groups; p < 0.05). In
contrast, mice treated with the 2.5, 5, and 10 mg/kg doses of bupropion did not differ from
saline treated mice in contextual and cued fear conditioning (p > 0.05). No significant effects
of bupropion were observed for baseline freezing, immediate freezing, or pre-CS freezing (p
> 0.05). Whereas it could be proposed that the impairments to cued fear conditioning could be
due to the fact that mice received two injections of bupropion on testing day (one before the
context test and one before the cue test), this possibility is unlikely given that the half-life of
bupropion in the mouse brain is 28 minutes (Wang et al., 2006) and the second injection was
administered one hour after the first injection.

The effects of bupropion on the acquisition of fear conditioning

Given that the higher doses of bupropion produced deficits in fear conditioning, additional
experiments were conducted to test whether bupropion selectively impairs the acquisition or
the expression of contextual and cued fear conditioning. Bupropion (2.5, 5, 10, 20 or 40 mg/
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kg) or saline was administered on training day only to determine whether bupropion impairs
the acquisition of fear conditioning (Figure 2). A one-way ANOVA revealed a significant main
effect for drug treatment when mice were tested for contextual fear conditioning [F(5, 45) =
7.68, p < 0.05]. Subsequent Tukey post-hoc comparisons revealed that mice that were
administered the 40 mg/kg dose of bupropion were impaired in contextual fear conditioning
compared to all other groups (p < 0.05), while mice treated with the lower doses of bupropion
(2.5, 5, 10 or 20 mg/kg) were not significantly different from saline treated mice (p > 0.05).
No significant differences were observed during baseline freezing, immediate freezing, pre-
CS freezing, or during cued fear conditioning (p > 0.05). The fact that the highest dose of
bupropion produced deficits in contextual fear conditioning but not cued fear conditioning
suggests that this dose may disrupt memory acquisition of contextual fear conditioning.

The effects of bupropion on the recall or expression of fear conditioning

Bupropion

In order to test whether bupropion impairs the expression of fear conditioning, bupropion (2.5,
5, 10, 20 or 40 mg/kg) or saline was administered on testing day only (Figure 3). A one-way
ANOVA revealed a significant main effect for drug treatment when mice were tested for
contextual fear conditioning [F(5, 52) = 20.14, p < 0.05] and cued fear conditioning [F(5, 52)
=43.05, p < 0.05]. Subsequent Tukey post-hoc comparisons demonstrated that mice treated
with the higher doses of bupropion (20 and 40 mg/kg) were significantly impaired in contextual
and cued fear conditioning when compared to all other groups (saline and 2.5, 5, and 10 mg/
kg bupropion groups; p < 0.05). Mice treated with the 2.5, 5, and 10 mg/kg doses of bupropion
were not significantly different from saline treated mice in contextual and cued fear
conditioning (p > 0.05). No significant differences were observed during baseline freezing,
immediate freezing, or pre-CS freezing (p > 0.05). Thus, the results from the following
experiment suggest that the 20 and 40 mg/kg doses of bupropion produce deficits in the
expression of contextual and cued fear conditioning.

ameliorates nicotine withdrawal deficits in contextual fear conditioning in adose-

specific manner

The next experiment investigated whether bupropion could reverse nicotine withdrawal
deficits in contextual fear conditioning. Following withdrawal from chronic nicotine
administration, mice were treated with saline or bupropion (2.5, 5, or 10 mg/kg) prior to the
training and testing of fear conditioning (Figure 4). A 2 (chronic drug treatment) x 4 (acute
drug treatment) ANOVA revealed significant main effects for chronic drug treatment [F(1, 85)
=53.59, p < 0.05] and acute drug treatment [F(3, 85) = 5.14, p < 0.05] when mice were tested
for contextual fear conditioning. Furthermore, a significant interaction between acute and
chronic drug treatment was found [F(3, 85) = 5.85, p < 0.05]. Tukey post-hoc comparisons
demonstrated that mice withdrawn from chronic nicotine who were treated with saline, 2.5, or
10 mg/kg doses of bupropion exhibited significantly lower levels of contextual fear
conditioning when compared to mice withdrawn from chronic saline (p < 0.05). In contrast,
nicotine withdrawn mice treated with the 5 mg/kg dose of bupropion exhibited levels of
contextual fear conditioning that were similar to the saline treated group (p > 0.05), but were
significantly greater than all other groups that were withdrawn from nicotine (p < 0.05). Tukey
adjusted comparisons yielded no other significant differences between groups (p > 0.05). No
significant differences were observed in baseline freezing, immediate freezing, or altered
context freezing (pre-CS). Furthermore, there were no differences between groups in cued fear
conditioning (p > 0.05), replicating studies that found that the effects of withdrawal from
chronic nicotine are selective for contextual fear conditioning (Davis and Gould, 2007;Davis
et al., 2005). Overall, these data suggest that bupropion dose-dependently reverses nicotine
withdrawal-associated deficits in contextual fear conditioning.
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Bupropion reverses nicotine withdrawal deficits in contextual fear conditioning by
enhancing memory recall

Given that the previous experiment demonstrated that 5 mg/kg bupropion administered on both
training and testing days reverses nicotine withdrawal deficits in contextual fear conditioning,
the final experiment examined whether bupropion administered on training day alone or testing
day alone could ameliorate nicotine withdrawal deficits in contextual fear conditioning (Figure
5). Mice withdrawn from chronic nicotine were administered 5 mg/kg bupropion on training
or testing day only, or were given saline on both days. A one-way ANOVA revealed a
significant main effect for drug treatment when mice were tested for contextual fear
conditioning [F(3, 30) = 8.34, p < 0.05]. Games-Howell post-hoc comparisons revealed that
mice withdrawn from chronic nicotine that were administered 5 mg/kg bupropion on testing
day were not significantly different from mice withdrawn from saline (p > 0.05), but exhibited
greater levels of contextual fear conditioning when compared to all other groups (i.e. mice
withdrawn from chronic nicotine and administered saline on both days, or mice withdrawn
from chronic nicotine and administered bupropion on training day; p < 0.05). In addition, mice
withdrawn from chronic saline displayed greater levels of contextual fear conditioning when
compared to chronic nicotine withdrawn mice that received either bupropion on training day
or saline on both days (p < 0.05). No significant differences were observed during baseline
freezing, immediate freezing, pre-CS freezing, or during cued fear conditioning (p > 0.05).
Together, these data suggest that bupropion reverses nicotine withdrawal-related deficits in
contextual fear conditioning by enhancing memory recall.

Discussion

Research has shown that bupropion may facilitate smoking cessation by reducing some
symptoms of nicotine withdrawal, such as somatic symptoms or alterations of reinforcement
and reward (Bruijnzeel and Markou, 2003;Cryan et al., 2003). However, the effects of
bupropion on deficits in learning and memory that occur during nicotine withdrawal remain
unknown. The results of the present study are the first to demonstrate that 5 mg/kg bupropion
reverses nicotine withdrawal-associated deficits in contextual fear conditioning. Furthermore,
bupropion ameliorates nicotine withdrawal-associated deficits in contextual fear conditioning
when administered before testing but not before training. These data may suggest that nicotine
withdrawal-related deficits in contextual fear conditioning result from an impairment in recall
of the association, which can be reversed by bupropion. However, an alternative explanation
is that withdrawal from chronic nicotine disrupts acquisition, and bupropion reverses deficits
in contextual fear conditioning by enhancing retrieval processes. This latter position is
supported by research indicating that norepinephrine plays a critical role in the retrieval of
contextual and spatial memory (Murchison et al., 2004). Additionally, research has
demonstrated that withdrawal from chronic nicotine produces deficits in acquisition and not
recall (Portugal et al., 2007).

In addition to ameliorating nicotine withdrawal-associated deficits in contextual fear
conditioning, data from the present study indicate that high doses of bupropion (20 and 40 mg/
kg) disrupt contextual and cued fear conditioning. In order to determine whether bupropion
impairs the acquisition or expression of fear conditioning, bupropion was administered on
training or testing day only. When bupropion was administered on testing day, mice exhibited
deficits in contextual and cued fear conditioning, suggesting that high doses of bupropion
disrupt the expression of contextual and cued fear conditioning. When bupropion was
administered on training day, deficits in contextual fear conditioning were observed in mice
treated with 40 mg/kg bupropion, suggesting that high doses of bupropion can disrupt
acquisition of contextual fear conditioning. It is also important to note that 40 mg/kg bupropion
at training did not impair cued fear conditioning; and though studies have shown that higher
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doses of bupropion can alter locomotor activity in mice (Mitchell et al., 2006;Redolat et al.,
2005), the lack of effect on cued fear conditioning suggests that the deficits in the acquisition
of contextual fear conditioning are not due to other factors, such as changes in sensory or motor
processes. Thus, the data from the present study suggest that bupropion can effectively
counteract nicotine withdrawal-associated deficits in learning-related processes, but higher
doses of bupropion can produce impairment in the acquisition and expression of contextual
memories.

Given that bupropion functions as a dopamine (DA) and norepinephrine (NE) reuptake
inhibitor (Li et al., 2002) and also as a nAChR antagonist (Fryer and Lukas, 1999;Slemmer et
al., 2000), the exact mechanisms by which bupropion reverses nicotine withdrawal-associated
deficits in contextual fear conditioning are unknown. One possibility is that bupropion may
ameliorate nicotine withdrawal-associated deficits in contextual fear conditioning through its
effects on NE activity. Previous research has demonstrated that nicotine enhances NE
functioning in the hippocampus, a brain area that is required for contextual fear conditioning
(Logue et al., 1997;Phillips and LeDoux, 1992). Specifically, Azam and McIntosh (2006)
found that NAChR mediated NE release in both rat and mouse synaptosomes; it is noteworthy
that this effect was greater in rats than mice and that different nAChR subtypes may mediate
the effects across species. Barik and Wonnacott (2006) also found nAChR-mediated NE release
in rat hippocampal slices, and Singer and colleagues (2004) observed increased hippocampal
NE release and turnover in freely moving rats. Furthermore, bupropion administration in the
absence of nicotine will increase hippocampal NE overflow in rats (Piacentini et al., 2003).

Alterations in hippocampal NE activity have also been reported during chronic nicotine
administrationin rats (Fu et al., 1998;Grilli et al., 2005) and following withdrawal from chronic
nicotine (Barik and Wonnacott, 2006;Jacobs et al., 2002); however, both increases (Barik and
Wonnacott, 2006;Grilli et al., 2005) and decreases (Fu et al., 1998;Jacobs et al., 2002) in NE
release have been reported during chronic nicotine and withdrawal from chronic nicotine.
These contrasting results across studies may be due to differences in the dose of nicotine used,
the manner of nicotine administration, and differences in the time of testing following nicotine
withdrawal. However, depletions of NE can produce deficits in conditioned place preference
and conditioned place aversion (Ventura et al., 2007), which is consistent with the hypothesis
that decreases in NE activity disrupt contextual conditioning. Additionally, previous research
has demonstrated that atomoxetine (a NE reuptake inhibitor) reversed nicotine withdrawal-
related deficits in contextual fear conditioning (Davis and Gould, 2007). These data, along with
the present study, suggest that decreases in NE functioning during nicotine withdrawal may
impair contextual learning, and that these deficits can be prevented by increasing levels of NE.

The effects of bupropion on DA and nAChR processes are alternative mechanisms by which
bupropion could alleviate nicotine withdrawal-associated deficits in contextual fear
conditioning. Both acute nicotine (Cao et al., 2005;Rada et al., 2001;Rahman et al., 2003;Rossi
etal., 2005) and bupropion (Piacentini etal., 2003) increase DA release. In contrast, withdrawal
from chronic nicotine decreases dopamine activity in brain areas related to nicotine addiction
(Jacobs et al., 2002;Rada et al., 2001). If nicotine withdrawal results in decreased DA levels,
bupropion may reverse withdrawal deficits by increasing DA activity. In addition, bupropion
could alter nicotine withdrawal through reversing nicotine withdrawal-related changes in
nAChR function. nAChRs are desensitized in response to chronic nicotine (Olale et al.,
1997;Peng et al., 1997;Peng et al., 1994;Wooltorton et al., 2003), and increases in the number
of nAChRs have also been reported during chronic nicotine administration (Marks et al.,
1992;Nguyen et al., 2003;Perry et al., 1999;Whiteaker et al., 1998). Furthermore, withdrawal
from chronic nicotine may result in the resensitization and recovery of function of nAChRs
(Arnold et al., 2003;Balfour et al., 1998;Gentry et al., 2003). If hypersensitivity of nAChRs
develops during nicotine withdrawal, this could contribute to nicotine withdrawal-related
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deficits of contextual fear conditioning, and bupropion could ameliorate these deficits by
blocking nAChRs. In support, bupropion inhibits o334, a4p2, and a7 nNAChRs in a
noncompetitive manner (Fryer and Lukas, 1999;Slemmer et al., 2000). Overall, the results of
these studies suggest that the effects of bupropion on DA and nAChR function may counteract
the effects of nicotine withdrawal on contextual fear conditioning but further research is needed
to better understand the involvement of these substrates in the effects of bupropion on nicotine
withdrawal.

In addition to the diverse pharmacological targets of bupropion that may counteract the effects
of nicotine withdrawal, the metabolites of bupropion may also have therapeutic properties.
Bupropion is metabolized into (2S, 3R)- and (2S, 3S)-hydroxybupropion, (R, -R)- and (S, -S)-
threohydrobupropion, and (R, -S)-, and (S, -R)-erythrohydrobupropion (Cooper et al., 1994),
and previous studies suggest that the metabolites of bupropion may be responsible for some
of the effects of bupropion as an antidepressant (Martin et al., 1990;Rotzinger et al.,
1999;Young, 1991). Furthermore, (2S, 3S)-hydroxybupropion blocked the effects of acute
nicotine on pain sensitivity, locomotor activity, and body temperature, whereas the (2S, 3R)-
hydroxybupropion metabolite had no effect, suggesting that the metabolites of bupropion may
be responsible for some of the effects of bupropion on acute nicotine administration (Damaj
et al., 2004). These data suggest that a better understanding of the effects of bupropion
metabolites may reveal the mechanisms by which bupropion facilitates smoking cessation, and
may lead to the development of more effective smoking cessation therapeutics. Therefore,
future research on the effects of bupropion on cognition should investigate whether the
metabolites of bupropion can ameliorate the effects of nicotine withdrawal on cognition.
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Figure 1.

The effects of bupropion on contextual and cued fear conditioning in C57BL/6 mice when
administered at training and testing. High doses of bupropion (20 and 40 mg/kg) impaired
contextual and cued fear conditioning, suggesting that bupropion may dose-dependently
disrupt the acquisition and/or expression of fear conditioning. Error bars indicate SEM. (*)
indicates p < 0.05 compared to all other groups for contextual fear conditioning data, and (#)
indicates p < 0.05 compared to all other groups for cued fear conditioning data.
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Figure 2.

The effects of bupropion on fear conditioning in C57BL/6 mice when administered on training
day alone. A high dose of bupropion (40 mg/kg) administered on training day to chronic
nicotine-treated mice produced deficits in contextual fear conditioning but not cued fear
conditioning. These results suggest that bupropion dose-dependently disrupts the acquisition
of contextual fear conditioning. Error bars indicate SEM, and (*) indicates p < 0.05 compared
to all other groups for contextual fear conditioning data.
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Figure 3.

The effects of bupropion on fear conditioning in C57BL/6 mice when administered on testing
day alone. Higher doses of bupropion (20 and 40 mg/kg) produced deficits in contextual and
cued fear conditioning when administered on testing day. These results suggest that bupropion
dose-dependently disrupts the expression of fear conditioning. Error bars indicate SEM. (*)
indicates p < 0.05 compared to all other groups for contextual fear conditioning data, and (#)
indicates p < 0.05 compared to all other groups for cued fear conditioning data.
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Figure 4.

The effects of bupropion on fear conditioning during withdrawal from chronic nicotine (WCN)
or withdrawal from chronic saline (WCS) in C57BL/6 mice. The administration of bupropion
on both training and testing days dose-dependently reversed nicotine withdrawal-related
deficits in contextual fear conditioning (Figure 4a). In contrast, no differences in cued fear
conditioning were observed between groups (Figure 4b). Error bars indicate SEM, and (*)
indicates p < 0.05 compared to all other chronic saline-treated groups.
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Figure 5.

The effects of bupropion on fear conditioning during withdrawal from chronic nicotine (WCN)
or withdrawal from chronic saline (WCS) when administered on training day alone or testing
day alone. Bupropion administered on testing day alone reversed nicotine withdrawal-related
deficits in contextual fear conditioning. In contrast, bupropion administered on training day
alone had no effect. No differences in cued fear conditioning were observed between groups.
Error bars indicate SEM, and (*) indicates p < 0.05 compared to all other chronic saline-treated
groups.
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