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Abstract

Objectives A variety of abused drugs, including psychostimulants, can modulate the
expression of anxiety. Although the effect of nicotine and D-amphetamine on anxiety-
related behaviour in animal models has been investigated, the mechanisms underlying the
anxiogenic or anxiolytic actions of these drugs have not been clarified. Bupropion is an
antidepressant drug which may alleviate some symptoms of nicotine withdrawal, although
its effects on anxiety are not clear. We have investigated the effect of nicotine and
D-amphetamine on anxiety in the elevated plus maze test in mice.
Methods We examined the influence of acute administration of nicotine (0.1 mg/kg, s.c.)
and D-amphetamine (2 mg/kg, i.p.) on anxiety level. We then evaluated the anxiety-related
response after subchronic injection of both psychostimulants, including crossover effects.
For this purpose, nicotine (0.1 mg/kg, s.c.) was administered daily for six days, and on the
seventh day mice were challenged with nicotine (0.1 mg/kg, s.c.) or D-amphetamine (2 mg/
kg, i.p.). A distinct group of mice was pretreated with D-amphetamine (2 mg/kg, i.p.,
8 days), and subjected to D-amphetamine (2 mg/kg, i.p.) or nicotine (0.1 mg/kg, s.c.)
challenge on the ninth day. Moreover, we investigated acute and subchronic effects of co-
administration of bupropion (5, 10 and 20 mg/kg; i.p.) and nicotine or D-amphetamine.
Key findings We observed that acute anxiogenic effects of nicotine and D-amphetamine
as well as the development of tolerance and cross-tolerance to their effects were blunted by
a pretreatment with a nonactive dose of bupropion (5 mg/kg, i.p.).
Conclusions These results demonstrated that similar neural mechanisms were involved in
the regulation of nicotine and D-amphetamine anxiety-like behaviour in mice. The results
have provided new findings to support the use of bupropion in the treatment of nicotine
and/or amphetamine addiction.
Keywords anxiety; bupropion; elevated plus maze test; psychostimulant

Introduction

The atypical antidepressant bupropion was the first non-nicotine pharmacotherapy for
smoking cessation. In humans, bupropion reduces discomfort and craving associated with
smoking cessation, while in rodent models of nicotine dependence this drug attenuates
nicotine withdrawal syndrome.[1–3] As yet, the precise pharmacological mechanism of
action of this drug remains uncertain. It is known to be a weak but relatively selective
inhibitor of the dopamine and noradrenaline transporters, and to act as a noncompetitive
antagonist for neuronal nicotinic cholinergic receptors (nAChRs).[1,4]

A variety of abused drugs have been found to be capable of modulating the expression
of anxiety. For instance, despite reward and cognitive enhancement, anxiolysis is one
of the main effects underlying nicotine and/or amphetamine dependence.[5] It has been
suggested that the negative affective (e.g. anxiogenic) effects associated with nicotine or
D-amphetamine withdrawal promote continued drug use and contribute to the high relapse
rate.[6] In animal models, both nicotine and D-amphetamine can affect anxiety in different
ways. For instance, it has been shown that nicotine can be anxiogenic, anxiolytic or have no
effect on anxiety level.[7–9] Concerning amphetamine, an anxiogenic-like effect on the plus
maze test has been shown in rats and mice.[10–11] However, some authors reported that
amphetamine failed to alter signs of anxiety in mice or produced anxiolytic-like action in
rats.[12,13] These apparently discordant data could be attributable to the differences in dose,
time between injections and testing, route of administration, strain differences or behavioural
test used.[14,15]
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The complex influence of psychostimulants on anxiety-
related effects mentioned above can be associated with
enhanced release of different neurotransmitters, and engages
a variety of brain structures. It is well established that
activation of central nAChRs by nicotine, especially those
situated predominantly presynaptically, modulates release
not only of acetylcholine, but also of noradrenaline,
dopamine, g-aminobutyric acid (GABA), serotonin and
glutamate, which play a role in the pathogenesis of
anxiety.[16,17] In turn, it is well established that amphetamine
increases dopamine, noradrenaline and serotonin neurotrans-
mission by acting on monoamine transporters, causing an
increase in the cytoplasmic levels of monoamines, and
leading to an increase in their release from the terminals.[18]

Anatomically, the behavioural expression of anxiety is
associated with a set of interrelated limbic and cortical
structures, such as the septo-hippocampal system, amygdala,
hypothalamus and periaqueductal grey matter of the
midbrain.[17]

The primary objective of this study was to investigate
further the effect of nicotine and D-amphetamine on anxiety
in the elevated plus maze test in mice.[7,10–13,19–21] In this
respect, we evaluated the anxiety-related response after acute
and then subchronic injection of nicotine or D-amphetamine
to determine if there were any crossover effects between
these drugs. The range of doses was selected taking into
account studies of effects of nicotine and D-amphetamine on
anxiety in mice, and behavioural data obtained in our
laboratory.[8,9,19,21,22] Additionally, we have investigated the
influence of bupropion, an antidepressant and antismoking
agent, on the acute and subchronic anxiety-related action
of both psychostimulants as well as on the acquisition of
cross-tolerance between nicotine and D-amphetamine (or
D-amphetamine and nicotine). The results of these studies
have been discussed in the context of influence of nicotine
and D-amphetamine treatment on anxiety-related responses.
Moreover, we considered that understanding the behavioural
effects of bupropion and its combination with nicotine or,
even more interestingly, with D-amphetamine, may aid in
improved knowledge of how this antidepressant promotes
smoking cessation, and could be important in designing
more effective treatments for psychostimulant-related
addiction.

Materials and Methods

Animals

The experiments were carried out on naive male Swiss mice
(Farm of Laboratory Animals, Warszawa, Poland) weighing
20–25 g at the beginning of the experiments. The animals
were maintained under standard laboratory conditions (12-h
light/dark cycle, room temperature 21 ± 1∞C) with free access
to tap water and laboratory chow (Bacutil, Motycz, Poland).
The animals were adapted to the laboratory conditions for at
least one week. Each experimental group consisted of eight
to ten animals. All experiments were carried out according to
the National Institute of Health Guidelines for the Care and
Use of Laboratory Animals and to the European Community
Council Directive for Care and Use of Laboratory Animals of

24 November 1986 (86/609/EEC), and approved by the local
ethics committee.

Drugs

The compounds tested were: (–)-nicotine hydrogen tartrate
(Sigma, St Louis, Missouri, US), D-amphetamine sulfate
(Sigma, St Louis, Missouri, US) and bupropion hydrochlor-
ide (Sigma, St Louis, Missouri, US). All compounds were
dissolved in saline (0.9% NaCl) and refer to the salt form. All
agents were administered intraperitoneally (i.p.) or subcuta-
neously (s.c.) in a volume of 10 ml/kg. Control groups
received saline injections at the same volume and by the
same route.

Elevated plus maze procedure

Anxiety responses were measured in the elevated plus maze
test. The procedure was similar to the method of Lister[12].
The experimental apparatus was shaped like a ‘plus’ sign
and consisted of a central platform (5 ¥ 5 cm), two open arms
(30 ¥ 5 cm) and two equal-sized closed (30 ¥ 5 ¥ 15 cm)
arms opposite to each other. The maze was made of dark
Plexiglas, elevated to a height of 50 cm above the floor and
illuminated by a dim light. The test consisted of placing a
mouse in the central platform facing an enclosed arm and
allowing it to freely explore the maze for 5 min. Entry into
one arm was defined as the animal placing all four paws past
the line dividing the central square from the open arms. The
test arena was wiped with a damp cloth after each trial. The
number of entries into the open and closed arms and the time
spent in open arms were measured by an observer blind
to the drug treatment. Anxiolytic activity was indicated by
increases in time spent in open arms or in the number of open
arm entries; anxiogenic effects were characterized by
decreases in these measures. The percentage of time spent
in the open arms was calculated, as was the percentage
number of open arm entries. Additionally, the number of
entries into the closed arms was recorded as an indicator of
motor activity of animals in this test.

Treatment

Procedure and doses used have been chosen according to
published data.[21]

Effects of acute injection of nicotine
and D-amphetamine

During acute treatment, the animals were allocated to the
following drug groups: nicotine (0.1 mg/kg, s.c.), D-amphet-
amine (2 mg/kg, i.p.), bupropion (5, 10 and 20 mg/kg, i.p.) or
saline. Mice from each group were tested 30 min after
injection. The exploratory behaviour in the maze was
recorded for 5 min.

Effects of subchronic injections of nicotine
and D-amphetamine

Animals were randomly allocated to receive eight daily
intraperitoneal injections of D-amphetamine (2 mg/kg) or
saline. On the ninth day, these animals were subjected to
D-amphetamine (2 mg/kg, i.p.), nicotine (0.1 mg/kg, s.c.) or
saline (for a control group), and were tested 30 min after this
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last injection. Additionally, another group of animals was
randomly allocated to receive six daily subcutaneous
injections of nicotine (0.1 mg/kg) or saline. On the seventh
day, mice were treated with nicotine (0.1 mg/kg, s.c.),
D-amphetamine (2 mg/kg, i.p.) or saline (for a control group),
and were tested 30 min after this last injection. The number
of entries into open and closed arms and the time spent
in open arms were measured 30 min after nicotine or
D-amphetamine challenge injection on the test day. These
experimental procedures mentioned above were performed to
see if tolerance and cross-tolerance to the anxiogenic effect
of D-amphetamine and nicotine developed after the longer
pretreatment period.

Influence of bupropion on the acute
and subchronic effects of nicotine
and D-amphetamine

Distinct groups of mice were injected with bupropion (5 mg/
kg, i.p.), 15 min before an acute or every subchronic
nicotine, D-amphetamine or saline injection. On the test
day, these mice were challenged with 0.1 mg/kg nicotine,
2 mg/kg D-amphetamine or saline, as described above (for
details see Tables 1 and 2), and their exploratory behaviour
in the maze was recorded 5 min after injection.

Statistical analysis

The data are expressed as the means ± standard error of the
mean (SEM). The statistical analyses for each measure were

performed using one-way analysis of variance with drug
treatment on the test day as the dependent factor. Post-hoc
comparison of means was carried out with the Tukey test for
multiple comparisons, when appropriate. The confidence
limit of P < 0.05 was considered statistically significant.

Results

Effects of acute injection of bupropion

Acute intraperitoneal doses of bupropion (10 and 20 mg/kg)
significantly increased the percentage of time spent on the
open arms (P < 0.001) and the percentage of open arm entries
(P < 0.05 for 20 mg/kg), indicating an anxiolytic effect as
compared with saline-treated mice (Figure 1). The lowest
dose of bupropion (5 mg/kg) did not cause any effect in this
paradigm, and this dose was chosen for all subsequent tests.

Effects of acute injection of nicotine
and D-amphetamine

Figure 2 shows that in the control saline-treated animals an
acute subcutaneous dose of nicotine (0.1 mg/kg) as well as
an acute intraperitoneal dose of D-amphetamine (2 mg/kg)
significantly decreased the percentage of time spent in open
arms, indicating their anxiogenic effect (nicotine: P < 0.001
for open-arm time and open-arm entries; D-amphetamine:
P < 0.001 for open-arm time, P < 0.05 for open-arm entries).

Table 1 Sequence of subchronic treatment used

Treatment Day 1–6 Day 7

Acute nicotine Saline (i.p.) + saline (s.c.) Nicotine (0.1 mg/kg, s.c.)

Subchronic nicotine Saline (i.p.) + nicotine (0.1 mg/kg, s.c.) Nicotine (0.1 mg/kg, s.c.)

Influence of bupropion on the effect of

subchronic nicotine

Bupropion (5 mg/kg, i.p.) + nicotine (0.1 mg/kg, s.c.) Nicotine (0.1 mg/kg, s.c.)

Acute amphetamine Saline (i.p.) + saline (s.c.) Amphetamine (2 mg/kg, i.p.)

Development of cross-tolerance between

nicotine and amphetamine

Saline (i.p.) + nicotine (0.1 mg/kg, s.c.) Amphetamine (2 mg/kg, i.p.)

Influence of bupropion on the development of

cross-tolerance between nicotine and amphetamine

Bupropion (5 mg/kg, i.p.) + nicotine (0.1 mg/kg, s.c.) Amphetamine (2 mg/kg, i.p.)

See Figure 3.

Table 2 Sequence of subchronic treatment used

Treatment Day 1–8 Day 9

Acute amphetamine Saline (i.p.) + saline (i.p.) Amphetamine (2 mg/kg, i.p.)

Subchronic amphetamine Saline (i.p.) + amphetamine (2 mg/kg, i.p.) Amphetamine (2 mg/kg, i.p.)

Influence of bupropion on the effect of

subchronic amphetamine

Bupropion (5 mg/kg, i.p.) + amphetamine (2 mg/kg, i.p.) Amphetamine (2 mg/kg, i.p.)

Acute nicotine Saline (i.p.) + saline (i.p.) Nicotine (0.1 mg/kg, s.c.)

Development of cross-tolerance between

amphetamine and nicotine

Saline (i.p.) + amphetamine (2 mg/kg, i.p.) Nicotine (0.1 mg/kg, s.c.)

Influence of bupropion on the development of

cross-tolerance between amphetamine and nicotine

Bupropion (5 mg/kg, i.p.) + amphetamine (2 mg/kg, i.p.) Nicotine (0.1 mg/kg, s.c.)

See Figure 4.
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Influence of bupropion on the acute effect
of nicotine and D-amphetamine

Figure 2 also shows the influence of bupropion pretreatment
on acute nicotine- and D-amphetamine-induced changes in
the behavioural performance of mice in the elevated plus
maze test (analysis of variance on the percentage of time
spent in open arms: F

4,39
= 34.091, P < 0.0001; analysis of

variance on the percentage of open-arm entries: F
4,39

=
15.591, P < 0.0001). The post-hoc Tukey test indicated that
pretreatment with bupropion (5 mg/kg, i.p.) significantly
reversed the anxiogenic-like effect of acute nicotine
(0.1 mg/kg) or D-amphetamine (2 mg/kg), revealed as
the increase in the percentage of time spent in open arms
(P < 0.001), and the increase in the percentage of open-arm

entries (P < 0.001 for nicotine, P < 0.01 for D-amphetamine),
as compared with nicotine- or D-amphetamine-pretreated
control group.

Effects of subchronic injections of nicotine
and D-amphetamine

Animals were tested 30 min after the seventh injection
of nicotine (0.1 mg/kg). The animals showed a significant
increase in the time spent in open arms (P < 0.001; Figure 3),
as well as an increased number of entries to these arms
(P < 0.05; Figure 3), as compared with the acute nicotine
group. This suggested that tolerance developed to the
anxiogenic effect of nicotine. Similarly, mice tested 30 min
after the ninth injection of D-amphetamine (2 mg/kg) showed
increased time spent in open arms (P < 0.001; Figure 4), as
well as an increased number of entries to these arms (P < 0.05;
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Figure 1 Percentage of timemice spent in open arms during the elevated
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Figure 2 Influence of bupropion on the anxiogenic effect of nicotine

or D-amphetamine in mice. Bupropion (5 mg/kg) or saline was

administered 15 min before an acute nicotine (0.1 mg/kg, s.c.),

D-amphetamine (2 mg/kg, i.p.) or saline injection, and tested 30 min

later in the elevated plus maze test. (a) % open-arm time. (b) % open-

arm entries. n = 8–9; zP < 0.05 and zzzP < 0.001 compared with saline

control group; †††P < 0.001 compared with saline-pretreated and

nicotine-tested group; **P < 0.01 and ***P < 0.001 compared with

saline-pretreated and amphetamine-treated group, Tukey test.
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Figure 4), compared with the acute D-amphetamine group,
suggesting that tolerance developed to the anxiogenic effect
of D-amphetamine.

Influence of bupropion on the subchronic
effect of nicotine and D-amphetamine
including crossover effects

Pretreatment with bupropion before every daily injection
of subchronic nicotine (0.1 mg/kg) or D-amphetamine
(2 mg/kg) also influenced the anxiety-related response and
the development of tolerance (analysis of variance on
the percentage of time spent in open arms: F

5,46
= 35.402,

P < 0.0001; analysis of variance on the percentage of open-
arm entries: F

5,46
= 7.892, P < 0.0001). Actually, bupropion

(5 mg/kg) abolished the anxiolytic-like effect of subchronic

nicotine or D-amphetamine, revealed as decreased time spent
in open arms (P < 0.05) and decreased number of open-arm
entries (P < 0.001, for amphetamine-treated group) (Figures 3
and 4). Finally, the nicotine challenge dose (0.1 mg/kg, s.c.)
also resulted in an anxiolytic effect in amphetamine-treated
mice (P < 0.001 for the percentage of time spent in open
arms, Figure 3). Similarly, D-amphetamine challenge provoked
an anxiolytic action in nicotine-pretreated mice (P < 0.001 for
the percentage of time spent in the open arms, P < 0.01 for the
percentage of open-arm entries, Figure 4). These effects
suggested the development of cross-tolerance between
D-amphetamine and nicotine to their anxiogenic action under
the experimental conditions. Additionally, pretreatment with
bupropion before every daily injection of subchronic nicotine
(0.1 mg/kg, 6 days) or D-amphetamine (2 mg/kg, 8 days)
influenced the anxiety-related behaviour in the response to a
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Figure 3 Influence of bupropion on the development of tolerance to nicotine and cross-tolerance between nicotine and D-amphetamine in mice.

Mice were subjected to the elevated plus maze test to observe any anxiogenic effect. The dose of nicotine was subchronic. Bupropion (5 mg/kg, i.p.)

or saline was administered for six days, 15 min before each daily nicotine or saline injection, and tested on day seven, 30 min after nicotine (0.1 mg/

kg, s.c.) or D-amphetamine (2 mg/kg, i.p.) challenge injection (see also Table 1). (a) % open-arm time. (b) % open-arm entries. n = 8–10; †P < 0.05

and †††P < 0.001 compared with saline-treated and nicotine-challenged group; *P < 0.05 compared with nicotine-treated and nicotine-challenged

group; zzzP < 0.001 compared with saline-treated and amphetamine-challenged group; ¶P < 0.05 compared with nicotine-treated and amphetamine-

challenged group, Tukey test.
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D-amphetamine or nicotine challenge, i.e. the development of
cross-tolerance (analysis of variance on the percentage of time
spent in the open arms: F

5,46
= 25.586, P < 0.0001; analysis of

variance on the percentage of open-arm entries: F
5,46

= 3.436,
P = 0.01) (Figures 3 and 4). Actually, bupropion (5 mg/kg)
abolished the anxiolytic-like effect in mice subjected to
subchronic nicotine and challenged with D-amphetamine as
well as in mice subjected to chronic D-amphetamine and
challenged with nicotine, revealed as the decrease in the
percentage of time spent in open arms (P < 0.05; Figures 3
and 4, respectively).

Locomotor effects of drugs tested measured in
the elevated plus maze paradigm

Moreover, all compounds tested, alone or in combination, given
acutely or repeatedly at the doses used, did not provoke any
changes in number of closed-arm entries in the elevated plus
maze test (Tables 3–5). Thus, except for two groups (bupropion
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Figure 4 Influence of bupropion on the development of tolerance to amphetamine and cross-tolerance between D-amphetamine and nicotine in

mice. Mice were subjected to the elevated plus maze test to observe any anxiogenic action. The dose of D-amphetamine was subchronic. Bupropion

(5 mg/kg, i.p.) or saline were administered for eight days, 15 min before each daily D-amphetamine or saline injection, and tested on day nine, 30 min

after D-amphetamine (2 mg/kg, i.p.) or nicotine (0.1 mg/kg, s.c.) challenge injection (see also Table 2). (a) % open-arm time. (b) % open-arm entries.

n = 8–9; †P < 0.05 and †††P < 0.001 compared with saline-treated and amphetamine-challenged group; *P < 0.05 and ***P < 0.001 compared with

amphetamine-treated and amphetamine-challenged group; zzP < 0.01 and zzzP < 0.001 compared with saline-treated and nicotine-challenged group;
¶P < 0.05 compared with amphetamine-treated and nicotine-challenged group, Tukey test.

Table 3 Number of closed-arm entries in the elevated plus maze test in

mice

Treatment Closed-arm entries

Saline control group 13.1 ± 0.95

Bupropion 5 mg/kg 13.3 ± 2.36

Bupropion 10 mg/kg 14.3 ± 0.71

Bupropion 20 mg/kg 11.6 ± 0.85

Saline + saline 14.55 ± 1.22

Saline + nicotine 0.1 mg/kg 12.33 ± 2.35

Bupropion 5 mg/kg + nicotine 0.1 mg/kg 11.62 ± 2.02

Saline + D-amphetamine 2 mg/kg 15.44 ± 1.80

Bupropion 5 mg/kg + D-amphetamine 2 mg/kg 25.37 ± 2.96*

Values are mean ± SEM. Bupropion (5 mg/kg, i.p.) or saline was

administered 15 min before acute nicotine (0.1 mg/kg, s.c.), D-amphe-

tamine (2 mg/kg, i.p.) or saline injection. Mice were tested 30 min later

in the elevated plus maze test. n = 8–9; *P < 0.05 compared with saline-

pretreated and amphetamine-tested group, Tukey test.
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5 mg/kg + acute D-amphetamine 2 mg/kg (Table 3) and
bupropion 5 mg/kg + D-amphetamine 2 mg/kg in D-ampheta-
mine-pretreated mice (Table 5)) these substances did not
change locomotor activity of animals in this paradigm.

Discussion

The primary objective of this study was to explore the
phenomenon of tolerance and full cross-tolerance to the
anxiogenic responses between nicotine and D-amphetamine,
two psychostimulant drugs with a different primary mechan-
ism of action at the molecular level. Based on the existing
results and considering that anxiety and emotional disorders
are important factors for the establishment of psychostimu-
lant addiction, it seemed of interest to evaluate the anxiety-
related effects of acute and subchronic administration of
nicotine and D-amphetamine alone or in combination with the
antismoking agent bupropion.[5,23]

Nicotine and amphetamine act as reinforcers in humans
and animals but, paradoxically, after an acute administration
they also have anxiogenic effects in animal tests, and can
increase anxiety in humans. As already stated, in animal
models of anxiety the administration of nicotine and
D-amphetamine may have different effects, being either
anxiolytic, anxiogenic, or producing no effects.[8,11,21]

Increased anxiety has been reported also on withdrawal
from psychostimulant drugs in animals and in smokers.[23,6]

Our results have confirmed recent data showing that in the
elevated plus maze test, a single injection of a low dose of
nicotine and D-amphetamine had a significant anxiogenic
effect in mice.[21] Moreover, tolerance developed rapidly to
this effect when these anxiogenic doses of both

psychostimulant drugs were administered repeatedly, with a
full cross-tolerance to these effects. Rapid development of
tolerance to the anxiogenic effect of amphetamine or
nicotine, when a behavioural response was seen in the
opposite direction of the acute drug effect, was likely to be
due to the pharmacodynamic mechanisms that involved the
progressive recruitment of processes opposing the acute
effect of the drug.[8] Mechanisms of the development of
tolerance to psychostimulant drugs are not well established
and can be explained by changes in receptor numbers or in
second messenger cascades.[24] It was possible, therefore,
that pretreatment with nicotine exerted complex effects on
the response to systemic D-amphetamine (and vice-versa),
and may have been derived from alterations of a number of
neurotransmitter systems. In our study, the fact that full
crossover effects developed between nicotine and D-amphe-
tamine suggested that their behavioural anxiety-related
effects observed in the elevated plus maze were controlled
by the same neural mechanisms. As such, our data also
revealed that bupropion, at an acute non-active dose,
decreased anxiogenic effects of both nicotine and D-amphe-
tamine as well as the development of tolerance and cross-
tolerance to anxiogenic effects of these drugs after their
subchronic administration as measured in the elevated plus
maze test in mice.

Nicotine and amphetamine are often abused in combina-
tion. The two drugs can facilitate each other’s intake, and
produce similar subjective and physiological effects in
humans. Thus, there is considerable evidence indicating
commonalities between their behavioural effects.[25] Although
the molecular targets underlying the pharmacological
responses to nicotine and amphetamine differ considerably

Table 5 Number of closed-arm entries in the elevated plus maze test in mice

Treatment day 1–8 Treatment day 9 Closed-arm entries

Bupropion 5 mg/kg + saline Bupropion 5 mg/kg 11.67 ± 1.50

Saline + saline D-Amphetamine 2 mg/kg 11.87 ± 3.04

Saline + D-amphetamine 2 mg/kg D-Amphetamine 2 mg/kg 13.23 ± 2.40

Bupropion 5 mg/kg + D-amphetamine 2 mg/kg D-Amphetamine 2 mg/kg 20.50 ± 1.58*

Saline + saline Nicotine 0.1 mg/kg 10.25 ± 0.79

Saline + D-amphetamine2 mg/kg Nicotine 0.1 mg/kg 11.37 ± 1.97

Bupropion 5 mg/kg + D-amphetamine 2 mg/kg Nicotine 0.1 mg/kg 12.37 ± 0.96

Values are mean ± SEM. Bupropion (5 mg/kg, i.p.) or saline was administered for eight days, 15 min before each daily amphetamine (2 mg/kg, i.p.),

or saline injection. Mice were tested on the ninth day, 30 min after D-amphetamine (2 mg/kg, i.p.) or nicotine (0.1 mg/kg, s.c.) challenge injection.

n = 8–9; *P < 0.05 compared with D-amphetamine-treated and D-amphetamine-challenged group, Tukey test.

Table 4 Number of closed-arm entries in the elevated plus maze test in mice

Treatment day 1–6 Treatment day 7 Closed-arm entries

Saline + saline Nicotine 0.1 mg/kg 10.25 ± 0.79

Saline + nicotine 0.1 mg/kg Nicotine 0.1 mg/kg 12.60 ± 1.28

Bupropion 5 mg/kg + nicotine 0.1 mg/kg Nicotine 0.1 mg/kg 12.12 ± 0.66

Saline + saline D-Amphetamine 2 mg/kg 11.87 ± 3.04

Saline + nicotine 0.1 mg/kg D-Amphetamine 2 mg/kg 10.23 ± 0.52

Bupropion 5 mg/kg + nicotine 0.1 mg/kg D-Amphetamine 2 mg/kg 11.55 ± 1.82

Values are mean ± SEM. Bupropion (5 mg/kg, i.p.) or saline was administered for six days, 15 min before each daily nicotine (0.1 mg/kg, s.c.) or saline

injection. Mice were tested on the seventh day, 30 min after nicotine (0.1 mg/kg, s.c.) or D-amphetamine (2 mg/kg, i.p.) challenge injection. n = 8–10.
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(somatodendric nAChRs and presynaptic dopamine transpor-
ter on nerve terminal membranes, respectively), their effects
depend upon enhanced neurotransmission at dopaminergic
synapses.[16,18] It has been well documented that repeated
administration of nicotine or D-amphetamine (and/or cocaine)
produced tolerance or sensitization to some of their beha-
vioural (e.g. locomotion) and neurochemical effects, depend-
ing upon the paradigm used and the interval between
injections.[26,27] Moreover, prior exposure to one drug was
likely to alter the behavioural effects of the other, and cross-
tolerance or cross-sensitization often occurred after their
repeated treatment.[21,28–30] It is of interest to note that a
nicotinic receptor antagonist, mecamylamine, prevented the
acquisition of long-term behavioural sensitization of amphe-
tamine.[26] Mecamylamine also abolished the development of
neurochemical sensitization of mesolimbic neurons, i.e. long-
term hyperactivity of dopamine neurons in the nucleus
accumbens in nicotine-, amphetamine- or cocaine-pretreated
rats.[26] Thus, nicotinic receptor activation may be a common
neural mechanism underlying the development of psychosti-
mulant-induced sensitization and/or tolerance, i.e. the pro-
cesses of synaptic plasticity.

The major finding of this study was a blockade of acute or
subchronic effects, including cross-actions of both psycho-
stimulants by bupropion, an antidepressant drug widely used
to facilitate smoking cessation in humans. To our knowledge,
this kind of study has not been elucidated yet. At present,
bupropion represents an alternative to the conventional
nicotine replacement therapies of nicotine addiction.[31] In
the context of dependence and nicotine reward, acute
bupropion pretreatment has been reported to produce a
biphasic dose–response curve, with low doses increasing
intravenous nicotine self-administration, and high doses
decreasing the number of nicotine infusions self-adminis-
tered in rats.[32,33] On the contrary, Shoaib et al.[34] have
reported that chronic pretreatment with low doses of
bupropion increased nicotine self-administration in rats.
Furthermore, bupropion has been reported to reduce somatic
signs of nicotine withdrawal in rats including gasp,
abdominal constriction, teeth chatters, chews, shakes,
tremors and ptosis.[2,3] Interactions of bupropion with other
psychostimulants such as D-amphetamine, especially their
influence on anxiety-related processes, have not been
commonly reported. The mechanism of action of bupropion
has not been fully understood, as at least two different targets
have been proposed. The preclinical and clinical literature
demonstrated that bupropion nonselectively inhibited the
reuptake of dopamine and noradrenaline by inhibition of the
dopamine and noradrenaline transporters, as well as having
nAChR antagonist activity, and each of these effects may
have contributed to its efficacy as both an antidepressant and
tobacco use cessation agent.[1,4] As animal studies, including
present data, indicated that bupropion blocked behavioural
effects of nicotine, an antagonistic action at the nAChR could
explain (in part) a blunting of nicotine’s effects, especially
that these receptors are also implicated in learning and
memory processes, reward, antinociception and anxi-
ety.[20,35] It cannot be excluded that action of bupropion on
dopamine or noradrenaline neurons can also play a role. In
accordance, bupropion has been shown to activate

catecholaminergic neurotransmission, and these systems
have been found to directly control aversive-related proces-
sing, including anxiogenic effects.[3] In this context, a
growing body of evidence suggested that the mesolimbic
dopamine pathways originating from the ventral tegmental
area (i.e. amygdala, prefrontal cortex and nucleus accum-
bens) play an important role in the addictive properties of
illicit drugs as well as in different aspects of anxiety, aversive
reinforcement and fear conditioning.[36] Slemmer et al.[1]

claimed that the ability of bupropion to antagonize the
unconditioned behavioural effects of nicotine (e.g. antinoci-
ception or hypoactivity) were mediated by nAChRs, while
Malin et al.[3] suggested that catecholaminergic mechanisms
may have accounted for the ability of bupropion pretreatment
to antagonize the somatic signs of nicotine withdrawal in
rodents. It has been commonly believed that one of the
primary mechanisms of action of bupropion as a smoking
cessation drug involves the dopaminergic system.[37] What is
more, bupropion dose-dependently inhibited nicotine-evoked
[H3]dopamine overflow from rat striatal and hippocampal
slices in vitro.[38] These data may suggest that bupropion
could help smokers quit the habit by elevating extracellular
dopamine level, thus alleviating withdrawal symptoms.

Interactions of bupropion with D-amphetamine are even
more complex. Like D-amphetamine, bupropion stimulated
locomotor activity, produced stereotypies and reduced
eating.[39,40] Thus, both drugs affected dopamine transmis-
sion differently. Bupropion and its metabolites displayed
an inhibition of dopamine uptake and, in contrast to
D-amphetamine, were devoid of dopamine releasing
effects.[41] Hence its modest inhibition of dopamine and/or
noradrenaline reuptake could be considered to be of major
importance in attenuating D-amphetamine anxiety-related
effects, also observed in this study. In accordance with data
showing that bupropion could diminish some effects of
psychostimulants, a recent clinical study has revealed that
this antidepressant, in combination with behavioural therapy,
was effective for increasing the time of abstinence in
metamphetamine abuse.[42]

Conclusions

This investigation was designed to examine further the
anxiety-related behavioural consequences of acute and
subchronic D-amphetamine or nicotine in the mouse elevated
plus maze test of anxiety. Firstly, it has been confirmed that
after chronic administration, tolerance and especially cross-
tolerance developed to the anxiogenic action of D-ampheta-
mine and nicotine, which could suggest that a similar
mechanism contributed to the expression of these effects.
Secondly, consistent with some results pointing out the
involvement of bupropion in the response to psychostimulant
drugs, we have established that administration of this
antidepressant before every acute or chronic injection of
nicotine or D-amphetamine attenuated their anxiety-related
effects as well as the development of cross-tolerance to these
effects in mice. Taking all these results together, it seemed
plausible to speculate about an influence of bupropion in the
adaptive changes underlying anxiety behaviour which could
be considered one of the major signs in patients after abrupt
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withdrawal of psychostimulant drugs. This is especially
important as smoking cigarettes may be an increased risk for
amphetamine abuse. Identifying the mechanism involved in
anxiety-related responses could lead to therapies of nicotine
and/or amphetamine addiction. Thus, more research is
necessary to improve understanding of the mechanisms
behind the efficacy of bupropion as a smoking cessation
agent, which can be effective also in polydrug abuse.

Recently, the efficacy of bupropion has been compared
with a new non-nicotine smoking-cessation agent vareni-
cline, a partial agonist at alpha4beta2 nAChRs.[43] In a
randomized double-blind parallel-group study, sustained-
release bupropion was shown to be less efficacious than
varenicline. Since varenicline and bupropion appear to have
somewhat different mechanisms of action, further improve-
ments in abstinence rates could probably be realized by
employing these drugs in combination.

Declarations

Conflict of interest

The Author(s) declare(s) that they have no conflicts of
interest to disclose.

Funding

This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

References

1. Slemmer JE et al. Bupropion is a nicotinic antagonist.

J Pharmacol Exp Ther 2000; 295: 321–327.

2. Cryan JF et al. Bupropion enhances brain reward function and

reverses the affective and somatic aspects of nicotine with-

drawal in the rat. Psychopharmacology 2003; 168: 347–358.

3. Malin DH et al. Bupropion attenuates nicotine abstinence

syndrome in the rat. Psychopharmacology 2006; 184: 494–503.

4. Li SX et al. Influence of fluoxetine on the ability of bupropion

to modulate extracellular dopamine and norepinephrine con-

centrations in three mesocorticolimbic areas of rats. Neuro-

pharmacology 2002; 42: 181–190.

5. Brandon TH et al. Expectancies for tobacco smoking. In: Kirsh I,

ed. How Expectancies Shape Experience. Washington, DC:

American Psychological Association, 1999: 263–299.

6. Jackson KJ et al. Differential role of nicotine acetylcholine

receptor subunits in physical and affective nicotine withdrawal

signs. J Pharmacol Exp Ther 2008; 325: 302–312.

7. Broni JD et al. Nicotine receptor agonists exhibit anxiolytic-like

effects on the elevated plus-maze test. Eur J Pharmacol 1993;

238: 1–8.

8. Ouagazzal AM et al. Modulation of behaviour on trials 1 and 2

in the elevated plus-maze test of anxiety after systemic and

hippocampal administration of nicotine. Psychopharmacology

1999; 144: 54–60.

9. Irvine EE et al. Development of tolerance to nicotine’s

anxiogenic effect in the social interaction test. Brain Res

2001; 894: 95–100.

10. Pellow S et al. Validation of open:closed arm entries in an

elevated plus maze as a measure of anxiety in the rats.

J Neurosci Methods 1985; 14: 149–167.

11. Lapin IP. Anxiogenic effect of phenylethylamine and amphe-

tamine in the elevated plus-maze in mice and its attenuation by

ethanol. Pharmacol Biochem Behav 1993; 44: 241–243.

12. Lister RG. The use of a plus-maze to measure anxiety in the

mouse. Psychopharmacology 1987; 92: 180–185.

13. Dawson GR et al. Evidence that the anxiolytic-like effects of

chlordiazepoxide on the elevated plus maze are confounded by

increases in locomotor activity. Psychopharmacology 1995;

118: 316–323.

14. Kliethermes CL et al. Validation of a modified mirrored

chamber sensitive to anxiolytics and anxiogenics in mice.

Psychopharmacology 2003; 169: 190–197.

15. Salas R et al. Altered anxiety-related responses in mutant mice

lacking the b4 subunit of the nicotinic receptor. J Neurosci

2003; 23: 6255–6263.

16. Wonnacott S. Presynaptic nicotinic ACh receptors. Trends

Neurosci 1997; 20: 92–98.

17. Bergink V et al. Glutamate and anxiety. Eur Neuropsycho-

pharmacol 2004; 14: 175–183.

18. Wise RA, Bozarth MA. A psychomotor stimulant theory of

addiction. Psychol Rev 1987; 94: 469–492.

19. Lin HQ et al. The anxiogenic-like and anxiolytic-like effects of

MDMA on mice in the elevated plus-maze: a comparison with

amphetamine. Pharmacol Biochem Behav 1999; 62: 403–408.

20. Carrasco MC et al. Effects of co-administation of bupropion

and nicotine agonists on the elevated plus-maze test in mice.

Prog Neuropsychopharmacol Biol Psychiatry 2006; 30: 455–

462.

21. Biala G, Kruk M. Calcium channel antagonists suppress cross-

tolerance to the anxiogenic effects of D-amphetamine and

nicotine in the mouse elevated plus maze. Prog Neuropsycho-

pharmacol Biol Psychiatry 2008; 32: 54–61.

22. Cancela LM et al. A dopaminergic mechanism is involved in

the ‘anxiogenic-like’ response induced by chronic amphetamine

treatment: a behavioral and neurochemical study. Brain Res

2001; 909: 179–186.

23. Williamson S et al. Adverse effects of stimulant drugs in a

community sample of drug users. Drug Alcohol Depend 1997;

44: 87–94.

24. Damaj MI. Calcium-acting drugs modulate expression and

development of chronic tolerance to nicotine-induced antinoci-

ception in mice. J Pharmacol Exp Ther 2005; 315: 959–964.

25. Birrell CE, Balfour DJK. The influence of nicotine pretreatment

on mesoaccumbens dopamine overflow and locomotor responses

to D-amphetamine. Psychopharmacology 1998; 140: 142–149.

26. Schoffelmeer ANM et al. Psychostimulant-induced behavioral

sensitization depends on nicotinic receptor activation.

J Neurosci 2002; 22: 3269–3276.

27. Vezina P et al. Exposure to nicotine and sensitization of

nicotine-induced behaviors. Prog Neuropsychopharmacol Biol

Psychiatry 2007; 31: 1625–1638.

28. Desai R, Terry P. Evidence of cross-tolerance between

behavioural effects of nicotine and cocaine in mice. Psycho-

pharmacology 2003; 166: 111–119.

29. Collins SL, Izenwasser S. Chronic nicotine differentially alters

cocaine-induced locomotor activity in adolescent vs. adult male

and female rats. Neuropharmacology 2004; 46: 349–362.

30. Celik E et al. Caffeine and amphetamine produce cross-

sensitization to nicotine-induced locomotor activity in mice.

Prog Neuropsychopharmacol Biol Psychiatry 2006; 30: 50–55.

31. Dwoskin LP et al. Review of the pharmacology and clinical

profile of bupropion, an antidepressant and tobacco use

cessation agent. CNS Drugs Rev 2006; 12: 178–207.

32. Glick SD et al. Modulation of nicotine self-administration in

rats by combination therapy with agents blocking alpha 3 beta 4

nicotinic receptors. Eur J Pharmacol 2002; 448: 185–191.

Bupropion, nicotine and D-amphetamine Grazyna Biala and Marta Kruk 501



33. Rauhut AS et al. Effects of bupropion on nicotine self-

administration in rats. Psychopharmacology 2004; 169: 1–9.

34. Shoaib M et al. Investigating the actions of bupropion on

dependence-related effects of nicotine in rats. Psychopharma-

cology 2003; 165: 405–412.

35. File SE et al. Neurobiological mechanisms by which nicotine

mediates different types of anxiety. Eur J Pharmacol 2000; 393:

231–236.

36. Pezze MA, Feldon J. Mesolimbic dopaminergic pathways in

fear conditioning. Prog Neurobiol 2004; 74: 301–320.

37. Sidhpura N et al. Comparison of the effects of bupropion and

nicotine on locomotor activation and dopamine release in vivo.

Biochem Pharmacol 2007; 74: 1292–1298.

38. Miller DK et al. Bupropion inhibits nicotine-evoked [H3]

overflow from rat striatal slices preloaded with [H3]dopamine

and from rat hippocampal slices preloaded with [H3]norepi-

nephrine. J Pharmacol Exp Ther 2002; 302: 1113–1122.

39. Soroko FE et al. Bupropion hydrochloride (da-t-butylamino-3-

chloropropiophenone HCl), a novel antidepressant agent.

J Pharm Pharmacol 1977; 29: 767–770.

40. Nomikos GG et al. Acute effects of bupropion on extracellular

dopamine concentrations in rat striatum and nucleus accumbens

studied by in vivo microdialysis. Neuropsychopharmacology

1989; 2: 273–279.

41. Bredeloux P et al. Comparisons between bupropion and

dexamphetamine in a range of in vivo tests exploring dopaminer-

gic transmission. Br J Pharmacol 2007; 150: 711–719.

42. Elkashef AM et al. Bupropion for the treatment of metamphe-

tamine dependence. Neuropsychopharmacology 2008; 33:

1162–1170.

43. Jorenby DE et al. Varenicline Phase 3 Study Group. Efficacy of

varenicline, an alpha4beta2 nicotinic acetylcholine receptor partial

agonist, vs placebo or sustained-release bupropion for smoking

cessation: a randomized controlled trial. JAMA 2006; 296: 56–63.

502 Journal of Pharmacy and Pharmacology 2009; 61: 493–502




