1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2020 March 15.

-, HHS Public Access
«

Published in final edited form as:
Behav Brain Res. 2019 March 15; 360: 262—-269. doi:10.1016/j.bbr.2018.12.027.

Blockade of nicotinic acetylcholine receptor enhances the
responsiveness to bupropion in the mouse forced swim test

Deniz Bagdas@, Shakir AlSharari2P, Monzurul A. Roni, Vera C. Campbelld, Pretal P.
Muldoon?, F. lvy Carroll®, and M. Imad Damaj2

aDepartment of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA,
23298, USA

bDepartment of Pharmacology and Toxicology, King Saud University, Riyadh, Saudi Arabia

¢Center for Organic and Medicinal Chemistry, Research Triangle Institute, Research Triangle
Park, NC 27709, USA

dDepartment of Pharmaceutical Sciences, Hampton University School of Pharmacy, Hampton,
VA, 23668.

Abstract

The objective of the present study is to investigate the role of a4, a5, a6 or 2 nAChR subunits in
the antidepressant-like effect of bupropion. Adult male mice were treated with subcutaneous acute
doses of bupropion (3 and 10 mg/kg) 30 min before the forced swim test (FST) in a4, a5, a6, or
B2 nAChR subunit knockout (KO) and wild-type (WT) mice. In addition, the effects of p2*
antagonist dihydro-p-erythroidine (DHBE, 3 mg/kg) on antidepressant-like effects of bupropion in
C57BL/6J mice were assessed. Our results showed that baseline immobility and climbing time did
not differ between KO and corresponding WT mice except for p2 KO. Bupropion significantly
decreased immobility time and increased climbing time in the a4, a6 and 2 nAChR KO mice in
comparison to WT littermates, indicating that lack of these nAChR subunits enhanced
antidepressant effects of bupropion. On the contrary, the a5 nAChR subunit deletion did not alter
the FST behavior in the bupropion-treated mice. Not only in the transgenic mice, bupropion also
showed antidepressant-like effects in the WT mice. In addition, DHBE pretreatment before
bupropion administration resulted in decreased immaobility time and increased climbing time.
Taken together, the present study provides evidence on the involvement of a4*, a6*, and p2* (*
indicates possible presence of other subunits) NAChRs in the antidepressantlike effects of
bupropion in the FST.
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1. Introduction

Depression is a common, chronic, and potentially severe mental condition that adversely
affects one's life characterized by sadness, feelings of guilt or low confidence; loss of
interest, pleasure or concentration. Depression alone accounts for nearly 4% of the global
burden of disease and affects up to about 300 million people worldwide [48]. About 7% of
adults in the United States have been diagnosed with major depression in 2016 [41]. The
current antidepressants primarily target monoamine transporters regulating the reuptake of
dopamine, serotonin, and norepinephrine [5]. While most clinically effective therapeutic
drugs including bupropion target monoamine transporters; these agents can also inhibit
neuronal nicotinic acetylcholine receptors (nAChRS) [5, 43]. Emerging evidence suggests
that nAChRs play an important role in the etiology of depression [21, 43].

The link between nicotine and depression is well established by clinical studies [31].
Numerous reports pointed out that smokers demonstrated more depressive symptoms when
compared with nonsmokers and smokers diagnosed with depression were more dependent
on smoking [9, 16, 22]. One of the alternative theories of depression is Cholinergic-
adrenergic hypothesis proposed in the early 70s [21]. It suggests a hyperactivity of the
cholinergic system over that of the adrenergic system in the brain. Apparently, high
cholinergic transmission is associated with depression [21, 49] and inhibition of nNAChRs
may promote antidepressant effects [35, 43, 44]. Preclinical pharmacological studies
demonstrated that central, not peripheral, NAChRs are involved in depression-like behaviors
[1, 32]. Administration of NAChR antagonists and partial agonists also showed
antidepressant-like effects [27, 32, 36]. In addition, nAChR antagonists were shown to
potentiate the antidepressant effects of clinically effective antidepressants such as bupropion
[29, 37].

Bupropion [(£)-2-(tert-Butylamino)-3’-0-chloropropiophenone], synthesized in 1969 [26], is
effective as an antidepressant [3] and smoking cessation aid [19]. The mechanism of action
of bupropion is not clear. Bupropion primarily acts as a norepinephrine-dopamine reuptake
inhibitor [7]. It is also able to block activation of a3p2, a4p2, and a7 nAChRs [7]. It has
been reported that bupropion antagonized /n vivo nicotine’s antinociceptive, motor,
hypothermic, and convulsive effects, after systemic administration in the mice [12, 44]. In
addition, bupropion noncompetitively inhibited acetylcholine activation of rat a3p2- and
a4p2-nAChRs with 1C50 values of 1.3 and 8 pM, respectively, expressed in Xenopus
oocytes [44]. Moreover, hydroxybupropions are major metabolites of bupropion and are
believed to contribute to neurobiological effects of bupropion [10, 11]. The previous report
from our laboratory showed that hydroxyl metabolites of bupropion are more potent
blockers of a4p2 nAChRs [10]. Although evidence indicates that nAChRs play important
role in the antidepressant action of bupropion [2], the involvement of a4p2* nAChR
subunits (* indicates a variable subunit either a5 or a6) in bupropion’s therapeutic effect is
largely unknown.

We hypothesized that these nAChR subunits associated with a4p2* nicotinic receptors may
modulate the antidepressant-like effect of bupropion. For that, we used wild-type (WT) or
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a4, a5, a6, 2 nAChR knockout (KO) mice in the forced swim test (FST). The FST is a
widely used screening tool to identify antidepressant potential of drugs. In addition, we
determined the effects of a selective a4p2* nAChR antagonist (dihydro-B-erythroidine,
DHBE) on antidepressant properties of bupropion in the FST.

2. Materials and Methods

2.1. Animals

Male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice
null (KO) for the f2, a6 (Institut Pasteur, Paris, France) [8], a5 (Jackson Laboratories, Bar
Harbor, ME) [39] and a4 subunits (provided by Dr. Henry Lester at the California Institute
of Technology, with the permission of Dr. John Drago) [38] and their WT littermates were
bred in an animal care facility at Virginia Commonwealth University. All the mice used in
each experiment were backcrossed at least 10 to 12 generations. Mutant and wild types were
obtained from crossing heterozygote mice. This breeding scheme controlled for any
irregularities that might occur with crossing solely mutant animals. Eight or more animals
per group were used in most of our experiments. However, the number of animals varied as
we were limited by the breeding outcome of littermate KO and WT mice. Mice were housed
in a 21 °C humidity-controlled Association for Assessment and Accreditation of Laboratory
Animal Care (AALAC)-approved animal care facility. They were housed in groups of six
and had free access to food and water under a 12-h light/dark cycle (lights on at 7:00 a.m.).
Mice were 8-10 weeks of age and weighed approximately 20-30 g at the start of all the
experiments. All experiments were performed during the normal light cycle (between 7:00
a.m. and 7:00 p.m.) and the study was approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University. All studies were carried out in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals.

2.2. Drugs

Bupropion HCI and dihydro-p-erythroidine (DHBE) were purchased from Sigma-RBI (St.
Louis, MO, USA). The doses and route of administration of these drugs were based on our
previous studies [10, 53]. These drugs were dissolved in 0.9% saline and injected
subcutaneously (s.c.) at a volume of 10 ml/kg body weight. All doses are expressed as the
free base of the drug.

2.3. Forced swimming test (FST) and procedure

The test was performed as described earlier [30]. Briefly, mice were gently placed
individually into an open glass cylindrical container (diameter 10 cm, height 25 cm)
containing 15 cm of water, maintained at 24°C that was filled with tap water, and left there
for 6 min. The test was performed by the same well-trained experimenter, who was blinded
to the treatment administered. Immobility was recorded during the last 4 min [50]. Durations
of diving and swimming were not recorded. A mouse was considered to be immobile when
it floated in an upright position, and made only small movements to keep its head above
water but did not produce displacements. Notably, immobility is not a depression-like
phenotype but a behavioral adaptation to the acute stressor [51,52]. The duration of
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immobility and climbing time were recorded and scored in sec. Immediately after the
testing, mice were removed from the water, gently dried with paper towels, and placed inside
a cage warmed by a heating pad.

To verify the effects of a4, a5, a6, and p2 nAChR subunits on the depression-like behavior,
we first evaluated the behavioral responses for the untreated KO and WT mice in the forced
swim test (FST). We tested the role of these subunits in the possible antidepressant effect of
bupropion in a separate cohort of mice. For this set of experiment, a4, a5, a6, and p2 KO or
WT mice were injected with s.c. bupropion (3 and 10 mg/kg) or vehicle (saline). After 30
min bupropion injection, animals were exposed to the FST.

In a separate cohort, effects of bupropion (3 or 10 mg/kg) in the FST were assessed in
presence of p2 nAChR antagonist DHBE (3 mg/kg). For that, C57BL/6J mice were injected
with DHBE (3 mg/kg, s.c.) or vehicle followed by bupropion (3 and 10 mg/kg, s.c.) 20 min
later. Finally, the FST was performed after 30 min of the last injection.

2.4. Locomotor activity in mice

Mice were placed into individual Omnitech photocell activity cages (28 x 16.5 cm) and
interruptions of the photocell beams (two banks of eight cells each) were then recorded for
the next 10 min. We have selected the minimum duration of locomotor activity allowed by
our instrument (10 min) to closely match the duration of the FST. Data were expressed as
number of photocell interruptions.

For the locomotor activity measures, a4, a6, or $2 KO and WT mice were injected with
bupropion (3 and 10 mg/kg, s.c.) or vehicle (saline). After 30 min bupropion injection, mice
were tested in activity cages. In addition, C57BL/6J mice were injected with DHBE (3
mg/kg, s.c.) or saline 20 min before bupropion (3 and 10 mg/kg, s.c.) treatment. Thirty min
after s.c. administration of either saline or bupropion, mice were assessed in the locomotor
activity test.

2.5. Statistical analysis

Results

The data obtained were analyzed using the GraphPad software, version 6.0 (GraphPad
Software, Inc., La Jolla, CA) and expressed as the mean + S.E.M. Data were tested using
ordinary two-way analysis of variance (ANOVA), followed by the Sidak post hoc correction.
Baseline value differences in immobility and climbing time of untreated WT and KO mice
were tested by ftest. The pvalues < 0.05 were considered significant.

3.1. Forced swim test in untreated a4, a5, a6 or B2-nAChR subunit KO mice

Two-way ANOVA was used to evaluate baseline immobility time and climbing time in KO
mice and their WT littermates in the FST. There was no significant difference in immaobility
and climbing behavior between untreated a4 (timmobility=0-592, t¢limbing=0.8831, df=14), a5
(timmobility:0-20241 tclimbing:0-93361 df=12), and a6 (timmobility:1-2191 tclimbing:1-937’
df=15) KO mice when compared to their WT littermates in the FST all p’s> 0.05, (Fig. 1 A-
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C). However, untreated 2 KO mice showed a lower duration of immobility and a longer
climbing period (timmobility:2-578: tclimbing:2-433v df=14; p<0.05)

3.2 Antidepressant-like effects of bupropion in the in a4, a5, a6, and p2 knockout mice in

the FST

Two-way ANOVA performed in a4 KO and WT mice indicated significant effects of
bupropion treatment on genotype, treatment, interaction of genotype and treatment for the
immobility of FST [Fgenotype(1,42)=74.32, p<0.0001; Fireatment(2,42)=169.9, p<0.0001 and
Fgenotype x treatment interaction (2,42)=24.10, p<0.0001]. Bupropion (3 and 10 mg/kg)
attenuated the immobility time in WT and KO mice when compared with vehicle treatment
in the same genotype (Sidak post hoc, p<0.05) (Fig 2A). Moreover, immobility duration in
bupropion treated mice was different between the KO and WT mice. While vehicle
treatment did not show any difference between the KO and WT genotyped animals,
bupropion (3 and 10 mg/kg) treatment significantly reduced immobility duration in KO mice
(Sidak post hoc, p<0.05) (Fig 2A). Interestingly, the climbing time did not significantly
differ between the bupropion-treated a4 WT and KO mice [Fgenotype(1,42)=3.65, p=0.06
and Fgenotype x treatment interaction (2,42)=0.73, p=0.48]; but high dose of bupropion (10
mg/kg) significantly increased the climbing time when compared with vehicle treatment
[Fireatment(2,42)=12.27, p<0.001] (Fig 2B).

The antidepressant-like effects of bupropion in a5 nAChRs KO mice and their WT
littermates are shown in Fig. 3. While there was a reduction in immobility time following the
administration of bupropion in a5 nAChRs KO, it was not statistically significant in
comparison to WT (Fig 3A). The effect of bupropion on climbing time was also not
significantly different between KO and WT mice (Fig 3B).Bupropion (3 and 10 mg/kg)
injection significantly decreased immobility time in both WT and KO mice
[Ftreatment(2,44)=735.1, p<0.001]. Both doses of bupropion resulted in a significant
reduction in immobility time in a dose-dependent manner (Sidak post hoc, p<0.05; denoted
by an asterisk for WT and plus for KO). However, the immobility time of bupropion-treated
mice was significantly shorter in the KO mice compared to WT littermates; hence the
efficacy of bupropion was higher in the KO mice [Fgenotype(1,44)=602.3, p<0.001, denoted
by hashtag].

Two-way ANOVA revealed a significant interaction for the a6 nAChRs and bupropion
treatments [Fgenotype x treatment interaction (2,44)=172.3, p<0.001] (Fig 4A). Similarly, Fig. 4B
shows the time spent in climbing was significantly longer in bupropion treated mice in both
KO an WT mice [Freatment(2,42)=199.7, p<0.001]. While higher dose of bupropion (10
mg/kg) enhanced the climbing time in WT mice, the climbing time was increased by low
and high dose of bupropion (3 and 10 mg/kg) in KO mice (Sidak post hoc, p<0.05; denoted
by asterisk for WT and plus for KO). Furthermore, a6 nAChR gene deletion in the mice
resulted in a significant increase in climbing time compared to WT mice (Sidak post hoc,
p<0.05; denoted by hashtag), a significant main effect of genotype [Fgenotype(1,42)=118.2,
<0.001], and a significant interaction [Fgenotype x treatment interaction (2,42)=54.56, p<0.001],
(Fig 4B).
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Figure 5 shows the effects of bupropion on p2 KO mice and their WT littermates in the FST.
The B2 KO mice differed from the other KO in that they had reduced baseline immobility
time compared to their WT littermates following administration of vehicle (Sidak post hoc,
p<0.05). However, bupropion at a dose of 3 and 10 mg/kg was still able to significantly
reduce the immobility time in WT and KO mice (Fireatment (2, 36) = 250.9, p<0.001) in a
dose-dependent manner (Sidak post hoc, p<0.05, denoted by asterisk for WT and plus for
KO). There was also a significant reduction in immobility time between p2 KO and their
WT littermates, indicating that bupropion was more effective in the KO mice [Fgenotype
(1,36) = 104.3, p<0.001, denoted by hashtag]. There was also a significant interaction for the
genotype and bupropion [Fgenotype x treatment interaction (2, 36) = 3.54, p<0.05] (Fig 5A).
Similar to immobility time, p2 KO mice had significantly longer baseline climbing time
compared to their WT littermates (Sidak post hoc, p<0.05, denoted by hashtag) (Fig 5B).
However, only bupropion at a dose of 10 mg/kg was able to significantly increase climbing
time in 2 KO mice [Fyeatment (2,36) = 13.42, p< 0.001, denoted by plus]. There was also a
significant main effect of genotype [Fgenotype (1,36) = 42.77, p< 0.001].

3.3. Antidepressant-like effects of DHBE in the C57BL/6J mice in the FST

We then evaluated the effects of B2* nAChR selective antagonist, DHBE, on bupropion-
induced behavioral responses in the FST. Fig. 6 displays the effect of combined treatment
with DHBE and bupropion in the C57BL/6J male mice. There was a significant main effect
of DHBE treatment [Fpnpe(1,30)=329.2, p<0.001 ], a significant main effect of bupropion
treatment [Fireatment(2,30)=67.44, p<0.001] and a significant interaction of combination
[Finteraction(2,30)=3.851, p<0.05] in the immobility time. Bupropion (3 and 10 mg/kg) dose-
dependently attenuated the immobility time when compared with vehicle treatment in the
C57BL/6J mice (Sidak post hoc, p<0.05) (Fig 6A). Moreover, DHBE alone diminished the
immobility time when compared with vehicle-treated mice. The immobility time was also
reduced in a dose-related manner in mice treated with both DhBE and bupropion (3 and 10
mg/kg) (Sidak post hoc, p<0.05). However, in the presence of DHBE, immobility time was
also significantly decreased by bupropion (3 and 10 mg/kg) when compared with mice
treated with either bupropion alone (Sidak post hoc, p<0.05; denoted by hashtag) or DHBE
alone (Sidak post hoc, p<0.05; denoted by plus) (Fig 6A).

Fig. 6B shows the effect of DHBE and bupropion treatment on the climbing time. ANOVA
revealed a significant main effect of DHBE treatment [Fpgg(1,30)=225.1, p<0.001], a
significant main effect of bupropion treatment [Fireatment(2,30)=48.28, p<0.001] and a
significant interaction of bupropion by DHBE [Finteraction(2,30)=8.385, p<0.05] in the time
spent climbing. Bupropion (3 and 10 mg/kg) increased the climbing time in a dose-related
manner when compared with vehicle treatment. Bupropion alone increased the time spent in
climbing only at a dose of 10 mg/kg (Sidak post hoc, p<0.05). DHBE (3 mg/kg)
administration significantly increased climbing time either injected alone or combined with
bupropion (3 and 10 mg/kg) when compared with corresponding control mice (Sidak post
hoc, p<0.05) (Fig 6B).
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3.4. Effects of bupropion on locomotor activity in the a4, a6 knockout, and DHBE-treated

mice

We finally investigated whether the changes observed above in the FST are due to alterations
in the locomotor activity of mice. We assessed the effects of bupropion on the locomotor
activity test using a4 KO and WT mice (Fig. 7A). Bupropion (3 and 10 mg/kg) dose
relatedly increased the locomotor activity [Freatment (2,30) = 13.13, p<0.001] in a4 WT and
KO mice when compared with vehicle treatment in the same genotype (Sidak post hoc,
p<0.05). However, no significant difference was found in bupropion treatment in the
locomotor activity between a4 WT and KO mice [Fgenotype(1,30)=0.9674, p=0.3332] (Fig
7A). In addition, ANOVA revealed that no significant interaction between a4 genotype and
bupropion treatments for the spontaneous activity [Fgenotype  treatment interaction (2,30) =
0.1028, p=0.9026]. In addition, a6 WT and KO animals showed similar results. Bupropion
(3 and 10 mg/kg) significantly increased the locomotor activity based on the high dose of
bupropion without any relation to the a6 genotype. ANOVA revealed no significant main
effect of a6 NAChRS [Fgenotype(1,38)=0.4266, p=0.5176], a significant main effect of
bupropion treatment [Freatment(2,38)=10.68, p<0.001] and no significant interaction of
bupropion by a6 NAChRS [Fgenotype x treatment interaction (2,38=0.004714, p=0.9953] in the
locomotor activity (Fig 7B). Similar to a4 and a6 nAChR KO mice, there was no significant
difference in locomotor activity between p2 nAChR KO and WT mice (number of
interrupts, B2 KO: 622+42, WT: 65950, ns).

Fig. 7C shows the effect of combined treatment with DHBE and bupropion on the locomotor
activity in the C57BL/6J mice. The two-way ANOVA revealed no significant main effect of
DHBE treatment [Fpppe(1,35)=3.317, p=0.00771], a significant main effect of bupropion
treatment [Fireatment(2,35)=15.18, p<0.001] and no significant interaction of bupropion and
DHBE [Finteraction(2,35)=0.526, p=0.5955]. Only the high dose of bupropion (10 mg/kg)
significantly increased the locomotor activity either alone or in combination with DHRE (3
mg/kg) when compared to corresponding control-treated mice (Sidak post hoc, p<0.05).
Bupropion (3mg/kg) did not significantly affect the locomotor activity (Sidak post hoc,

£>0.05).

4. Discussion

One of the major findings of the present study was that lack of a4, a6, and 2 nAChR
subunits enhanced the effects of bupropion in the FST. Bupropion (3 or 10 mg/kg) treatment
reduced immobility time and increased climbing time in WT mice and transgenic mice,
indicating antidepressant-like effects. However, the effects of bupropion were not enhanced
in a5 nAChR KO mice in comparison to their WT littermates. We also found that the
baseline depression-like behaviors in a4, a5, or a6 KO mice were similar to WT
counterparts except in p2 KO mice. Consistent with previous findings [32], The mice
lacking 2 nAChR subunit showed a reduction in immobility and elevation in climbing time
compared to WT mice. In addition, the p2* nAChR antagonist DHBE (3 mg/kg)
significantly reduced immobility time and increased climbing time in C57BL/6J mice.
Moreover, DHBE enhanced the effects of bupropion in the FST. While the higher dose of
bupropion (10 mg/kg) elevated locomotor activity, the effects were similar in both WT and
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transgenic mice used in this study. These findings support our initial hypothesis that
nicotinic subunits associated with a4p2* nAChRs play an important role in the
antidepressant effects of bupropion. The higher dose of bupropion (10 mg/kg) increased
locomotor activity, indicating that part of reduction in immobility time could result from
enhanced swimming. However, there was no significant difference in locomotor activity
between WT and transgenic mice after bupropion treatment, whereas immaobility time either
differed or remained unchanged between WT and transgenic mice, indicating locomotor
activity played a limited role in antidepressant-like effects in our study.

Previous studies suggest that antidepressant effects in mice are produced by inhibition of
a4p2 nAChRs or activation of a7 nAChRs [1, 32]. While nicotinic agonists were inactive in
the FST, non-selective antagonist mecamylamine, partial agonist cytisine, as well as the p2*-
selective NAChR antagonist DHBE and a.7 nAChR antagonist MLA showed antidepressant-
like activities [1, 27]. Moreover, the antidepressant effect of mecamylamine was attenuated
in B2 and a7 KO mice [32]. The present study is in line with previous reports that found
inhibition of a4p2 nAChR activity induced antidepressant-like effects in mice.

The absence of the a4 or a6 subunit in the mouse prevents the formation of a4* or a6*
containing nAChRs; such as a4p2, a4p4 or a6p2. However, the acute effects of bupropion
are still noticeable in both a4 and a6 KO mice. Therefore, the deletion of those receptors
does not abolish the effects of bupropion suggesting that a4 or a6 subunit-containing
nAChRs are not the only ones responsible for those manifestations. Unlike mecamylamine,
bupropion is a nAChR antagonist and a norepinephrine and dopamine transporter inhibitor
[7]. We observed a significant reduction of immobility time and an elevation of climbing
time by bupropion treatment in a4, p2, and a6 KO mice; indicating enhancement of the
antidepressant effect of bupropion. According to Lucki et al. [23], the climbing behavior in
the FST is primarily increased by induction of catecholamine neurotransmission. It is
possible that increased climbing behavior in bupropion treated NAChR KO mice is
associated with increased catecholamine transmission. In other words, the enhanced effect of
bupropion in KO mice could be due to a complete genetic blockade of nAChR subunits
which cannot be achieved by pharmacological blockade from systemic administration alone.

Interestingly, bupropion treatment did not affect depression-like behavior in a5 nAChR KO
mice. The a5 subunit cannot yield functional receptors when expressed alone and it requires
at least one other a subunit as well as a 2 and/or p4 subunit to form a functional nAChR
[15, 18, 34]. The (a4p2),a5 NAChRs are a prominent presynaptic subtype among a4p2*
nAChRs, depending on the brain region. Approximately 90% of the heteromeric NAChRs
are a4p2* subtype, and of these, about 10-37% contain a.5 subtype in the cerebral cortex of
adult male rats [25]. In addition, a class of nAChRs with a predominantly synaptic location
on neurons contain receptors having at least three types of subunits encoded by the a.3, p4,
and a5 nAChR genes [46]. Incorporation of a5 subunit into a4p2*, a3p2*, and a3p4*
nAChRs (where * denotes the possible inclusion of additional NAChR subunits) greatly
influences a drug’s modulation of receptor function and pharmacological properties of these
receptor subtypes in response to the drug in heterologous expression systems [4, 15, 18, 34,
45]. Our results showed that lack of a5 nAChR subunit does not alter the antidepressant
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effects of bupropion in mice, indicating that a5 nAChR subunits are not entirely related with
those manifestations.

Interestingly, a6 KO mice were the most sensitive to the antidepressant effects of bupropion
in the present study. The a6* subunit containing nAChRs, in particular, are highly expressed
in mesolimbic pathways and mediate nicotine-related reward [6, 20, 28]. It has been reported
that activation of a6p2* nAChRs is sufficient for dopamine-stimulating effects of nicotine
[14]. The a6 subunit is greatly expressed in the ventral tegmental area and nucleus
accumbens [8, 40, 47]. The a4, a6, B2, and 3 subunits exhibit a localization gradient
across both medial habenula and interpeduncular nucleus [42]. Besides, heterologously
expressed nAChRs containing a6 subunits can be defined in a straightforward fashion; such
as a6p4 nAChRs if composed only of a6 and B4 subunits [24]. The a3, a4, B2, B3, and p4
subunits grouping into an extended family of a2/a4 and a3/a6 pairs [24]. On the other
hand, a6* nAChRs are also co-expressed with the a4p2* nAChRs. Because a.6* subunit
containing NAChRs are selectively expressed in dopamine neurons and participate in
cholinergic transmission, a6* specific agonists or antagonists have been suggested to
provide a method for manipulating DA transmission in neural disorders by targeting
endogenous cholinergic mechanisms in midbrain or striatum [14]. It is possible that in a6
KO mice, bupropion mediates its antidepressant effects primarily via other pathways such as
noradrenergic neurotransmission rather than dopaminergic and cholinergic transmission. The
present study cannot rule out the presence of compensatory mechanisms [13] due to
overexpression of other non-a.6 containing nAChRs. However, the role of a6 nAChRs in
antidepressant effect of bupropion warrants further investigation.

The antidepressant effect of bupropion can also be modulated by other nAChR subunits
which were not investigated in the present study. For example, it was reported that functional
B4* containing NAChRs modulate acute and chronic antidepressant effects of bupropion
[33].

Conclusions

Given the findings of the present study, we conclude that a4* and a6* nAChRs may play a
modulatory role in the antidepressant-like effects of bupropion. Bupropion analogs which
target these receptor subunits, could prove to be therapeutically useful for depression.
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Figure 1. Time spent immobile and climbing by a4, a5, a6, and p2 nAChR KO mice in the FST.

Behavioral response in a4 (A), a5 (B) a6 (C), and p2 (D) KO mice and their WT

littermates. Results are expressed as the mean + S.E.M of 6-9 mice. a4 (n=9 WT and 7 for
KO mice), a5 (n=8 WT and 6 for KO mice), a6 (n=9 WT and 8 for KO mice) and p2 (n=7
WT and 7 for KO mice).
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Figure 2. The involvement of a4 nAChRs in the antidepressant-like effects of bupropion in the
FST.

Effects of bupropion on immobility (A) and climbing (B) behavior in the FST in a4 KO
mice and their WT littermates. After 30 min bupropion (3 and 10 mg/kg, s.c.) or vehicle
(saline) injection, mice were exposed to the FST. Results are expressed as the mean + S.E.M
of 8 (WT) and 7 (KO) mice. * p< 0.05, significantly different from vehicle treated WT
group; + p < 0.05, significantly different from vehicle treated KO group; # p < 0.05,
significantly different from its corresponding control group (KO vs WT group). Bup:
bupropion
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Figure 3. The involvement of a5 nAChRs in the antidepressant-like effects of bupropion in the
FST.
Effects of bupropion on immobility (A) and climbing (B) behavior in the FST in a5 KO

mice and their WT littermates. After 30 min bupropion (3 and 10 mg/kg, s.c.) or vehicle
(saline) injection, mice were exposed to the FST. Results are expressed as the mean + S.E.M
of 6 mice. * p< 0.05, significantly different from vehicle treated WT group; + p< 0.05,
significantly different from vehicle treated KO group. Bup: bupropion
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Figure 4. The involvement of a6 nAChRs in the antidepressant-like effects of bupropion in the
FST.

Effects of bupropion on immobility (A) and climbing (B) behavior in the FST in a6 KO
mice and their WT littermates. After 30 min bupropion (3 and 10 mg/kg, s.c.) or vehicle
(saline) injection, mice were exposed to the FST. Results are expressed as the mean + S.E.M
of 11 (WT) and 9 (KO) mice. * p< 0.05, significantly different from vehicle treated WT
group; + p< 0.05, significantly different from vehicle treated KO group; # p < 0.05,
significantly different from its corresponding control group (KO vs WT group). Bup:
bupropion
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Figure 5. The involvement of B2 nAChRs in the antidepressant-like effects of bupropion in the

FST.

Effects of bupropion on immobility (A) and climbing (B) behavior in the FST in 2 KO
mice and their WT littermates. After 30 min bupropion (3 and 10 mg/kg, s.c.) or vehicle
(saline) injection, mice were exposed to the FST. Results are expressed as the mean + S.E.M
of 7 (WT) and 11 (KO) mice. * p< 0.05, significantly different from vehicle treated WT
group; + p < 0.05, significantly different from vehicle treated KO group; # p < 0.05,
significantly different from its corresponding control group (KO vs WT group). Bup:

bupropion
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Figure 6. The involvement of a4B2 nAChRs in the antidepressant-like effects of bupropion in the

FST.

Effects of bupropion on immobility (A) and climbing (B) behavior in the FST in dihydro-§-
erythroidine (DHPBE) pretreated C57BL/6J mice. For this reason, mice were injected s.c.
DHBE (3 mg/kg) or vehicle (saline) with a 20 min pretreatment time. Continuously, same
mice were administrated with bupropion (3 and 10 mg/Kkg, s.c.) or vehicle (saline). The FST
was performed after 30 min of last drug administration. Results were expressed as the mean
+ S.E.M of 6 mice. * p< 0.05, significantly different from vehicle group in vehicle
pretreated group; + p < 0.05, significantly different from vehicle group in DHBE pretreated
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group; # p< 0.05, significantly different from its corresponding control group (DHBE
pretreated bupropion group vs vehicle pretreated bupropion group). Bup: bupropion
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Figure 7. The effect of bupropion on the locomotor activity in various NAChRs subtypes.
Mice were placed into photocell activity cages for 10 min after 30 min s.c. administration of

bupropion (3 and 10 mg/kg) in a4 KO (A), a.6 KO (B) and WT mice (C). The C57BL/6J
mice (C) were injected s.c. DHBE (3 mg/kg) or vehicle (saline) 20 min before bupropion
treatment. After 30 min bupropion (3 and 10 mg/kg, s.c.) or vehicle (saline) injection, mice
were tested in activity cages. Results were expressed as the mean = SEM as the number of
photocell interruptions of a4 6 (WT) and 6 (KO); a6 8 (WT) and 8 (KO); . * p< 0.05,
significantly different from vehicle group in WT animals or in vehicle pretreated group
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C57BL/6J mice; + p < 0.05, significantly different from vehicle group in KO animals or in
DHpE pretreated group. Bup: bupropion
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