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ABSTRACT

It has been demonstrated that GABAg receptors modulate nicotine (NIC) reward effect; nevertheless, the mechanism
implicated is not well known. In this regard, we evaluated the involvement of GABAg receptors on the behavioral, neu-
rochemical, biochemical and molecular alterations associated with the rewarding effects induced by NIC in mice, from
a pharmacological and genetic approach. NIC-induced rewarding properties (0.5 mg/kg, subcutaneously, sc) were
evaluated by conditioned place preference (CPP) paradigm. CPP has three phases: preconditioning, conditioning and
postconditioning. GABAg receptor antagonist 2-hydroxysaclofen (0.25, 0.5 and 1 mg/kg; intraperitoneally, ip) or the
GABAg receptor agonist baclofen (3 mg/kg; ip) was injected before NIC during the conditioning phase. GABAg; knock-
out (GABAR;KO) mice received NIC during the conditioning phase. Vehicle and wild-type controls were employed.
Neurochemical (dopamine, serotonin and their metabolites), biochemical (nicotinic receptor a4f2, a4p32nAChRs)
and molecular (c-Fos) alterations induced by NIC were analyzed after the postconditioning phase by high-performance
liquid chromatography (HPLC), receptor-ligand binding assays and immunohistochemistry, respectively, in nucleus
accumbens (Acb), prefrontal cortex (PFC) and ventral tegmental area (VTA). NIC induced rewarding effects in the
CPP paradigm and increased dopamine levels in Acb and PFC, a4p2nAChRs density in VTA and c-Fos expression in
Acb shell (AcbSh), VTA and PFC. We showed that behavioral, neurochemical, biochemical and molecular alterations
induced by NIC were prevented by baclofen. However, in 2-hydroxysaclofen pretreated and GABAg;KO mice, these
alterations were potentiated, suggesting that GABAg receptor activity is necessary to control alterations induced by
NIC-induced rewarding effects. Therefore, the present findings provided important contributions to the mechanisms

implicated in NIC-induced rewarding effects.
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INTRODUCTION

Studies in laboratory animals strongly suggest that the
neurotransmitter y-aminobutyric acid (GABA) is criti-
cally involved in brain reward processes. Drugs of abuse
powerfully stimulate the brain’s reward pathways and
provide the means to study how GABA transmission
modulates circuits involved in reward processes (Vlachou
& Markou 2010). Dopaminergic neurons projecting from
the ventral tegmental area (VTA) to the nucleus accum-
bens (Acb) and prefrontal cortex (PFC) have been impli-
cated in reward processes (Koob & Volkow 2010). These
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dopaminergic neurons receive descending GABAergic in-
puts from the ventral pallidum and Acb which have an
inhibitory effect on dopaminergic tone at the level of both
the VTA and Acb (Pierce & Kumaresan 2006). There are
GABA inhibitory afferents to dopaminergic VTA neurons,
inhibitory GABA interneurons within the VTA and me-
dium spiny GABA neurons in the Acb that also inhibit
mesolimbic dopamine release (Pierce & Kumaresan
2006). GABA acts on two classes of receptors: ionotropic
GABA, and GABA(, and metabotropic GABAy receptors.
The GABA, and GABA( receptors are located mostly
postsynaptically (Barnard et al. 1998), while GABAg
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receptors are located both presynaptically and postsynap-
tically (Bowery et al. 2002). The GABAg receptors are
coupled to G proteins and form a heteromer of GABAg;
and GABAg, subunits, both of which are necessary for
GABAg receptors to be functional (Marshall et al
1999). Importantly, compounds that target GABAg re-
ceptors are unique as anti-abuse therapies because of
their impact against multiple addictive drugs (Vacher
et al. 2006; Kumar et al. 2013; Brown et al. 2015;
Froger-Colléaux & Castagné 2016). It has been demon-
strated that GABAg receptor activity can modulate the
reward effect (Mombereau et al. 2007; Vlachou &
Markou 2010; Vlachou et al. 2011; Falco, McDonald &
Smith 2014; Filip et al. 2015) and other addictive proper-
ties induced by nicotine (NIC) (Tyacke et al. 2010;
Phillips & Reed 2014). In that respect, we have observed
that biochemical (043, nicotinic receptors, o04f,nAChR),
neurochemical [dopamine (DA) and serotonin concentra-
tions], molecular (expression of c-Fos and brain-derived
neurotrophic factor) changes induced by either acute or
chronic behavioral responses of NIC can be modulated
by the activation (GABAgp receptor agonist baclofen,
BAC), the blockade (GABAg receptor antagonist 2-
hydroxysaclofen, (SAC)) or the lack (GABAg; knockout
mice, GABAR;KO) of GABAg receptors (Varani et al. 2015;
2014a,b,c,d; 2013; 2012; 2011; Varani & Balerio 2012).

Despite the strong evidences showing the involve-
ment of GABAg receptors in rewarding properties in-
duced by NIC, the mechanisms implicated behind this
interaction remains poorly understood. In order to im-
prove the understanding of this interaction, we explored
different aspects associated with the possible mecha-
nisms whereby the GABAg receptors might influence
the NIC-induced rewarding properties. In particular,
we analyzed alterations at behavioral (conditioned place
preference), neurochemical (monoamines concentra-
tion), biochemical (04f,nAChRs density) and molecular
(c-Fos expression) levels derived from the rewarding
properties induced by NIC in mice pretreated with BAC
or SAC and GABAz;KO mice.

MATERIALS AND METHODS
Animals

For the pharmacological approach, we used adult male
Swiss Webster mice. For the genetic approach, we used
adult GABAg;KO mice and their wild-type (WT) litter-
mates. GABAg,KO was generated in the laboratory of
Dr Bernard Bettler, Department of Physiology, University
of Basel, Switzerland (Schuler et al. 2001). We have de-
veloped our own GABAg;KO mice colony in the Instituto
de Investigaciones Farmacologicas (UBA-CONICET). The
GABAg;KO mice and their WT littermates are obtained
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by intercrossing heterozygous animals. Tail biopsies (per-
formed for identification purposes) were used to isolate
DNA for animal genotyping by polymerase chain reaction
(PCR) as described (Schuler et al. 2001).

Care and handling conditions

The animals of both approaches were acclimatized to
the laboratory conditions according to local regulation
(SENASA, 2002) (12-hour light: 12-hour dark cycle,
21 £ 0.5°C room temperature, 65 = 10 percent hu-
midity). Mice weighing 22-26 g were housed five per
cage, handled and habituated to the injections for
3 days prior to the experiment, in order to reduce the
stress. Food and water were available ad libitum.
Behavioral tests and animal care were conducted in
accordance with the standard ethical guidelines
(European Community Guidelines on the Care and Use
of Laboratory Animals 86/609/EEC and 2001-486/EEC)
and approved by the local ethical committee: CICUAL
(Institutional Committee for Care and Use of Laboratory
Animals, Faculty of Pharmacy and Biochemistry,
University of Buenos Aires, Argentina). All experiments
were performed with the investigators being blind to

treatment conditions.

Drugs

(—)-Nicotine hydrogen tartrate salt ([—]-1- methyl-2-[3-
pyridil|pyrrolidine) (NIC) (Sigma Chemical Co., Buenos
Aires, Argentina), () BAC (Novartis, Basel,
Switzerland) and SAC (Sigma Chemical Co., Buenos
Aires, Argentina) were used in this study. NIC and
BAC were dissolved in isotonic saline solution (NaCl 0.9
percent) (SAL), and SAC was dissolved in isotonic (five
percent) glucose solution immediately before use. BAC
and SAC were administered by (ip) route. NIC dose
[0.5 mg/kg, (sc)] used was calculated as NIC hydrogen
tartrate salt (1 mg/kg of NIC hydrogen tartrate salt
equals to 0.35087 mg/kg NIC free base); it was adminis-
tered (sc). The dose of NIC was chosen based on previous
studies from our laboratory (Varani et al. 2014b). All
drugs were administered in a volume of 10 ml/kg.

Place preference paradigm

The rewarding effects of NIC (0.5 mg/kg, sc) were evalu-
ated by using the conditioned place preference paradigm,
as previously described (Maldonado et al. 1997). The ap-
paratus consisted of two main square conditioning com-
partments (15 X 15 X 15 cm) separated by a triangular
central division. The compartments have different walls
(striped and dotted) and also distinct floor textures
(smooth floor in the striped compartment and rugged
floor in the dotted one). During the preconditioning
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phase, each mouse was placed in the middle of the cen-
tral division and had free access to both compartments
of the conditioning apparatus for 18 minutes, with the
time spent in each compartment recorded by computer-
ized monitored software (Vision Robot®, Buenos Aires,
Argentina). Treatments were counterbalanced between
compartments in order to use an unbiased procedure.
No initial place preference or aversion for the different
compartments was observed in any of the experiments.
In the conditioning phase, SAL and NIC conditioning ses-
sions were conducted daily over the next 4 days. Each
day, animals were injected with SAL and placed into cor-
responding chamber for 20 minutes. Four hours later,
animals were injected with NIC (0.5 mg/kg, sc) and
placed in the opposite chamber for 20 minutes. Control
animals received SAL every session in both chambers.
The postconditioning phase was conducted exactly as
the preconditioning phase, i.e., free access to both com-
partments during 18 minutes, and the time spent in each
compartment was recorded. The time in the central area
was proportionally shared and added to the time value of
each compartment as previously described (Valverde et al.
1996). A score value was calculated for each mouse as
the difference between the time spent in the drug-paired
compartment during the postconditioning and precondi-
tioning phases.

For the pharmacological approach, BAC (3 mg/kg, ip)
or vehicle (VEH) (n = 12-17 per experimental group)
were administered 45 minutes before NIC or SAL injec-
tion during the conditioning phase, whereas SAC (0.25,
0.5 and 1 mg/kg, ip) or VEH (n = 15 per experimental
group) were administered 10 minutes before NIC or
SAL injection. In a previous study from our laboratory
by using a dose curve response for BAC (1, 2 and
3 mg/kg, ip), we observed that the high dose of BAC
prevented the rewarding effects induced by NIC at behav-
ioral level in mice (Varani et al. 2014b). Therefore, in the
present study, we selected the effective dose of BAC
(3 mg/kg, ip) in order to evaluate the neurochemical,
biochemical and molecular alterations induced by NIC-
induced rewarding effects. SAC doses were selected tak-
ing into account a previous behavioral results obtained
from our laboratory (Varani & Balerio 2012).

For the genetic approach, GABAg;KO mice and their
WT littermates (n = 9-15 per experimental group) re-
ceived NIC (0.5 mg/kg) or SAL during the conditioning
phase.

HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY EXPERIMENTS

High-performance liquid chromatography-coupled elec-
trochemical detection (Heikkila, Hess & Duvoisin 1984)
of DA, (DOPAC),

3,4-dihydroxyphenylacetic  acid
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serotonin (5-HT), 5-hydroxyindolacetic acid (5-HIAA)
and norepinephrine was achieved using a Varian 5000
liquid chromatograph coupled to an electrochemical de-
tector (BAS LC-4C). After postconditioning phase, mice
(n = 3-9 per experimental group) were sacrificed by cer-
vical dislocation; brains were quickly removed and placed
in dry ice. When partially frozen, the VTA, Acb and PFC
were dissected under a dissecting microscope. Brain tis-
sues were weighed, homogenized, and deproteinezed in
0.2 N perchloric acid (1/20). Homogenates were centri-
fuged, and the supernatants were injected (50 pl) onto
a 12.5 cm X 4 mm Nova-Pak C18 reverse phase column
(Waters). Mobile phase for DA, DOPAC, 5-HT and 5-HIAA
determinations contained NaH,PO,—H,O 0.076 M,
PICBS8 5.24 ml/l, ethylenediaminetetraacetic acid (EDTA)
0.99 mM and six percent methanol. The electrode poten-
tial was set at 0.7 V. Peak heights were measured by Peak
Simple Chromatography Data System (Model 302 Six
Channel USB) and quantified based on standard curves
using the same software. Concentrations of the mono-
amines and their metabolites were determined based on
tissue wet weight.

c-Fos immunohistochemistry

After postconditioning phase, mice (n = 3—6 per experi-
mental group) were deeply anesthetized using a mixture
of ketamine (70 mg/kg, Holliday-Scott S.A., Argentina)
and xylazine (10 mg/kg, Konig, Argentina). They were
then transcardially perfused with heparinized PBS
(0.1 M SAL phosphate buffer, pH 7.4), followed by a cold
solution of four percent paraformaldehyde delivered with
a peristaltic pump. Brains were removed and postfixed for
2 hours in the same fixative, and cryoprotected overnight
in a 30 percent sucrose solution. Coronal frozen sections
were made at 30 um on a freezing microtome. They were
collected in three serial groups of free-floating sections
and stored at 4°C. The procedure for c-Fos immunohisto-
chemistry was adapted from previously described proto-
cols (Bester, De Felipe & Hunt 2001). All reactions were
performed on floating sections agitated on a shaker. Sec-
tions from different experimental groups were processed
in parallel to minimize the variations in immunohisto-
chemical labeling. Free-floating sections were rinsed in
0.1 M phosphate buffered SAL with 0.15 percent Triton
X-100 (PBS-T; pH 7.4) and then incubated with three
percent hydrogen peroxide in PBS-T for a period of 30 mi-
nutes to remove endogenous peroxidase activity. After
rinsing again in PBS-T, sections were incubated for 30 mi-
nutes in two percent normal goat serum in PBS-T. Then,
sections were incubated overnight in a rabbit polyclonal
antibody anti-c-Fos (Santa Cruz Biotechnology, USA)
(1:1000 in PBS 0.1 M, thimerosal 0.02 percent, normal
goat serum one percent) at 4°C. Sections were then
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rinsed and incubated for 2 hours in a goat anti-rabbit bi-
otinylated antibody (Vector Laboratories, USA) (1:250 in
PBS-T). After being rinsed, sections were incubated for
2 hours in avidin-biotinylated horseradish peroxidase
complex (1:125, ABC kit, Vector Laboratories). After suc-
cessive washes in PBS-T and Tris buffer (0.25 M; pH 7.4),
the antibody—antigen complex was developed with 0.05
percent m/v of 3,3’-diaminobenzidine (Sigma, USA) and
0.015 percent v/v of H>O, in 20 ml Tris buffer 0.1 M.
Sections mounted on gelatin-coated slides,
dehydrated and cover slipped. Controls for the specificity

were

of primary antisera were carried out by substitution of
primary antibody with PBS (Delfino et al. 2004).

For quantitative analysis, cells positive for c-Fos im-
munoreactivity were identified by the presence of dense
immunohistochemical staining within the nuclei, under
a light microscope. Digital images of the selected sections
were taken at 200X on a Nikon Microscope (Eclipse 55i)
equipped with a digital camera (Nikon DS, Control Unit
DS-L1). For every area, the number of Fos-positive cells
was counted within a grid under Image] 1.36b, provided
by National Institutes of Health, USA (public domain soft-
ware). The counting was performed bilaterally in each
brain area, these counts were averaged into a single score
for each region of each animal and finally the group
mean * SEM was calculated. c-Fos-positive nuclei were
quantified in the following brain regions, identified ac-
cording to the anatomic atlas of Paxinos & Franklin
(2004): VTA, AcbSh, Acbc and PFC.

| 3H]Epibatidine binding to membranes

Receptor-ligand binding assays were performed based on
Chistyakov et al. (2010). After postconditioning phase,
mice (n = 3-5 per experimental group) were sacrificed
by cervical dislocation; brains were quickly removed
and placed in dry ice. When partially frozen, the VTA,
Acb and PFC were dissected under a dissecting micro-
scope. The tissue samples were weighed and homoge-
nized using glass Teflon homogenizer in ice-cold sucrose
(0.32 M sucrose, pH 7.4) (VTA: 400 pl, Acb: 400 ul
and PFC: 500 pl) and centrifuged at 27 000 g, for 20 mi-
nutes at 4°C. The pellet was washed twice by resuspen-
sion in phosphate buffer (50 mM potassium phosphate,
1 mM ethylenediaminetetraacetic acid, pH 7.4) and cen-
trifuged (27 000 g, 20 minutes, 4°C). The final pellet was
resuspended in phosphate buffer and kept frozen at
—80°C until the binding experiments were performed.
Before the receptor binding assay, the samples were
thawed on ice, and their protein concentrations were de-
termined using the technique based on the method of
Lowry et al. (1951). Membrane samples (VTA: 100 pl,
Acb: 100 ul and PFC: 50 pl) were incubated with
200pM [*Hlepibatidine (Specific Activity = 49 Ci/mmol;
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Amersham) for 2 hours in a total volume of 250 pl at
room temperature. NIC (10 mM) was used to determine
non-specific binding. Binding reactions were stopped by
addition of ice-cold buffer phosphate, and the samples
were filtered by using filters of glass fiber GF/B, which
were washed three times with ice-cold buffer phosphate.
Filters were transferred to vials containing scintillation
cocktail (OptiPhase HiSafe 3, Wallac) and finally quanti-
fied on a liquid scintillation counter. Counts per minute
were converted to disintegrations per minute (dpm) using
the method of external standard. Specific binding was
calculated as the difference between binding determined
in absence and presence of NIC. Data are presented as
amount of [*H]epibatidine in femtomole bound specifi-
cally to milligram of protein. In order to calculate the
density in femtomole per milligram, the following equa-
tion was applied: [(X — NS)/T/Y/P/10] x 1000; X, dpm
from filters samples; NS, dpm from non-specific filters; T,
total radioactivity of [*H]epibatidine 200 pM; Y, final vol-
ume (250 pl); P, protein concentration.

Statistical analysis

For the pharmacological approach, the results were ana-
lyzed using two-way ANOVA, with treatment (SAL or
NIC) and the GABAergic ligand (VEH or BAC and VEH
or SAC) administration as between-subjects factors of
variation. When a significant interaction between these
two factors was observed, the difference between two
means was analyzed by Tukey’s post hoc test. For the ge-
netic approach, the results were analyzed by using two-
way ANOVA (genotype and treatment) between subjects
followed by Tukey's post hoc test after statistically signifi-
cant changes were found. The level of significance was
P < 0.05 in all experiments for both approaches.

RESULTS

Effect of the activation, blockage and lack of GABAg
receptors on the rewarding effects induced by NIC

We evaluated the effect of GABAg receptor activation by
using BAC (3 mg/kg, ip) during the rewarding effects
induced by NIC. The results showed that NIC-induced
rewarding effects in conditioned place preference
paradigm and BAC (3 mg/kg) blocked this effect
(P < 0.001, respectively) (Fig. la) (Varani et al.
2014d). SAC (0.25, 0.5 and 1 mg/kg, ip) was used in
order to block the activity of GABAg receptors during
NIC-induced rewarding effects. Importantly, we observed
that SAC (1 mg/kg) pre-treatment increased the NIC-
induced rewarding effects (P < 0.05) (Fig. 1b): similarly,
NIC-induced rewarding effects in WT and GABAg;KO
(P < 0.001) (Fig. 1c¢) mice. However, NIC-induced re-
warding effects is even greater in GABAR;KO compared
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Figure | Effect of the activation, blockage and lack of GABAg re-

ceptors in the rewarding effects induced by nicotine in the condi-
tioned place preference paradigm. Percent nicotine (NIC; 0.5 mg/kg,
sc) rewarding effects was evaluated in baclofen (BAC) (3 mg/kg, ip),
2-hydroxysaclofen (SAC) (0.25, 0.5 and | mg/kg, ip) pretreated mice
and GABAg, knockout (KO) mice in the conditioned place prefer-
ence paradigm. Results are represented (mean + SEM) as the differ-
ence between postconditioning and preconditioning time spent in
the drug-paired compartment. The time in the central area was pro-
portionally shared and added to the time value of each compartment.
Statistical analysis was performed using two-way ANOVA with treat-
ment (NIC or SAL) and pre-treatment/genotype [BAC or vehicle
(VEH) and SAC or VEH/ wild type (WT) or KO] as factors of varia-
tion followed by post hoc comparisons using the Tukey test.
P <005, P < 0001, when compared to respective SAL group;
& < 0,05, ***P < 0001 when compared to VEHMWT+NIC group
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with WT mice (P < 0.05) (Fig. 1c). Statistical analysis is
shown in Table 1.

Neurochemical alterations induced by the rewarding
effects of NIC in BAC and SAC pretreated mice and
GABAg; KO mice

On the basis of behavioral studies, neurochemical deter-
minations were performed in those experimental groups
that have shown statistical differences. NIC (0.5 mg/kg,
sc) increased DA levels in Acb and PFC, and BAC (3 mg/
kg) was able to prevent the increase in both brain areas
(P < 0.001, respectively) (Fig. 2a). DOPAC levels in-
creased with NIC (0.5 mg/kg, sc) treatment in Acb
(P < 0.001) (Fig. 2b), and once again, BAC (3 mg/kg)
prevented this neurochemical alteration (P < 0.01)
(Fig. 2b). In those experiments where the antagonism
effect was evaluated, NIC (0.5 mg/kg, sc) increased DA
levels in Acb and PFC, and SAC (1 mg/kg) was able to
potentiate such increase only in the Acb (P < 0.05, re-
spectively) (Fig. 2c). DOPAC levels were increased by
NIC (0.5 mg/kg, sc) treatment in Acb, and SAC
(1 mg/kg) potentiated this neurochemical alteration
(P < 0.01, respectively) (Fig. 2d). Lastly, the genetic ap-
proach showed that NIC (0.5 mg/kg, sc) increased DA
levels in Acb (P < 0.01) and PFC (p < 0.05) in WT
mice (Fig. 2e), while this effect was potentiated only in
the Acb of GABAg;KO mice (P < 0.01)(Fig. 2e). NIC
(0.5 mg/kg, sc) increased DOPAC levels in the Acb of
both genotypes (WT, P < 0.01; GABAgKO,
P < 0.001) (Fig. 2f). Statistical analysis is shown in
Table 2.

c-Fos expression changes induced by the rewarding
effects of NIC in BAC and SAC pretreated mice and
GABAg; KO mice

The pharmacologic approach showed that NIC (0.5 mg/
kg, sc) increased the number of c-Fos-positive nuclei in
the AcbSh (P < 0.01), VTA (P < 0.05) and PFC
(P < 0.001), and BAC (3 mg/kg) was able to prevent
the increase only in AcbSh (P < 0.01) and VTA
(P < 0.01) (Fig. 3a). In the experiments where SAC pre-
treatment was tested, NIC (0.5 mg/kg, sc) increased c-
Fos expression in the AcbSh, VTA and PFC (P < 0.05, re-
spectively), and SAC (1 mg/kg) potentiated such increase
only in the AcbSh (P < 0.01) and VTA (P < 0.05)
(Fig. 3b). The genetic approach revealed that NIC
(0.5 mg/kg, sc) increased c-Fos expression in the AcbSh
(P < 0.05), VTA (P < 0.05) and PFC (P < 0.01) of WT
mice, and this effect was potentiated only in the AcbSh
(P < 0.05) and VTA (P < 0.05) of GABAR;KO mice
(Fig. 3c). Statistical analysis is shown in Table 3.
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Statistical analysis was performed using two-way ANOVA with treatment (NIC or SAL) and pre-treatment/genotype (BAC or VEH and SAC or VEH/WT or KO) as factors of variation followed by post hoc comparisons using the Tukey test.

In order to simplify the table, the comparison between VEH/WT-SAL and BAC/SAC/KO-SAL is not shown, because no significant differences were observed. BAC = baclofen; KO = GABAg; knockout; NIC = nicotine; SAC = 2-

hydroxysaclofen; SAL = saline solution; VEH = vehicle; WT

wild type; NS = non significant.

a4B>nAChR density alterations induced by the rewarding
effects of NIC in BAC and SAC pretreated mice and
GABAg; KO mice

Nicotine (0.5 mg/kg, sc) increased 04f,nAChR density in
VTA (P < 0.05) but not in Acb and PFC (Fig. 4a—c). BAC
(3 mg/kg) pre-treatment prevented such increase in-
duced by NIC in VTA (P < 0.01) (Fig. 4a). Moreover,
SAC (1 mg/kg) pre-treatment potentiated the increase in-
duced by NIC in the VTA (P < 0.05) (Fig. 4b). Interest-
ingly, the genetic approach revealed that the increase of
a4B>nAChR density induced by NIC in the VTA was even
greater in GABAg,KO mice (P < 0.01) (Fig. 4c). Statisti-
cal analysis is shown in Table 4.

DISCUSSION

The rewarding effects of drugs of abuse are responsible for
the initiation of the addictive process (Koob & Le Moal
2001). We used the conditioned place preference in order
to evaluate the rewarding properties of NIC in mice. NIC
(0.5 mg/kg, sc) induced place preference in mice, as re-
ported previously (Castané et al. 2002; Berrendero et al.
2005; Castané et al. 2006). Although it was demon-
strated that stress prior to conditioned place preference
potentiated NIC rewarding effects (Brielmaier, McDonald
& Smith 2012), in our experimental design, control
groups were included. The assessment of these control
groups is essential in order to rule out that a possible
stressful condition produced by the pre-treatment injec-
tions may interfere with the magnitude of the NIC-
induced rewarding effects. Indeed, no significant differ-
ences were observed between VEH + SAL, BAC + SAL
SAC + SAL, WT + SAL and GABAz;KO + SAL control
groups (Fig 1). These results allowed us to confirm that
the NIC-induced regarding effect was not influenced by
the prior pre-treatment injections, at least in our experi-
mental conditions.

There is evidence to support that the GABAergic sys-
tem participates in the rewarding effects of drugs of abuse
such as morphine, alcohol, cocaine and among others
(Tyacke et al. 2010). Few of these studies show the in-
volvement of GABAg receptors in NIC-induced rewarding
properties. Our pharmacological approach showed that
BAC (3 mg/kg, ip) blocked the rewarding effects induced
by NIC. The dose of BAC (3 mg/kg, ip) used did not pro-
duce any response by itself in the paradigm of condi-
tioned place preference, in agreement with previous
studies (Heinrichs et al. 2010; Varani et al. 2014d). BAC
alone did not have specific locomotor effects, as previ-
ously reported (Holstein & Phillips 2006; Frankowska,
Filip & Przegalinski 2007; Varani & Balerio 2012). We
also previously observed that BAC alone did not induce
motor incoordination or sedation in the rota-rod test

Addiction Biology
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Figure 2 Neurochemical alterations induced by the rewarding effects of nicotine in baclofen (BAC) and 2-hydroxysaclofen (SAC) pretreated
mice and GABABI knockout (KO) mice. Dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) alterations induced by nicotine (NIC)
were evaluated in the nucleus accumbens (Acb), ventral tegmental area (VTA) and prefrontal cortex (PFC) of BAC (3 mg/kg, ip), SAC (0.25, 0.5
and | mg/kg, ip) pretreated mice and GABABI| KO mice. Results are expressed as mean + SEM of DA and DOPAC concentrations (pmol/mg of
tissue) in the Acb, VTA and PFC. Statistical analysis was performed using two-way ANOVA with treatment (NIC or SAL) and pre-treatment/

genotype (BAC or VEH and SAC or VEH/WT or KO) as factors of variation followed by post hoc comparisons using the Tukey test. P <005,

P < 001,7"P < 0,001 when compared to respective SAL group; “P < 0,05, **P < 001,

group

(Balerio & Rubio 2002). Our findings confirm that
GABAg receptors activation prevent the rewarding effects
of NIC, a phenomenon previously demonstrated. Indeed,
it was reported that BAC prevents the rewarding effects
of NIC in the paradigm of conditioned place preference
in rats (Le Foll, Wertheim & Goldberg 2008). Mombereau
et al. (2007) showed that a positive allosteric modulator
of GABAg receptors also blocks NIC-induced place

© 2017 Society for the Study of Addiction

88&p < 0,001 when compared to VEHMWT+NIC

preference in rats. Moreover, it has been suggested that
BAC is able to reduce the rewarding effects induced by
NIC in a self-administration paradigm in rats (Fattore
et al. 2009). BAC also prevents the reestablishment of
NIC-induced rewarding effects previously extinguished
in mice (Fattore et al. 2009). Based on the evidences
mentioned earlier and our current results, we concluded
that the activation of GABAy receptors modulates NIC
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Figure 3 c-Fos expression changes induced by the rewarding effects of nicotine in baclofen (BAC) and 2-hydroxysaclofen (SAC) pretreated
mice and GABAg, knockout (KO) mice. Changes in c-Fos expression induced by nicotine (NIC) were evaluated in the nucleus accumbens shell
(AcbSh) and core (Acbc), ventral tegmental area (VTA) and prefrontal cortex (PFC) of BAC (3 mg/kg, ip), SAC (0.25, 0.5 and | mg/kg, ip)
pretreated mice and GABAg, KO mice. Results are expressed as mean = SEM of c-Fos-positive nuclei per square millimeter in the Acb,
VTA and PFC. Statistical analysis was performed using two-way ANOVA with treatment (NIC or SAL) and pre-treatment/genotype (BAC or
VEH and SAC or VEH/WT or KO) as factors of variation followed by post hoc comparisons using the Tukey test. P <005 7P <00l

s

self-administration, preventing the rewarding effects of
NIC and its development. Conversely, Falco et al. (2014)
observed that BAC potentiated NIC-induced rewarding ef-
fects. However, there are some important procedural dif-
ferences in comparison with our study: firstly, Falco
et al. used adolescent rats, while we used adult mice. Sec-
ondly, Falco et al. used a single-trial conditioned place
preference paradigm, while we used a four-trial design.
Finally, Falco et al. counterbalanced the order of drug ad-
ministration, while in our experiments, the animals were

© 2017 Society for the Study of Addiction

P < 0001 when compared to respective SAL group; &p < 005, P < 001 when compared to VEH/WT+NIC group

firstly injected with SAL and 4 hours later with NIC on
each day. Our genetic approach revealed that the NIC-
induced rewarding effects are significantly increased in
GABAg;KO mice. In line with this result, pre-treatment
of WT mice with SAC (1 mg/kg, ip) potentiated the
NIC-induced rewarding effects. The SAC doses used
(0.25, 0.5 and 1 mg/kg; ip) did not produce any response
by itself in the conditioned place preference paradigm. In
addition, SAC given at different doses did not modify the
locomotor activity, in agreement with previous studies

Addiction Biology
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Figure 4 Nicotinic receptors a4p2 (nAChR a4B2) density alter-
ations induced by the rewarding effects of nicotine in baclofen
(BAC) and 2-hydroxysaclofen (SAC) pretreated mice and GABAg,
knockout (KO) mice. Alterations in nicotinic receptors a4p2 (nAChR
a4p2) density induced by NIC were evaluated in the nucleus accum-
bens (Acb), ventral tegmental area (VTA) and prefrontal cortex (PFC)
of BAC (3 mg/kg, ip), SAC (0.25, 0.5 and | mg/kg, ip) pretreated mice,
and GABAg, KO mice results are expressed as mean = SEM of [3H]
epibatidine binding levels (fmol/mg of tissue) in the Acb, VTA and
PFC. Statistical analysis was performed using two-way ANOVA with
treatment (NIC or SAL) and pre-treatment/genotype (BAC or VEH
and SAC or VEH/WT or KO) as factors of variation followed by post
hoc comparisons using the Tukey test. P <005 P <000l when
compared to respective SAL group; & < 005, **P < 001 when
compared toVEH/WT+NIC group

(Kalivas et al. 2001; Abraini et al. 2003; Varani & Balerio
2012). In our study, locomotor activity between WT and
GABAg;KO mice seems to be no different. Similarly, we
have shown that the spontaneous locomotor activity of
GABAR;KO mice was similar to that observed in WT

© 2017 Society for the Study of Addiction

littermates (Varani et al. 2012). Conversely, previous
studies revealed that GABAp;KO mice exhibit a pro-
nounced hyperlocomotor activity when mice were ex-
posed to a new testing environment (Schuler et al
2001; Gassmann et al. 2004). However, in our condi-
tions, mice were exposed to the testing environment dur-
ing 4 days before the postconditioning phase (testing
day).

Nicotine increases extracellular DA levels in the Acb,
which underlies its rewarding properties (Marubio et al.
2003). By using HPLC, we determined the role of GABAg
receptors in the alteration of the DA concentration in-
duced by NIC in the mesocorticolimbic pathway. Both
the pharmacological and genetic approach revealed that
NIC (0.5 mg/kg, sc) induces an increase of DA levels in
the Acb and PFC. Berrendero et al. (2005) showed that
the same dose of NIC induces an increase of extracellular
DA concentrations in the Acb of mice, measured using
microdialysis. Our neurochemical data are in line with
the results obtained at the behavioral level. Indeed, the
dose of NIC (0.5 mg/kg, sc) that increased DA concentra-
tions in the Acb and the PFC also induced rewarding ef-
fects. In fact, the rewarding effects induced by NIC in
mice occur only at an intermediate dose (0.5 mg/kg)
but not at low (0.25 mg/kg) or high (1 mg/kg) doses
(Castané et al. 2002). The reason behind this U-shaped
dose response curve is presumably due to a lack of NIC re-
ward at low doses and the emergence of aversive effects
produced by high NIC doses (Torres et al. 2008). The in-
crease of DA concentration in the Acb and PFC induced
by NIC is due to the modulation exerted on excitatory
(glutamatergic neurons) and inhibitory (GABAergic neu-
rons) inputs in the VTA. These inputs are connected with
dopaminergic neurons that innervate the Acb and PFC
from the VTA. NIC stimulates nAChRs located on dopa-
minergic, glutamatergic and GABAergic neurons of the
VTA, causing the release of DA in the Acb that is respon-
sible for the NIC-induced rewarding properties (Paterson
2009; De Biasi & Dani 2011; Polosa & Benowitz 2011).
The activity of dopaminergic neurons in the VTA is partly
controlled by local GABAergic interneurons, and particu-
larly, the expression of GABAg receptors in this area is
limited to somatodendritic localization in dopaminergic
and GABAergic neurons (Cruz et al. 2004; Laviolette &
Van Der Kooy 2004). In our study, BAC (3 mg/kg, ip)
pre-treatment blocked the increase of DA concentration
induced by NIC in the Acb and had no effects by itself
on neurotransmitter concentration in any of the brain
areas studied. BAC may activate GABAgp receptors
expressed in dopaminergic and GABAergic neurons of
the VTA, causing a decrease in DA release in the Acb
by inhibition of these neurons. This would explain the
fact that BAC was able to block the rewarding effects in-
duced by NIC in the conditioned place preference test.
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Cruz et al. (2004) have shown in rodent VTA slices that a
low concentration of the canonical agonist BAC caused
increased activity, whereas higher doses eventually
inhibited DA neurons. It has been shown that the stimu-
lation of GABAg receptors in the VTA attenuates the re-
warding properties induced by NIC (Cousins, Roberts &
de Wit 2002). In addition, BAC prevents DA release in-
duced by NIC in the Acb of rats (Fadda et al. 2003). The
pharmacological approach of the present study showed
that the increase in DA concentration in the Acb was sig-
nificantly higher in mice pretreated with SAC (1 mg/kg;
ip). The dose of SAC showed no effects by itself on the
neurotransmitters concentration in the brain areas stud-
ied. We found that increased DA concentration induced
by NIC in the Acb was even greater in GABAg;KO mice.
We therefore propose that the genetic lack or the phar-
macological blockage of GABAg receptors in dopaminer-
gic neurons of the VTA disinhibits these neurons and
increases DA release in the Acb.

In order to determine a possible correlation with the
neurochemical data, we determined c-Fos expression, a
marker of neuronal activity (Dragunow & Faull 1989).
Our results show that NIC (0.5 mg/kg; sc) induces an in-
crease in c-Fos expression in AcbSh, VTA and PFC, which
is in agreement with previous reports (Di et al. 2012;
Dehkordi et al. 2015). These findings are in line with the
results obtained at the behavioral and neurochemical
level. Indeed, an NIC dose (0.5 mg/kg, sc) produces place
preference, increases DA concentrations in Acb and PFC
as well as Fos expression in the mesocorticolimbic circuit.
We confirm that the NIC-induced rewarding effects lead
to an increase in neuronal activity in the reward pathway.
Regarding the involvement of GABAg receptors, BAC
(3 mg/kg, ip) blocked the increased c-Fos expression in-
duced by NIC in the AcbSh and VTA, but not in the
PFC. On the other hand, BAC by itself did not modify the
c-Fos expression in any of the brain areas studied. These
results are in agreement with previous results from our
laboratory (Pedroén et al. 2013). In line with our results,
a previous study from our group showed that BAC is able
to restore altered c-Fos expression during NIC withdrawal
in mice (Varani et al. 2014b). Furthermore, Mombereau
et al. (2007) demonstrated that a positive allosteric modu-
lator of GABAg receptors prevents the increase of Fos im-
munoreactivity induced by NIC in the Acb of rats. On the
other hand, SAC (1 mg/kg, ip) by itself did not alter the
c-Fos expression in any of the brain areas studied. How-
ever, SAC was able to potentiate the increase of c-Fos ex-
pression induced by NIC in the Acb and the VTA, but
not in the PFC. Similarly, the genetic approach revealed
that the increase of c-Fos expression induced by NIC in
the AcbSh and VTA of WT mice is even greater in
GABAg;KO mice. We previously showed that NIC with-
drawal induces alterations in c-Fos expression in WT mice
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but not in GABAg;KO mice (Varani et al. 2012). In both
approaches, the increase of c-Fos expression in the PFC
was not modified. This could be explained by a differential
density of GABAg receptors in the PFC, compared with the
VTA and AcbSh. Given the aforementioned background
and our results, we assume that GABAy receptors modu-
late neuronal activity in the mesocorticolimbic circuit
during the NIC-induced rewarding effects.

Finally, we analyzed the density of o4f,nAChRs by
binding ligand-receptor assays in tissue homogenates.
These experiments were conducted in order to determine
if the changes observed at behavioral and neurochemical
level could be due to possible alterations in a4f,nAChRs
density. The results of both approaches showed that NIC
(0.5 mg/kg, sc) induces an increase in the density of
a4B>onAChRs in the VTA but not in the Acb and the
PFC, in agreement with previous studies (Dehkordi et al.
2015). In this context, it is noteworthy that NIC induces
the rewarding effects through the stimulation of nAChRs
in the VTA (Wu et al. 2013). The data obtained in the
present study are consistent with the results at behav-
ioral and neurochemical level. In addition as previously
mentioned, NIC also increased the c-Fos expression in
the VTA. Therefore, NIC could stimulate o4f,nAChRs
expressed in dopaminergic neurons of the VTA, increas-
ing DA release in the Acb and PFC and consequently in-
ducing the rewarding effects. Importantly, BAC (3 mg/
kg, ip) pre-treatment blocked the increase of a4f,nAChRs
density induced by NIC in VTA, but not in the PFC and
Acb. On the other hand, BAC by itself did not alter the ex-
pression of a4f>nAChRs in the brain areas studied. Con-
sistent with our results, it has been shown that BAC
modifies the activity of nAChRs located on dopaminergic
neurons (McClure-Begley et al. 2014). Moreover, SAC
(1 mg/kg, ip) alone did not affect the a4,nAChRs density
in any of the brain areas studied. However, SAC was able
to potentiate the increase of the 04p,nAChRs density in-
duced by NIC in the VTA, but not in the PFC and Acb.
SAC and BAC may have had no effects on 04p,nAChRs
density in the PFC or Acb because NIC had no effect there
either. The genetic approach revealed that the increased
04P>nAChRs density induced by NIC in the VTA of WT
mice is even greater in GABAg; KO mice. Based on our re-
sults, we can assume that GABAg receptors are involved
in the control of a4B>,nAChRs synthesis in VTA during
the rewarding effects induced by NIC. In fact, it has been
well established that the expression, activity and function
of a4B>,nAChRs in the VTA is regulated by GABAg recep-
tors (McClure-Begley et al. 2014; Pitman, Puil &
Borgland 2014; Ngolab et al. 2015). Therefore, we con-
firm that an increase of a4,nAChRs density in the VTA
would be responsible, at least in part, of NIC-induced re-
warding effects, and GABAy receptors would modulate
these alterations.
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The present results support the hypothesis that
GABAg receptors play a role in mediating the behavioral,
neurochemical, molecular and biochemical alterations
induced by the rewarding effects of NIC. Our study em-
phasizes the relevance of GABAg receptor activity in the
dopaminergic mesocortical pathway in mediating these
alterations. Finally, this work further supports a role for
the GABAergic system, in particular GABAg receptors,
in behaviors that contribute to the development of NIC
addiction.
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