
UC San Diego
UC San Diego Previously Published Works

Title

Chronic Nicotine Activates Stress/Reward-Related Brain Regions and Facilitates the 
Transition to Compulsive Alcohol Drinking

Permalink

https://escholarship.org/uc/item/9kq9v9tt

Journal

Journal of Neuroscience, 35(15)

ISSN

0270-6474

Authors

Leão, Rodrigo M
Cruz, Fábio C
Vendruscolo, Leandro F
et al.

Publication Date

2015-04-15

DOI

10.1523/jneurosci.3302-14.2015
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9kq9v9tt
https://escholarship.org/uc/item/9kq9v9tt#author
https://escholarship.org
http://www.cdlib.org/


Behavioral/Cognitive

Chronic Nicotine Activates Stress/Reward-Related Brain
Regions and Facilitates the Transition to Compulsive Alcohol
Drinking

Rodrigo M. Leão,1,2,3 Fábio C. Cruz,3 X Leandro F. Vendruscolo,2,3 Giordano de Guglielmo,2 Marian L. Logrip,2

Cleopatra S. Planeta,1 Bruce T. Hope,3 George F. Koob,2 and X Olivier George2

1Laboratory of Pharmacology, Department of Natural Active Principles and Toxicology, School of Pharmaceutical Sciences, Universidade Estadual
Paulista - UNESP, Araraquara, Sao Paulo 14801-902, Brazil, 2Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La
Jolla, California 92037, and 3Behavioral Neuroscience Branch, IRP/NIDA/NIH/DHHS, Baltimore, Maryland 21224

Alcohol and nicotine are the two most co-abused drugs in the world. Previous studies have shown that nicotine can increase alcohol
drinking in nondependent rats, yet it is unknown whether nicotine facilitates the transition to alcohol dependence. We tested the
hypothesis that chronic nicotine will speed up the escalation of alcohol drinking in rats and that this effect will be accompanied by
activation of sparsely distributed neurons (neuronal ensembles) throughout the brain that are specifically recruited by the combination
of nicotine and alcohol. Rats were trained to respond for alcohol and made dependent using chronic, intermittent exposure to alcohol
vapor, while receiving daily nicotine (0.8 mg/kg) injections. Identification of neuronal ensembles was performed after the last operant
session, using immunohistochemistry. Nicotine produced an early escalation of alcohol drinking associated with compulsive alcohol
drinking in dependent, but not in nondependent rats (air exposed), as measured by increased progressive-ratio responding and in-
creased responding despite adverse consequences. The combination of nicotine and alcohol produced the recruitment of discrete and
phenotype-specific neuronal ensembles (�4 –13% of total neuronal population) in the nucleus accumbens core, dorsomedial prefrontal
cortex, central nucleus of the amygdala, bed nucleus of stria terminalis, and posterior ventral tegmental area. Blockade of nicotinic
receptors using mecamylamine (1 mg/kg) prevented both the behavioral and neuronal effects of nicotine in dependent rats. These results
demonstrate that nicotine and activation of nicotinic receptors are critical factors in the development of alcohol dependence through the
dysregulation of a set of interconnected neuronal ensembles throughout the brain.

Key words: addiction; alcohol; compulsivity; Fos; neuronal ensembles; tobacco

Introduction
Alcoholism is a chronically relapsing disorder characterized by
compulsive alcohol seeking and taking and loss of control in
limiting intake (Koob and Le Moal, 1997; Koob and Le Moal,
2001, 2005, 2008a, b; Spanagel and Hölter, 1999; Heilig et al.,
2010). Epidemiological studies indicate that alcoholism is more

prevalent in smokers than in nonsmokers (DiFranza and Guer-
rera, 1990; Britt and Bonci, 2013; Doyon et al., 2013a, b). Evi-
dence has shown that nicotine can increase alcohol drinking in
nonalcoholic humans (Kouri et al., 2004; Barrett et al., 2006;
Harrison and McKee, 2008) and nondependent rodents
(Olausson et al., 2001; Lê et al., 2003, 2010; Alén et al., 2009;
Hauser et al., 2012). However, it is unknown whether nicotine
facilitates the transition to alcohol dependence and increases
compulsive alcohol drinking. Moreover, the neurocircuitry un-
derlying the facilitating effect of nicotine on alcohol drinking
remains to be demonstrated.

Characterization of neurons using double-labeling methods
with immediate-early genes as neural activity markers and elec-
trophysiology studies have suggested that drug-related behaviors
can be encoded by a minority of sparsely distributed neurons,
called neuronal ensembles (Mattson et al., 2008; Root et al., 2010;
Cruz et al., 2013, 2014). Therefore, investigation of the neuronal
ensembles activated by the interaction between alcohol and nic-
otine can provide a mechanistic framework for understanding
how nicotine increases the susceptibility to alcohol dependence.

Given the lack of data on the interaction of nicotine exposure
in the development of alcohol addiction, we tested the hypothesis
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that chronic nicotine increases the escalation of alcohol self-
administration and compulsive alcohol drinking in dependent
and nondependent rats using progressive-ratio (PR) responding
and responding despite adverse consequences (quinine adulter-
ation test; Vendruscolo et al., 2012; Seif et al., 2013). Moreover,
we tested whether chronic nicotine recruits specific neuronal en-
sembles in the nucleus accumbens core (NAc-Core) and shell
(NAc-Shell), dorsomedial and ventromedial PFC (dmPFC and
vmPFC), orbitofrontal cortex (OFC), bed nucleus of stria termi-
nalis (BNST), BLA and central (CeA) amygdala, and anterior and
posterior ventral tegmental area (aVTA and pVTA). Neuronal
ensembles activated by nicotine and alcohol were identified by
double labeling using fluorescent immunohistochemistry for
Fos, a protein induced in strongly activated neurons, and NeuN,
a neuronal marker. We then identified the specific cell types that
make up these activated neuronal ensembles with antibodies
against Fos and calcium/CaMKII (a marker of cortical glutama-
tergic pyramidal projection neurons), Fos and GAD67 (a marker
of GABAergic neurons), and TH (a marker of dopaminergic
neurons).

Materials and Methods
Subjects. Adult male Wistar rats (Charles River), weighing 225–275 g at
the beginning of the experiments, were housed in groups of two to three
per cage in a temperature-controlled (22°C) vivarium on a 12 h light/
dark cycle (lights on at 8:00 P.M.) with ad libitum access to food and
water. All of the behavioral tests were conducted during the dark phase of
the light/dark cycle. All of the procedures adhered to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee of
The Scripps Research Institute.

Operant self-administration. Self-administration sessions were con-
ducted in standard operant conditioning chambers (Med Associates).
Animals were first trained to self-administer 10% (w/v) alcohol and wa-
ter solutions until stable responding was maintained. First, to facilitate
the acquisition of operant self-administration, rats were initially pro-
vided free-choice access to alcohol (10% w/v) and water for 1 d in their
home cages to habituate them to the taste of alcohol. Second, the rats
were subjected to an overnight session in the operant chambers with
access to one lever (right lever) that delivered water (FR1). Food was
available ad libitum during this training. Third, after 1 d off, the rats were
subjected to a 2 h session (FR1) for 1 d and a 1 h session (FR1) the next
day, with one lever delivering alcohol (right lever). All of the subsequent
sessions lasted 30 min, and two levers were available (left lever: water;
right lever: alcohol) until stable levels of intake were reached. Upon
completion of this procedure, the animals were allowed to self-
administer a 10% (w/v) alcohol solution and water on an FR1 schedule of
reinforcement (i.e., each operant response was reinforced with 0.1 ml of
the solution).

Nicotine treatment. Rats were further subdivided into four groups
(vapor-nicotine, vapor-saline, air-nicotine, and air-saline). The rats re-
ceived a daily nicotine injection (0.8 mg/kg, s.c.) or 0.9% saline (1.0
ml/kg, s.c.) 6 – 8 h into withdrawal from alcohol vapor exposure (15 min
before the alcohol sessions). This procedure was maintained until the end
of the experiment. The air groups (air-nicotine and air-saline) received
the same treatment (nicotine or saline, under the same time schedule)
but were not exposed to alcohol vapor. A different subset of rats received
mecamylamine (1.0 mg/kg, s.c.) or 0.9% saline (1.0 ml/kg, s.c.) injections
45 min before each nicotine administration.

Alcohol vapor chambers. The rats were made dependent by chronic,
intermittent exposure to alcohol vapors as previously described (O’Dell
et al., 2004; Gilpin et al., 2008). They underwent cycles of 14 h on (blood
alcohol levels during vapor exposure ranged between 150 and 250 mg%)
and 10 h off, during which behavioral testing for acute withdrawal oc-
curred (i.e., 6 – 8 h after vapor was turned off when brain and blood
alcohol levels are negligible; Gilpin et al., 2009). In this model, rats exhibit
somatic withdrawal signs and negative emotional symptoms, reflected by

anxiety-like responses and elevated brain reward thresholds (Schulteis et
al., 1995; Roberts et al., 2000; Valdez et al., 2002; Rimondini et al., 2003;
O’Dell et al., 2004; Sommer et al., 2007; Edwards et al., 2012). Nonde-
pendent rats were not exposed to alcohol vapor.

Operant self-administration during alcohol vapor exposure. Behavioral
testing occurred two to four times per week. The rats were tested for
alcohol (and water) self-administration on an FR1 schedule of reinforce-
ment in 30 min sessions. Operant self-administration on an FR1 schedule
requires minimal effort by the animal to obtain the reinforcement and
herein was considered a measure of intake. For five sessions, the rats were
tested on a PR schedule, under which the number of lever presses that
were necessary to obtain the next reinforcement progressively increased
according to the following progression: 1, 1, 2, 2, 3, 3, 4, 4, 5, 5, 7, 7, 9, 9,
11, 11, 13, 13, etc. The PR session stopped after 90 min or when 15 min
elapsed without the rat obtaining reinforcement. The rats were then
maintained on an FR1 schedule until stable levels of alcohol self-
administration were established before testing the effect of quinine on
alcohol drinking. The alcohol solution was adulterated with increasing
concentrations of quinine (0.005, 0.01, 0.025, and 0.05 g/L) presented
between sessions (one concentration per session). This test measures the
persistence of animals to consume alcohol despite the aversive bitter
taste of quinine that was added to the alcohol solution and has been
validated as a measure of compulsive intake (Vendruscolo et al., 2012;
Seif et al., 2013).

Finally, to identify the neuronal ensembles recruited by the interaction
between nicotine and alcohol, the rats were injected with either nicotine
(0.8 mg/kg) or saline, and 15 min later they were tested for alcohol (and
water) self-administration on an FR1 schedule of reinforcement for their
last 30 min sessions. The naive rats were exposed to alcohol vapor (naive-
vapor) or not exposed (naive-air), but were not subjected to operant
alcohol self-administration and only received a saline injection 90 min
before the perfusion to control for baseline Fos level. Sixty minutes after
the end of the test session, the rats were deeply anesthetized with ket-
amine (56.4 mg/kg) and xylazine (8.2 mg/kg) and then perfused with 100
ml of PBS followed by 400 ml of 4% paraformaldehyde. The brains were
postfixed in paraformaldehyde for 90 min and transferred to 30% su-
crose in PBS solution at 4°C for 2–3 d. Brains were frozen in powdered
dry ice and kept at �80°C until sectioning.

Immunohistochemistry. Coronal sections were cut 40 �m thick be-
tween bregma �4.2 and �6.48 mm (Paxinos and Watson, 2005). Free-
floating sections were washed three times in PBS, blocked with 3% NGS
in PBS with 0.25% Triton X-100 (PBS-Tx), and incubated for 24 h at 4°C
with anti-Fos antibody (sc-52; Santa Cruz Biotechnology) diluted 1:4000
in blocking solution. Sections were washed again with PBS and incubated
for 2 h in biotinylated goat anti-rabbit secondary antibody (1:400; Vector
Laboratories) in PBS-Tx and 1% NGS. After washing in PBS, sections
were incubated for 1 h in avidin-biotin-peroxidase complex (ABC Elite
kit, PK-6100; Vector Laboratories) in PBS containing 0.5% Triton
X-100. Finally, sections were washed in PBS and developed in DAB for
�3 min, transferred to PBS, and mounted to chrome-alum gelatin-
coated slides. Once dry, the slides were dehydrated through a graded
series of alcohol and cleared with CitraSolv (Fisher Scientific) before
coverslipping with Permount (Sigma).

Bright-field images of Fos immunoreactivity in the NAc were captured
using a CCD camera (CoolSNAP; Photometrics) and QImaging EXi
Aqua attached to a Zeiss Axioskop 2 microscope. Images for counting
labeled cells were captured at 100� magnification. Labeled cells from
two sections per rat were bilaterally and automatically counted using
IPLab 3.9.4 r5 software for Macintosh (Scanalytics) and iVision 4.0.15 for
Macintosh (BioVision). Counts from all images from each rat were av-
eraged, so that each rat was an n of 1.

Double-labeling immunohistochemistry. We used double-labeling im-
munohistochemistry to characterize neurons activated during the alco-
hol self-administration session. For these experiments, we used three to
four animals from each group. Coronal sections were cut 40 �m thick
between bregma �4.2 and �6.48 mm (Paxinos and Watson, 2005). We
determined the proportion of all neurons expressing Fos during the al-
cohol self-administration session by double labeling Fos and the neuron-
specific protein NeuN. We also assessed the phenotype of Fos-expressing
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neurons by double labeling against Fos and calcium/CaMKII (a marker
of cortical glutamatergic pyramidal projection neurons), Fos and GAD67
(a marker of GABAergic neurons), and TH (a marker of dopaminergic
neurons).

For Fos � NeuN labeling, 40 �m sections were washed three times in
TBS and permeabilized for 30 min in TBS with 0.2% Triton X-100.
Sections were incubated in primary antibodies diluted in TBS with 0.2%
Triton X-100 for 24 h on a shaker at 4°C. Primary antibodies were anti-
Fos (rabbit, 1:400 dilution, sc-52) and anti-NeuN (mouse, 1:2000 dilu-
tion). Sections were washed three times in TBS and incubated with
fluorescently labeled secondary antibodies diluted in TBS with 0.2% Tri-
ton X-100 for 2 h on a shaker at room temperature. Secondary antibodies
were Alexa Fluor 488-labeled donkey anti-rabbit (1:200 dilution,
A-10042; Invitrogen) and Alexa Fluor 568-labeled donkey anti-mouse
(1:2000 dilution, S-11249; Invitrogen) to label NeuN. After labeling, sec-
tions were washed in TBS, mounted on chrome-alum gelatin-coated
slides, and coverslipped with VectaShield hard-set mounting media.

For phenotype characterization, 40-�m-thick sections were first
washed three times in PBS. Sections were incubated for 1 h in a blocking
solution (5% NGS and 2.5% bovine serum albumin in PBS with 0.2%
Triton X-100), and then they were incubated for 48 h with the following
primary antibodies: anti-Fos antibody (rabbit, 1:400 dilution, sc-52;
Santa Cruz Biotechnology) and anti-CaMKII antibody (mouse, 1:100
dilution, MA1-048; Millipore) or anti-GAD67 antibody (mouse, 1:1000
dilution, MAB5406; Millipore) or TH antibody (mouse, 1:50,000 dilu-
tion, MAB5280; Millipore) in blocking solution. After washing, sections
were incubated for 2 h in blocking solution with the fluorescently labeled
secondary antibodies: Alexa Fluor 488-labeled donkey anti-rabbit (1:200
dilution, A-10042; Invitrogen) and Alexa Fluor 568-labeled donkey anti-
mouse (1:2000 dilution, S-11249; Invitrogen). Sections were then
washed, mounted on chrome-alum gelatin-coated slides, air-dried, and
coverslipped with Vectashield fluorescent mounting medium.

All of the fluorescent images were captured using a CCD camera
(CoolSNAP; Photometrics) attached to a Zeiss Axioskop 2 microscope.
Images for the colocalization of Fos and NeuN/GAD67/TH/CaMKII
were captured at 200� magnification. The number of Fos-labeled and
double-labeled cells from the NAc of one section per rat were counted
using iVision 4.0.15 for Macintosh (BioVision Technologies).

The results are expressed as mean � SEM. We analyzed the data by
multifactorial ANOVA, considering the between-subjects factors vapor
(exposed to the alcohol vapor, not exposed to the alcohol vapor), treat-
ment (nicotine and saline), and sessions as the repeated measure.

Results
Escalation of alcohol self-administration
Figure 1 shows the number of reinforcements over 16 alcohol
self-administration sessions of animals exposed (A) or not ex-
posed (B) to the alcohol vapor and administered nicotine (0.8
mg/kg, s.c.) or 0.9% saline (1.0 ml/kg, s.c.) and animals that were
administered nicotine (0.8 mg/kg, s.c.) and exposed or not ex-
posed to the alcohol vapor (C). The ANOVA indicated a signifi-
cant interaction between the three factors (Vapor/Air, Saline/
Nicotine, and sessions, F(15,375) � 4.76, p � 0.05). Therefore, we
performed separate repeated-measures ANOVAs for each exper-
imental condition: one with animals exposed to only vapor, one
with animals exposed to air, and one with animals that were
administered nicotine (0.8 mg/kg, s.c.) and exposed or not ex-

posed to alcohol vapor. For the animals that were exposed to
alcohol vapor, the ANOVA revealed significant effects of treat-
ment (F(1,15) � 54.96, p � 0.05) and sessions (F(1,15) � 23.06, p �
0.05), with a significant interaction between factors (F(1,15) �
4.19, p � 0.05). A further analysis (F test) showed a significant
difference among groups and among sessions from session num-
bers 9 –12 (p � 0.05). The Vapor-Nicotine group exhibited an
acceleration of escalation compared with the Vapor-Saline group
(p � 0.05). These results indicate that the combination of nico-
tine administration with alcohol vapor exposure accelerated the
development of the escalation of alcohol intake in dependent rats.

The ANOVA of the animals that were not exposed to alcohol
vapor revealed significant effects of treatment (F(1,15) � 2.51, p �
0.05) and sessions (F(1,15) � 4.04, p � 0.05) and a significant
interaction between factors (F(1,15) � 3.06, p � 0.05). A further
analysis (F test) revealed a significant difference between groups
in sessions 10 –14 and 16 (p � 0.05). The Air-Nicotine group
showed a significant difference relative to the last baseline session
starting in session 9, but no difference from the Air-Saline group
was observed (p � 0.05). These results indicate that nicotine
administration enhanced alcohol self-administration in nonde-
pendent rats.

For the animals that received daily nicotine administration
(0.8 mg/kg, s.c.) and exposed or not exposed to alcohol vapor, the
ANOVA revealed significant effects of treatment (F(1,15) � 6.22,
p � 0.05) and sessions (F(1,15) � 17.16, p � 0.05), with a signifi-
cant interaction between factors (F(1,15) � 1.97, p � 0.05). A
further analysis (F test) showed a significant difference between
groups in sessions 9 –11 (p � 0.05). These results indicate that
rats that were coexposed to alcohol and nicotine exhibited higher
escalation of alcohol intake than rats that were only exposed to
nicotine.

To evaluate the role of nicotine receptors in the facilitating
effects of nicotine in the escalation of alcohol self-administration,
rats that were exposed to nicotine and alcohol were treated daily
with mecamylamine (1.0 mg/kg, s.c.) or 0.9% saline (1.0 ml/kg,
s.c.) 45 min before each nicotine injection. A two-way repeated-
measures ANOVA revealed an effect of sessions (F(15,14) � 30.44,
p � 0.05) and an interaction between treatment and sessions
(F(15,210) � 2.85, p � 0.05), demonstrating that the behavioral
effect of nicotine depends on the activation of nicotinic receptors,
and mecamylamine blocks the facilitating effect of nicotine on
alcohol self-administration (Fig. 2).

Progressive ratio
Figure 3 depicts the average number of reinforcements and last
ratio achieved during the PR sessions in rats that received 0.9%
saline (1.0 ml/kg, s.c.) or nicotine (0.8 mg/kg, s.c.) and exposed
(Vapor) or not exposed (Air) to alcohol vapor. For the number of
reinforcements, the two-way ANOVA revealed significant effects
of vapor (F(1,31) � 52.62, p � 0.05) and treatment (F(1,31) � 11.05,
p � 0.05) but no interaction between factors (F(1,31) � 1.53, p 	
0.05). The Newman–Keuls test indicated that nicotine adminis-
tration enhanced the number of reinforcements in both groups
compared with the saline group, and the vapor-nicotine group
exhibited a higher number of reinforcements compared with the
air-nicotine group (p � 0.05). For the last ratio achieved, the
two-way ANOVA revealed significant effects of vapor (F(1,31) �
35.88, p � 0.05) and treatment (F(1,31) � 7.20, p � 0.05) but no
interaction between factors (F(1,31) � 0.77, p 	 0.05). The New-
man–Keuls test indicated that nicotine administration enhanced
the last ratio achieved in both groups compared with the saline
group, and the vapor-nicotine group exhibited a higher number

4

Figure 1. Escalation of alcohol self-administration. A, Timeline of the experiment. Depen-
dent and nondependent rats were injected with saline or nicotine (0.8 mg/kg, s.c.) once per day,
15 min before each operant session after 6 – 8 h of withdrawal from alcohol vapor. The data
represent the mean � SEM number of active lever presses for 10% w/v alcohol in dependent
(B) and nondependent (C) rats treated with saline (n � 8 –9; black circles) or nicotine (n �
8 –9; black squares) and dependent (n � 9; black squares) and nondependent (n � 9; black
circles) rats treated with nicotine (0.8 mg/kg, s.c.; D). *p � 0.05, compared with saline group;
**p � 0.001, compared with saline group; #p � 0.05, compared with baseline.
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of reinforcements compared with the air-nicotine group (p �
0.05). These results indicate that nicotine administration in-
creased the motivation for alcohol drinking and that the facilitat-
ing effect of nicotine on alcohol drinking was increased in
alcohol-dependent rats.

Quinine adulteration test
Figure 4 depicts the average number of reinforcements during the
quinine adulteration tests in rats that were administered 0.9%
saline (1.0 ml/kg, s.c.) or nicotine (0.8 mg/kg, s.c.) and exposed
(A) or not exposed (B) to alcohol vapor. Student’s t test revealed
significant differences in baseline between the saline and nicotine
groups only for animals that were exposed to alcohol vapor (t(16) �
3.5, p � 0.05).

We first performed a control test to evaluate taste differences
in response to quinine between groups, in which rats were given
a quinine solution (0.025 g/L) without alcohol. Vapor-exposed

rats showed a greater reduction of quinine drinking (without
alcohol) compared with air-exposed rats (�81.7 vs �67.3%, re-
spectively; p � 0.05). Therefore, we performed two separate
within-subjects analyses for the air-exposed and vapor-exposed
groups to avoid the inherent bias of the between-subjects analy-
sis. We analyzed the data using ANOVA, considering the factors
vapor (alcohol vs air), treatment (nicotine vs saline), and quinine
concentration as the repeated measure. The analysis showed a
significant interaction among the three factors (F(1,155) � 5.36,
p � 0.05). The statistical analysis was followed by two separate
ANOVAs (dependent and nondependent rats).

For the animals that were exposed to alcohol vapor, the
ANOVA revealed significant effects of treatment (F(1,16) � 15.43,
p � 0.05) and quinine concentration (F(5,80) � 135.39, p � 0.05),
with a significant interaction between factors (F(5,80) � 3.52, p �
0.05). These results indicate that rats that were exposed to alcohol

Figure 2. Mecamylamine blocks the escalation of alcohol self-administration. Dependent
rats were injected with mecamylamine (1 mg/kg, i.p.) or saline 45 min before each nicotine (0.8
mg/kg, s.c.) injection once per day, 15 min before each operant session after 6 – 8 h of with-
drawal from alcohol vapor. The data represent the mean � SEM number of active lever presses
for 10% w/v alcohol in dependent rats treated with nicotine � saline (n � 7; black circles) or
nicotine � mecamylamine (n � 7; black squares). *p � 0.05, compared with nicotine �
saline group; #p � 0.05, compared with baseline.

Figure 3. Mean (�SEM) reinforcement or last ratio achieved for alcohol during the PR
sessions. Alcohol-dependent and nondependent Wistar rats responded for alcohol at 6 – 8 h of
withdrawal from alcohol vapor and 15 min after an injection of saline (n � 8 –9; white bars) or
nicotine (n � 8 –9; black bars). #p � 0.05, significant difference between air and vapor in
nicotine-treated rats; *p � 0.05, significant difference from respective saline group.

Figure 4. Compulsive-like drinking (i.e., persistent alcohol drinking despite the aversive
bitter taste of quinine added to the alcohol solution). The data represent the percentage change
from baseline (i.e., lever presses for alcohol alone before adulteration with quinine) in vapor-
exposed (A) and air-control (B) rats that were treated with saline (n � 7–9; white bars) or
nicotine (n � 7–9; black bars). *p � 0.05, significant difference between saline and nicotine.
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vapor and treated with nicotine showed higher resistance to qui-
nine at the 0.01 and 0.025 g/L doses (p � 0.05). Chronic treat-
ment with nicotine and alcohol vapor exposure increased alcohol
drinking despite the aversive bitter taste of quinine, suggesting
increased compulsive alcohol intake.

For the animals that were not exposed to alcohol vapor, the
ANOVA revealed significant effects of treatment (F(1,16) � 30.17,
p � 0.05) and quinine concentration (F(5,80) � 51.97, p � 0.05),
with a significant interaction between factors (F(5,80) � 6.06, p �
0.05). These results indicate that nicotine had an opposite effect
on compulsive drinking in animals that were not exposed to al-
cohol vapor. The animals that received nicotine administration
exhibited a higher reduction of intake of alcohol that was adul-
terated with quinine (0.025 and 0.05 g/L) compared with the
saline group, demonstrating that the development of compulsive
alcohol intake caused by nicotine depends on alcohol vapor ex-
posure, and nicotine administration only increases compulsive
drinking in alcohol-dependent animals.

Characterization of neuronal ensembles recruited by nicotine
We then investigated the neuronal ensembles that are recruited
by nicotine-induced compulsive alcohol drinking in dependent
rats. We evaluated the number of Fos-positive neurons in key
brain regions that are involved in addiction (PFC, NAc,
amygdala, BNST, and VTA) 60 min after the last session of esca-
lated alcohol self-administration.

Prefrontal cortex
Figure 5 depicts the number of Fos-positive neurons per millime-
ter squared in the dmPFC, vmPFC, and OFC. Each graph shows
the mean � SEM (n � 6 – 8 animals per group). In the mPFC, the
combination of nicotine treatment and alcohol vapor exposure
increased the number of Fos-positive neurons only in the dmPFC
compared with the other groups (vapor: F(1,28) � 0.86, p 	 0.05;
treatment: F(2,28) � 7.69, p � 0.05; interaction: F(2,28) � 4.13, p �
0.05). No difference was observed between groups in the vmPFC
and OFC.

Nucleus accumbens
Figure 6 depicts the number of Fos-positive neurons per millime-
ter squared in the NAc-Core and NAc-Shell. Each graph shows
the mean � SEM (n � 6 – 8 animals per group). The combination
of nicotine treatment and alcohol vapor exposure increased the
number of Fos-positive neurons only in the NAc-Core but not in
the NAc-Shell (vapor: F(1,23) � 2.03, p 	 0.05; treatment: F(2,23) �
4.16, p � 0.05; interaction: F(2,23) � 4.42, p � 0.05).

Amygdala
Figure 7 depicts the number of Fos-positive neurons per millime-
ter squared in the BLA and CeA. Each graph shows the mean �
SEM (n � 6 – 8 animals per group). The combination of nicotine
treatment and alcohol vapor exposure selectively increased the
number of Fos-positive neurons in the CeA (vapor: F(1,28) � 0.03,
p 	 0.05; treatment: F(2,28) � 11.85, p � 0.05; interaction: F(2,28)

� 2.63, p � 0.05). In contrast, nicotine administration increased
the number of Fos-positive neurons in the BLA in both the vapor
and air groups compared with the other groups (vapor: F(1,28) �
0.56, p 	 0.05; treatment: F(2,28) � 12.94, p � 0.05; interaction:
F(2,26) � 1.01, p 	 0.05).

Bed nucleus of the stria terminalis
Figure 8 depicts the number of Fos-positive neurons per millime-
ter squared in different regions of the BNST. Each graph shows

the mean � SEM (n � 6 – 8 animals per group). In the BNST, the
combination of nicotine treatment and alcohol vapor exposure
increased the number of Fos-positive neurons in all subregions,
including the juxtacapsular (vapor: F(1,28) � 25.70, p � 0.05;
treatment: F(2,28) � 12.15, p � 0.05; interaction: F(2,28) � 9.24,
p � 0.05), posterolateral (vapor: F(1,28) � 18.82, p � 0.05; treat-
ment: F(2,28) � 19.52, p � 0.05; interaction: F(2,28) � 13.03, p �
0.05), and ventrolateral (vapor: F(1,28) � 25.58, p � 0.05; treat-
ment: F(2,28) � 25.59, p � 0.05; interaction: F(2,28) � 11.47, p �
0.05), compared with the other groups.

Ventral tegmental area
Figure 9 depicts the number of Fos-positive neurons per millime-
ter squared in the aVTA and pVTA. Each graph shows the

Figure 5. Nicotine accelerates the escalation of alcohol self-administration, associated with
Fos induction in the dmPFC. Top, Number of Fos-immunoreactive nuclei per millimeter squared
in the dmPFC. Middle, Number of Fos-immunoreactive nuclei per millimeter squared in the
vmPFC. Bottom, Number of Fos-immunoreactive nuclei per millimeter squared in the OFC. The
data are represented as mean � SEM; *p � 0.05, different from the other groups; n � 6 – 8
per group.
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mean � SEM (n � 6 – 8 animals per group). In the VTA, the
combination of nicotine treatment and alcohol vapor exposure
increased the number of Fos-positive neurons only in the poste-
rior region compared with the other groups (vapor: F(1,28) � 7.66,
p � 0.05; treatment: F(2,28) � 58.92, p � 0.05; interaction: F(2,28) �
38.21, p � 0.05). No difference was observed among the groups in
the anterior region.

Effect of mecamylamine on Fos expression
We then evaluated Fos expression in the dmPFC after alcohol
self-administration in nicotine-treated rats that were given
mecamylamine or saline pretreatment (for behavior; Fig. 2) and
naive rats. The dmPFC was chosen because it exhibited the most
robust effect of nicotine among all of the structures analyzed.
Mecamylamine blocked the increase in the number of Fos neu-
rons caused by pretreatment with nicotine (one-way ANOVA:
F(2,18) � 12.61, p � 0.05, n � 7 animals per group, Fig. 10).

Characterization of Fos-expressing neurons using
double-labeling immunohistochemistry
We used double-labeling immunohistochemistry to determine
the cellular phenotype of Fos-expressing neurons in sections ob-
tained from a subset of the brains used in our experiment (four
rats from each group). Table 1 depicts the percentage of double
labeling for Fos and the general neuronal marker NeuN. Only a
small proportion of neurons was activated (Fig. 11). In the
dmPFC, Fos was expressed in 7.6 � 1.4%, 1.6 � 0.1%, 1.7 �
0.1%, and 2.2 � 0.2% of all neurons after the last exposure to
alcohol self-administration in the vapor-nicotine, vapor-saline,

air-nicotine, and air-saline groups, respectively, and 1.9 � 0.2%
and 1.8 � 0.1% of all neurons after saline injection in the vapor-
control and air-control groups, respectively. In the NAc-Core,
Fos was expressed in 7.4 � 0.9%, 3.0 � 0.5%, 3.9 � 0.2%, and
3.5 � 0.4% of all neurons after the last exposure to alcohol self-
administration in the vapor-nicotine, vapor-saline, air-nicotine,
and air-saline groups, respectively, and 2.5 � 0.5% and 2.6 �
0.1% of all neurons after the saline injection in the vapor-control
and air-control groups, respectively. In the BNST, Fos was ex-
pressed in 4.1 � 0.1%, 2.3 � 0.2%, 2.5 � 0.2%, and 1.4 � 0.1% of
all neurons after the last exposure to alcohol self-administration
in the vapor-nicotine, vapor-saline, air-nicotine, and air-saline
groups, respectively, and 1.0 � 0.1% and 0.7 � 0.1% of all neu-
rons after the saline injection in the vapor-control and air-
control groups, respectively. In the CeA, Fos was expressed in
3.5 � 0.6%, 0.9 � 0.2%, 1.1 � 0.2%, and 1.4 � 1.1% of all
neurons after the last exposure to alcohol self-administration in
the vapor-nicotine, vapor-saline, air-nicotine, and air-saline
groups, respectively, and 0.3 � 0.3% and 1.4 � 0.6% of all neu-
rons after the saline injection in the vapor-control and nonvapor-
control groups, respectively. In the BLA, Fos was expressed in
6.2 � 0.6%, 1.5 � 0.4%, 1.7 � 0.1%, and 1.9 � 0.2% of all
neurons after the last exposure to alcohol self-administration in
the vapor-nicotine, vapor-saline, air-nicotine, and air-saline
groups, respectively, and 1.1 � 0.1% and 2.1 � 0.2% of all neu-
rons after the saline injection in the vapor-control and air-
control groups, respectively. In the pVTA, Fos was expressed in
13.25 � 2.5%, 7.7 � 1.0%, 13.5 � 2.0%, and 6.1 � 0.1% of all
neurons after the last exposure to alcohol self-administration in

Figure 6. Nicotine speeds up the escalation of alcohol self-administration, associated with
Fos induction in the nucleus accumbens core. Top, Number of Fos-immunoreactive nuclei per
millimeter squared in the NAc-Core. Bottom, Number of Fos-immunoreactive nuclei per milli-
meter squared in the NAc-Shell. *p � 0.05, different from the other groups; n � 6 – 8 per
group.

Figure 7. Nicotine accelerates the escalation of alcohol self-administration, associated with
Fos induction in the central amygdala, and nicotine treatment induces Fos in the basolateral
amygdala. Top, Number of Fos-immunoreactive nuclei per millimeter squared in the CeA. Bot-
tom, Number of Fos-immunoreactive nuclei per millimeter squared in the BLA. *p � 0.05,
different from the other groups; n � 6 – 8 per group.
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the vapor-nicotine, vapor-saline, air-nicotine, and air-saline
groups, respectively, and 4.6 � 0.2% and 4.6 � 0.7% of all neu-
rons after the saline injection in the vapor-control and air-
control groups, respectively.

Finally, we assessed the cellular phenotypes of these Fos-
expressing neurons (Tables 2–5, Fig. 12). In the dmPFC, nicotine
increased the percentage of Fos�/CaMKII neurons, indicating
the preferential recruitment of glutamatergic neurons. The re-
maining Fos-expressing neurons were composed of GABAergic
neurons (colabeled with GAD67) and another population of un-
identified neurons since the total percentage does not add up to
100% (Table 2). In the NAc-Core, the majority of Fos-expressing
neurons were colabeled with GAD67, indicating that they were

GABAergic neurons. The phenotype of the remaining neurons
was unknown (Table 3). In the BNST, a minority of Fos-
expressing neurons were colabeled with GAD67, indicating
that they were GABAergic neurons, whereas the phenotype of
the remaining neurons was unknown (Table 4). In the pVTA,
the majority of Fos-expressing neurons were colabeled with
GAD67, indicating that they were GABAergic neurons. The
remaining Fos-expressing neurons were composed of dopa-
minergic neurons (colabeled with TH) and other unknown
neurons (Table 5).

Figure 8. Nicotine accelerates the escalation of alcohol self-administration, associated with
Fos induction in the BNST. Top, Number of Fos-immunoreactive nuclei per millimeter squared in
the juxtacapsular bed nucleus of the stria terminalis (jcBNST). Middle, Number of Fos-
immunoreactive nuclei per millimeter squared in the posterolateral bed nucleus of the stria
terminalis (plBNST). Bottom, Number of Fos-immunoreactive nuclei per millimeter squared in
the ventrolateral bed nucleus of the stria terminalis (vlBNST). *p � 0.05, different from the
other groups; n � 6 – 8 per group.

Figure 9. Nicotine accelerates the escalation of alcohol self-administration, associated with
Fos induction in the pVTA. Top, Number of Fos-immunoreactive nuclei per millimeter squared in
the aVTA. Bottom, Number of Fos-immunoreactive nuclei per millimeter squared in the pVTA.
*p � 0.05, different from the other groups; n � 6 – 8 per group.

Figure 10. Mecamylamine blocks the facilitating effect of nicotine on the escalation of al-
cohol self-administration, associated with a reduction of Fos expression in the dorsal medial
prefrontal cortex. *p � 0.05, different from the other groups; n � 7 per group.
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Discussion
Here, we show that chronic treatment with nicotine (0.8 mg/kg,
daily) dramatically accelerated the escalation of alcohol drinking,
increased PR responding, and increased compulsive alcohol
drinking despite adverse consequences. We further demon-

strated that the facilitating effect of nicotine on compulsive alco-
hol drinking was associated with the recruitment of a widespread
but selective set of neuronal ensembles in the dmPFC, CeA, NAc-
Core, BNST, and pVTA but not vmPFC, NAc-Shell, OFC, BLA,
or aVTA. The blockade of nicotinic receptors prevented both the
recruitment of the nicotine neuronal ensembles in the dmPFC

Table 1. Percentage of Fos � NeuN double-labeled nuclei per millimeter squared in the dmPFC, NAc-Core, BNST, CeA, BLA, and pVTA associated with nicotine-induced
acceleration of the escalation of alcohol self-administration

Group dmPFC (%) Ac-Core (%) BNST (%) CeA (%) BLA (%) pVTA (%)

Air-Naive 1.8 � 0.1 2.6 � 0.1 0.7 � 0.1 1.4 � 0.6 2.1 � 0.2 4.6 � 0.7
Air-Saline 2.2 � 0.2 3.5 � 0.4 1.4 � 0.1 1.4 � 1.1 1.9 � 0.2 6.1 � 0.1
Air-Nicotine 1.7 � 0.1 3.9 � 0.2 2.5 � 0.2 1.1 � 0.2 1.7 � 0.1 6.7 � 1.2
Vapor-Naive 1.9 � 0.2 2.5 � 0.5 1.0 � 0.1 0.3 � 0.3 1.1 � 0.1 4.6 � 0.2
Vapor-Saline 1.6 � 0.1 3.0 � 0.5 2.3 � 0.0.2 0.9 � 0.2 1.5 � 0.4 7.7 � 1.0
Vapor-Nicotine 7.6 � 1.4* 7.4 � 0.9* 4.1 � 0.1* 3.5 � 0.6* 6.2 � 0.6* 13.25 � 2.5

Two-way ANOVA revealed a significant interaction between the vapor and drug factors (F(2,12) � 8.11, p � 0.05). *p � 0.05, compared with other groups in the same brain area.

Figure 11. Representative image of double-labeled immunohistochemistry detecting Fos and NeuN associated with nicotine-induced acceleration of the escalation of alcohol self-
administration. A, Red-labeled nuclei indicate expression of the general neuronal nuclei marker NeuN. B, Green-labeled nuclei indicate Fos expression. C, Merged image indicating Fos � NeuN
double-labeled nuclei in yellow. Scale bar, 50 �m. n � 4 per group.

Figure 12. Representative image of double-labeled immunohistochemistry detecting Fos and CaMKII (A), Fos and TH (B), and Fos and GAD67 (C) associated with nicotine-induced acceleration
of the escalation of alcohol self-administration. A, Red-labeled nuclei indicate expression of the general neuronal nuclei marker NeuN. B, Green-labeled nuclei indicate Fos expression. Merged
images indicate nuclei in green. Scale bar, 100 �m. n � 4 per group.

Table 2. Specific cell types of Fos-expressing neuronal ensembles in the dmPFC
that were activated in the nicotine-induced acceleration of the escalation of
alcohol self-administration

Group CaMKII GAD67

Air-Naive 21.6 � 7.1 52.8 � 8.2
Air-Saline 20.6 � 3.7 36.4 � 6.2
Air-Nicotine 27.7 � 7.7 27.2 � 5.6
Vapor-Naive 5.9 � 5.7 30.37 � 7.5
Vapor-Saline 20.28 � 2.0 30.62 � 6.6
Vapor-Nicotine 54.58 � 1.55* 27.86 � 3.6

These data are represented as the mean � SEM of double-labeled neurons as a percentage of all Fos-labeled
neurons. The total percentage does not necessarily add up to 100%, possibly due to incomplete labeling with
cell-type markers. For CaMKII, the two-way ANOVA revealed a significant interaction between the vapor and drug
factors (F(1,12) � 8.33, p � 0.05). *p � 0.05 compared with the other groups in the same brain area.

Table 3. Specific cell types of Fos-expressing neuronal ensembles in the NAc-Core
that were activated in the nicotine-induced acceleration of the escalation of
alcohol self-administration

Group GAD67

Air-Naive 77.7 � 10.9
Air-Saline 46.29 � 9.1
Air-Nicotine 49.3 � 6.8
Vapor-Naive 50.1 � 20.5
Vapor-Saline 36.1 � 15
Vapor-Nicotine 71.1 � 6.9

These data are represented as the mean � SEM of double-labeled neurons as a percentage of all Fos-labeled
neurons. The total percentage does not necessarily add up to 100%, possibly due to incomplete labeling with
cell-type markers.
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and the faster escalation of alcohol drinking. These results dem-
onstrate that nicotine is a critical factor in the development of
alcohol dependence that dysregulates a set of interconnected
neuronal ensembles throughout the brain, including elements of
the extended amygdala (CeA and BNST), dorsal corticostriatal
module (dmPFC-NAc-Core), and mesocorticolimbic dopami-
nergic/GABAergic system (pVTA).

Previous studies have investigated the effect of nicotine on
alcohol drinking in nondependent rats, but these reports had
conflicting results. Some studies demonstrated an increase in al-
cohol drinking (Blomqvist et al., 1996; Lê et al., 2000, 2014;
Abreu-Villaça et al., 2013; Britt and Bonci, 2013) and relapse after
nicotine administration (Lê et al., 2003), whereas other studies
showed a decrease in alcohol intake (Sharpe and Samson, 2002).
Our results showed increased FR and PR responding in nonde-
pendent rats after chronic nicotine treatment, which is consistent
with previous studies showing increased alcohol intake after nic-
otine administration (Blomqvist et al., 1996; Lê et al., 2000,
2014). Moreover, our results may explain the conflicting results
observed in previous studies with nondependent rats. Indeed, we
observed both an increase in responding under FR and PR sched-
ules and a decrease in responding when alcohol drinking was
associated with adverse consequences (quinine), suggesting that
nicotine may decrease alcohol intake in nondependent rats under
specific conditions.

The present results with dependent rats demonstrate that nic-
otine not only accelerates the development of alcohol depen-
dence (faster escalation of alcohol intake) but also increases PR
responding and responding despite adverse consequences. Al-
though in our study the dependent rats that were treated with
saline were more sensitive to the bitter taste of quinine (without
alcohol) than nondependent rats, dependent rats that received
nicotine administration showed higher resistance to quinine than
nondependent rats, confirming the results in the FR and PR tests.
The early escalation of alcohol intake observed in rats that were
exposed to alcohol and nicotine is consistent with clinical studies

showing the development of severe alcohol dependence in pa-
tients who use tobacco (Batel et al., 1995).

We recently hypothesized that drug and alcohol addiction
may result from the dysregulation of different putative modules,
including the incentive salience (VTA and NAc), negative affect
(CeA and BNST), and loss of control modules (PFC and OFC;
George and Koob, 2010). A possible mechanism for the facilita-
tion of the escalation of alcohol drinking with chronic nicotine is
the recruitment, by nicotine, of specific neuronal ensembles
within one or more of these modules. Indeed, we found that the
combination of nicotine and alcohol robustly increased the num-
ber of Fos-positive neurons in the dmPFC, NAc-Core, CeA,
BNST, and pVTA in dependent rats. This increase in Fos-positive
neurons was not observed in the OFC, NAc-Shell, or aVTA, dem-
onstrating the neuronal specificity of these ensembles in depen-
dent rats. Although an increase in Fos-positive neurons was also
observed in the BLA, it was also observed in nondependent rats
that were exposed to nicotine, ruling out a specific role in alcohol
dependence. These results demonstrate that the combination of
nicotine and alcohol produced specific dysregulation of discrete
regions of the cognitive (dmPFC and NAc-Core), negative affect
(CeA-BNST), and incentive salience (pVTA) modules in depen-
dent rats. While at first glance it appears surprising that there is
no increase in Fos in the CeA and PFC in rats exposed to vapor
compared with air (without nicotine), it is actually consistent
with our previous findings (George et al., 2012) that increases in
Fos in the CeA and PFC are only observed during alcohol with-
drawal, and not when withdrawal is followed by access to alcohol
self-administration, as in the present report.

The causal role between activation of the dmPFC, NAc-Core,
CeA, BNST, and pVTA in drug and alcohol seeking and taking
has been largely demonstrated previously using pharmacological
and optogenetic techniques (Fuchs et al., 2007; Linsenbardt and
Boehm, 2009; Ding et al., 2012; Vendruscolo et al., 2012; Seif et
al., 2013; Gilpin et al., 2014). For instance, activation of the CeA
leads to negative emotional states during withdrawal and pro-
motes excessive nicotine and alcohol intake (George et al., 2007;
Gilpin et al., 2008; Koob, 2009; Koob and Volkow, 2010), and
chronic nicotine enhances the activity of the extended amygdala
(Picciotto and Kenny, 2013). Studies have also demonstrated that
increased dopamine release in the pVTA-dmPFC and pVTA-
NAc-Core pathways potentiates incentive salience and the moti-
vation and compulsion to drink alcohol in rats (Koob and
Volkow, 2010). Moreover, nicotine administration enhances do-
pamine release in the NAc (Di Chiara, 2000) while blockade of
nicotinic receptors in the NAc prevents alcohol-induced in-
creases in dopamine release and decreases alcohol intake in rats
(Blomqvist et al., 1993, 1997; Ericson et al., 1998; Smith et al.,
1999).

Evidence suggests that alcohol acts on specific elements of the
ventral forebrain, such as the NAc and amygdala, to produce its
acute positive reinforcing effects (Koob, 2003). The extended
amygdala, composed of the CeA, BNST, and a transition area in
the NAc-Shell, has been hypothesized to be the region for neuro-
adaptive changes in this reward circuit that provides the motiva-
tion for excessive drinking characterizing dependence (Koob,
2003; Koob and Le Moal, 2006). Studies have demonstrated that
nicotine can also act in these same brain regions (Barik and Won-
nacott, 2009; Picciotto and Kenny, 2013; Picciotto and Mineur,
2014) and alter the rewarding and aversive properties of other
drugs (Wang et al., 2011; Li et al., 2014; Szabo et al., 2014).

The neuronal phenotype analysis demonstrated that the in-
creased Fos expression in these brain regions in the alcohol-

Table 4. Specific cell types of Fos-expressing neuronal ensembles in the BSNST that
were activated in the nicotine-induced acceleration of the escalation of alcohol
self-administration

Group GAD67

Air-Naive 11.0 � 1.1
Air-Saline 27.5 � 18.7
Air-Nicotine 29.8 � 9.9
Vapor-Naive 8.5 � 8.2
Vapor-Saline 20.8 � 6.36
Vapor-Nicotine 17.1 � 3.2

These data are represented as the mean � SEM of double-labeled neurons as a percentage of all Fos-labeled
neurons. The total percentage does not necessarily add up to 100%, possibly due to incomplete labeling with
cell-type markers.

Table 5. Specific cell types of Fos-expressing neuronal ensembles in the pVTA that
were activated in the nicotine-induced acceleration of the escalation of alcohol
self-administration

Group GAD67 TH

Air-Naive 17.4 � 3.9 18.4 � 1.7
Air-Saline 23.8 � 10.4 18.4 � 10.2
Air-Nicotine 35.7 � 16.1 26.8 � 4.6
Vapor-Naive 8.6 � 8.1 2.2 � 4.6
Vapor-Saline 41.6 � 20.4 19.32 � 3.4
Vapor-Nicotine 62.5 � 6.2 36.4 � 3.1

These data are represented as the mean � SEM of double-labeled neurons as a percentage of all Fos-labeled
neurons. The total percentage does not necessarily add up to 100%, possibly due to incomplete labeling with
cell-type markers.
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nicotine group is related to the activation of a small percentage of
neurons (�3–13%). Similarly, other authors have shown that
only a small percentage of neurons within a specific brain region
is responsible for the expression of behaviors related to drug
addiction (Koya et al., 2009, 2012; Bossert et al., 2011; Fanous et
al., 2012). Future experiments will be necessary to test whether
inactivation of these small percentages of cells will prevent
nicotine-induced compulsive alcohol drinking.

We further explored the phenotype of the neurons re-
cruited in these different neuronal ensembles and found re-
markable selectivity in the activation of glutamatergic versus
GABAergic neurons in different regions. Glutamatergic neu-
rons were specifically recruited in the dmPFC, while GABA-
ergic represented the majority of neurons in the NAc-Core,
CeA, and pVTA. Very few studies have sought to determine
the phenotype of the specific population of neurons that are
activated during alcohol withdrawal. The present results that
showed specific dysfunction of the dmPFC and CeA but not
vmPFC-NAc-Shell is consistent with our previous work,
showing that withdrawal from alcohol binge drinking in rats is
associated with a functional disconnection between the
dmPFC and CeA but not between the vmPFC and NAc-Shell
(George et al., 2012).

The specific recruitment of glutamatergic neurons in the dmPFC
suggests a key role for cortical pyramidal neurons in the effects of
nicotine on the escalation of alcohol self-administration. The gluta-
matergic system has been implicated in the reinforcing effects of
alcohol (Rao and Sari, 2012), and chronic alcohol intake has been
shown to be associated with the upregulation of NMDA recep-
tors (Sanna et al., 1993; Snell et al., 1996; Siggins et al., 2003).
Moreover, alcohol withdrawal increased extracellular glutamate lev-
els in the striatum (Rossetti and Carboni, 1995; Siggins et al., 2003).
Importantly, glutamatergic neuron projections from the dmPFC
to NAc (Kalivas, 2009) and CeA (George et al., 2012) have been
linked to the development of addiction and alcohol binge drink-
ing, in particular. Thus, future investigations should target the
glutamatergic system, which seems to play an important role in
the development of alcohol dependence.

Finally, we found that the antagonism of nicotine receptors
blocked both the facilitating effect of nicotine on the escala-
tion of alcohol self-administration and the recruitment of a
nicotine neuronal ensemble. These results demonstrate that
activation of nicotinic receptors controls the escalation of al-
cohol self-administration and suggest that individual differ-
ences at the nicotinic receptor level may underlie individual
vulnerability to alcoholism. Indeed, it has been suggested that
alcohol and nicotine have a common pathway involving �4�2
nicotinic receptors (Sharma et al., 2014a, b). Furthermore,
varenicline, a partial agonist of �4�2 receptors, reduces alco-
hol (Feduccia et al., 2014) and nicotine (George et al., 2011)
intake in rats.

Our results demonstrate that nicotine is a critical factor in the
development of alcohol dependence that dysregulates a set of
interconnected neuronal ensembles involved in incentive sa-
lience, negative emotional states, and loss of control. Targeting
specifically these neuronal ensembles may provide new oppor-
tunities for the treatment of comorbid tobacco and alcohol
dependence.
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Filgueiras CC, Manhães AC (2013) Combined exposure to tobacco
smoke and ethanol during adolescence leads to short- and long-term

modulation of anxiety-like behavior. Drug Alcohol Depend 133:52– 60.
CrossRef Medline
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Lê AD, Funk D, Lo S, Coen K (2014) Operant self-administration of alcohol
and nicotine in a preclinical model of co-abuse. Psychopharmacology
231:4019 – 4029. CrossRef Medline

Li H, Bu Q, Chen B, Shao X, Hu Z, Deng P, Lv L, Deng Y, Zhu R, Li Y, Zhang
B, Hou J, Du C, Zhao Q, Fu D, Zhao Y, Cen X (2014) Mechanisms of
metabonomic for a gateway drug: nicotine priming enhances behavioral
response to cocaine with modification in energy metabolism and neu-
rotransmitter level. PLoS One 9:e87040. CrossRef Medline

Linsenbardt DN, Boehm SL 2nd (2009) Agonism of the endocannabinoid
system modulates binge-like alcohol intake in male C57BL/6J mice: in-
volvement of the posterior ventral tegmental area. Neuroscience 164:
424 – 434. CrossRef Medline

Mattson BJ, Koya E, Simmons DE, Mitchell TB, Berkow A, Crombag HS,
Hope BT (2008) Context-specific sensitization of cocaine-induced lo-
comotor activity and associated neuronal ensembles in rat nucleus ac-
cumbens. Eur J Neurosci 27:202–212. CrossRef Medline

O’Dell LE, Roberts AJ, Smith RT, Koob GF (2004) Enhanced alcohol self-
administration after intermittent versus continuous alcohol vapor expo-
sure. Alcohol Clin Exp Res 28:1676 –1682. CrossRef Medline
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