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A B S T R A C T

Background: The high rate of relapse to drug use remains a central challenge to treating drug addiction. In
human and rat models of addiction, environmental stimuli in contexts associated with previous drug use can
provoke a relapse of drug seeking. Pre-clinical studies have used the ABA renewal procedure to study context-
induced reinstatement of drug seeking. In the current study, we studied the role of the orbitofrontal cortex (OFC)
in context-induced reinstatement to alcohol.
Methods: We trained male and female rats to self-administer alcohol in context A, extinguished drug-reinforced
responding in a distinct context B, and assessed context-induced reinstatement in context A or B (control group).
Next, we determined the effect of context-induced renewal of alcohol-seeking behavior on the expression of Fos
(a neuronal activity marker) in the OFC. Finally, we determined the effect of reversible inactivation by GABAa
and GABAb receptor agonists (i.e., muscimol and baclofen, respectively) in the OFC.
Results and conclusions: There were no differences between male and female rats in context-induced reinstate-
ment of alcohol-seeking behavior. Re-exposure to Context A, but not Context B, reinstated alcohol-seeking be-
havior and increased expression of the neural activity marker Fos in the OFC. Reversible inactivation of the OFC
with muscimol and baclofen attenuated context-induced reinstatement. Our data indicated that the OFC med-
iates context-induced reinstatement of alcohol-seeking behavior.

1. Introduction

Alcohol addiction is characterized by high rates of relapse, which is
a major problem in treating alcoholism (Fox et al., 2008; Sinha, 2009).
Clinical and pre-clinical studies have demonstrated that the environ-
mental context in which drugs are used can influence subsequent
pharmacological effects of drugs as well as increase susceptibility to
relapse (Janak and Chaudhri, 2010; O'Brien et al., 1990; Wikler, 1973).
For instance, exposure to environments previously associated with
drinking can contribute to precipitating drug-taking behavior in ab-
stinent patients (Ludwig et al., 1974; Staiger and White, 1991).

Some animal models were developed to study the effect of en-
vironmental contexts on drug-seeking relapse. In rats, the ABA renewal
procedure has been used to study context-induced relapse to alcohol-
seeking behavior (Bouton and King, 1983; Crombag and Shaham,

2002). In this procedure, rats are trained to self-administer a drug
paired with discrete cues in one context (A). The lever response is then
removed in a different (non-drug) context (B) in the presence of discrete
cues. In the end, rats are re-exposed to the drug-associated context (A).
Several studies demonstrated that exposure to the alcohol self-admin-
istration context after the removal of the alcohol lever in a different
context reinstated alcohol seeking in rats (Burattini et al., 2006; Hamlin
et al., 2007; Janak and Chaudhri, 2010; Marchant et al., 2013).

Although the neural pathway mediating cue-induced alcohol
craving (humans) or seeking (nonhumans) is complex, evidence from
human brain imaging shows that important behaviors related to ad-
diction, such as compulsive drug use and drug relapse, are mediated at
least in part by drug-induced plasticity in the orbitofrontal cortex (OFC)
(London et al., 2000). In rats, cue-induced cocaine and heroin seeking
has been associated with increased expression of neuronal activation
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markers in the OFC (Fanous et al., 2012; Morgan and Curran, 1991;
Thomas et al., 2003). Further, the reversible inactivation of this brain
region decreases discrete cue-induced reinstatement of cocaine and
heroin seeking in rats (Fanous et al., 2012; Fuchs et al., 2004; Lasseter
et al., 2009).

The OFC connects with limbic areas, such as the basolateral
amygdala (BLA) and nucleus accumbens, to enable encoding of mem-
ories (Schoenbaum and Shaham, 2008). Clinical studies with cocaine
users demonstrated that exposure to cocaine-paired stimuli enhanced
neural activity in the BLA and OFC, which was positively correlated
with self-reports of cocaine craving (Childress et al., 1999; Grant et al.,
1996; Kilts et al., 2001; London et al., 1999). In addition, Lasseter et al.
(2011) demonstrated that administration of muscimol+ baclofen to
the BLA and OFC profoundly attenuated the reinstatement of drug
context-induced cocaine seeking behavior. These findings indicated
that the BLA and OFC are integral parts of the mesocorticolimbic neural
circuitry known to direct cue and context-induced cocaine-seeking be-
havior in animal models of drug relapse. Despite the evidence demon-
strating the role of OFC in conditioned behaviors, the relevance of this
brain region in context-induced alcohol seeking has never been in-
vestigated.

To address this, we used Fos immunohistochemistry to characterize
the involvement of the OFC in context-induced reinstatement of al-
cohol-seeking. Then, we combined reversible inactivation of the OFC,
using muscimol and baclofen (i.e., GABAa and GABAb agonists, re-
spectively), to assess whether the OFC mediates context-induced re-
instatement of alcohol-seeking behavior. In addition, we assessed be-
havioral differences in context-induced reinstatement of alcohol
seeking between female and male rats.

2. Method

2.1. Animals

Male (n= 38) and Female (n=39) Long-Evans rats, weighing
250–350 g (obtained from the animal breeding facility of the São Paulo
State University), were used for the current study. Groups of four ani-
mals were housed in plastic cages, which were 32×40×16 cm, in a
room maintained at 23 ± 2 °C. Rats were continuously maintained on
a reversed light cycle (i.e., 12:12 h, lights off at 08:00 a.m.), with a
controlled temperature (23 °C) and unrestricted access to food and
water. All experiments were performed during the dark phase. The
experimental protocol was approved by the Ethical Committee for Use
of Animals of the Physical Institute of São Carlos, São Paulo University
(Protocol # 01/2015) and were conducted according to ethics princi-
ples of the Conselho Nacional de Controle de Experimentação Animal
(CONCEA).

We excluded 18 of the 77 rats (10 male and 8 female rats) from all
the experiments for the following reasons: 5 due to inadequate training
(< 15 reinforcements/day) or failure to meet an extinction criterion of
a mean of< 25 responses over 5 days, 3 due to surgical procedure
complications, and 10 due to misplaced cannula.

2.2. Apparatus

Rats were trained and tested in standard Med Associates (St. Albans,
VT) self-administration chambers. Each chamber was equipped with
two levers that were located 9 cm above the grid floor. Presses on the
active retractable lever activated the infusion pump, while presses on
the inactive non-retractable lever had no programmed consequences.
Context A (the alcohol self-administration (training)) and B (extinction)
were manipulated and counterbalanced. They differed from each other
in terms of grid width (narrow/wide), illumination level (white/red
house light), background noise (fan on/off), and background cues
(stickers present/absent, cabinet doors close/open), as described by
Marchant et al. (2013).

2.3. Substances

Saccharin (Sigma-Aldrich, St Louis, MO, USA) was diluted in tap
water at a concentration of 0.2% and 0.05% (w/v). Ethanol (EtOH;
Sigma-Aldrich, 96% v/v, St Louis, MO, USA) was diluted in saccharin
solution or tap water to a final concentration of 10% or 20% (w⁄v).
Flunixin Meglumine (Schering-Plough) was dissolved in saline solution
(0.9% NaCl) in a concentration of 0.5mgml−1. Muscimol and baclofen
(concentration, 0.06mM+0.6 mM) (Tocris) were dissolved in sterile
saline. Streptomycin and Penicillin Polyantibiotic (Fort Dodge) were
dissolved in sterile saline (0.9% NaCl) at a concentration of
560mgml−1. Tribromoethanol (Sigma-Aldrich) was dissolved in saline
solution (0.9% NaCl) at a concentration of 2.5mg in 100ml.

2.4. Behavioral procedures

The experiments consisted of four phases as follows: home-cage
alcohol intake (5 days), EtOH operant self-administration training (18
sessions), extinction (10 sessions), and test for context-induced re-
instatement of ethanol seeking (1 session). The experimental sequence
was home-cage alcohol intake – Context A (training) – Context B (ex-
tinction) – Contexts A and B (testing), as shown in Fig. 1.

2.4.1. Phase 1: home-cage alcohol intake
We used a two-bottle choice paradigm in which rats had access to

one bottle of alcohol (20% w/v) and one bottle of water for 5 con-
secutive days in their home cages in order to habituate them to the taste
of alcohol (adapted from Marchant et al., 2013).

2.4.2. Phase 2: alcohol self-administration training
All self-administration training sessions were performed in Context

A. Reinforcements were earned using a fixed ratio 1 (FR-1) 20-s timeout
reinforcement schedule. Active lever presses resulted in the presenta-
tion of a 2-s tone-light cue (7.5W white light), compound tone
(2900 Hz; 20 dB), and infusion pump activation. During the training
phase, the activation of the infusion pump resulted in 0.1ml of solution
administered to the oral space. The initiation of each training session
was signaled by the illumination of the house-light and insertion of the
active lever into the chamber. Inactive lever presses and responses
during the timeout interval had no programmed consequences.

Rats were trained to press a lever for 0.1ml of 0.2% saccharin for
1 h each day for 3 days. We then gradually replaced the saccharin re-
ward with alcohol. Rats were trained to press the lever for 0.1ml of
0.2% saccharin+ 10% ethanol (w/v) for 1 h each day for 2 days, then
for 0.1ml of 0.05% saccharin+ 10% ethanol (w/v) for 1 h each day for
2 days, and then for 0.1 ml of 10% ethanol (w/v) alone for 1 h each day
for 6 days. Following FR-1 training, rats were trained to press the lever
for 10% ethanol on a variable-interval 30-s (VI-30) schedule of re-
inforcement for 1 h each day for 5 days. The ethanol reinforcement,
which was available at pseudo-random intervals (i.e., 1–59 s) following
the preceding alcohol delivery, was delivered after an active lever press.
Each alcohol delivery was also paired with the same compound tone
(2900 Hz; 20 dB above background) and light (a 7.5W white light) cues
for 2.3 s.

2.4.3. Phase 3: extinction of alcohol self-administration
During the extinction phase in Context B, responses on the pre-

viously active lever, under a VI-30 schedule of reinforcement, led to
presentation of the tone-light cue, compound tone, and activation of the
infusion pump, but the alcohol was not delivered. The alcohol self-ad-
ministration was considered extinguished when the rats met extinction
criterion of a mean of< 25 presses on the previously active lever over
the last three extinction sessions.

2.4.4. Phase 4: test for context-induced reinstatement
We tested the alcohol-seeking behavior (active lever presses under
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extinction conditions) in the rats during one 30-min session in either
Context A or Context B. During the tests, an active lever press, under a
VI-30 schedule of reinforcement, resulted in the 2-s tone-light cue and
the activation of the infusion pump, but no alcohol was delivered.

2.5. Blood alcohol levels (BAL)

Immediately after the end of the last VI 30-s session, blood samples
(100 μl) were collected from the tip of the tail of some rats. The blood
samples were centrifuged, and plasma alcohol levels were measured
using an enzymatic system based on measurement of oxygen con-
sumption during the ethanol-acetaldehyde reaction (AM1 Analyzer;
Analox Instruments Ltd, London, UK).

2.6. Intracranial surgery

We performed all surgeries between the 5th and 6th VI-30 training
session. Rats were anesthetized using tribromoethanol (250mg kg−1,
i.p.). Following scalp anesthesia with 2% lidocaine, the skull was ex-
posed and stainless-steel guide cannulas (26 G, 12-mm-long) were bi-
laterally implanted into the OFC, at a position that was 1mm above the
site of injection, using a stereotaxic apparatus (Model 900, Kopf). The
coordinates for the OFC (from the Bregma) were as follows (nose bar set
at −3.3 mm): anteroposterior (AP), +3.2; mediolateral (ML), +2.6
(10° angle); dorsoventral (DV), −4.0 mm (Paxinos and Watson, 2005).
Cannulae were fixed to the skull with dental cement and five metal
screws. After the surgery, the animals received a poly-antibiotic with
streptomycin and penicillin (560mgml−1 kg−1, i.m.) to prevent in-
fection and the non-steroidal anti-inflammatory drug flunixin meglu-
mine (0.5 mgml−1 kg−1, s.c.) for post-operation analgesia. The rats
were allowed to recover for 5 days before being subjected to a VI-30
training session phase again. During the first 3 days of recovery phase,
the rats were injected with the anti-inflammatory drug, flunixin me-
glumine (0.5 mgml−1 kg−1, s.c.).

2.7. Intracranial injections and histology

The rats received infusions of saline or a solution containing both
muscimol+ baclofen (concentration 0.06 mM+0.6mM, respectively)
(Tocris). Intracranial injections were administered using a syringe
pump (Harvard Apparatus) and 2-μl Hamilton syringes, which were
attached via polyethylene 10 tubing to 30-gauge injectors (Plastics
One). All microinjections were performed at a volume of 0.5 μl per side
over 1min. After allowing an additional 1min for diffusion, the mi-
croinjectors were removed. The rats were placed into self-administra-
tion chambers for testing 15min after the microinjection. The doses
were based on previous studies (Cruz et al., 2014; Marchant et al.,
2014; Willcocks and McNally, 2013). At the end of the test, the rats
were given an overdose of tribromoethanol (500mg kg−1, i.p.). The rat
brains were perfused by cardiac perfusion, removed, frozen, and sec-
tioned coronally at a thickness of 40 μm using a cryostat. All sections
containing the cannula tracts were collected onto glass slides, stained
for cresyl violet, and coverslipped with Permount (Sigma). The sections
were examined under light microscopy to determine the placements of
the cannula tips.

2.8. Experiment 1: orbitofrontal cortex neuronal activation after context-
induced the reinstatement of ethanol seeking

First, we assessed the differences between male and female rats in
the context-induced reinstatement of alcohol-seeking behavior. For
that, we used a total of 26 rats (i.e., 13 male and 13 female rats). The
control group (A-B-B) underwent alcohol self-administration training in
context A, extinction training in context B, and reinstatement testing in
context B. The Renewal (A-B-A) group underwent alcohol self-admin-
istration training in context A, extinction training in context B, and
reinstatement testing in context A (30 min). The numbers of rats per
group on the test day were as follows: context B (6 male and 7 female
rats) and context A (7 male and 6 female rats). Rats in the Control and

Fig. 1. Schematic representation of the experimental design.
Briefly, (A) rats were first given home-cage access to 20%
ethanol. (B) Using a saccharin fading technique, rats are first
trained to self-administer 10% ethanol in context A. (C) Next,
lever pressing in the presence of the discrete cue was subse-
quently extinguished in a different context (B). (D)
Subsequently, context-induced reinstatement of drug seeking
was assessed by re-exposing rats to the drug-associated or
extinction context under extinction conditions.
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Renewal groups were matched for their alcohol intake and number of
active lever presses during training and extinction.

We used immunohistochemistry to characterize the involvement of
the OFC with context-induced reinstatement of alcohol operant self-
administration.

The rats were anesthetized with tribromoethanol (250mg kg−1,
i.p.) 60min after the end of the reinstatement test and perfused with
100ml of phosphate-buffered saline (PBS) followed by 400ml of 4%
paraformaldehyde.

The brains were post-fixed in paraformaldehyde for 90min and
transferred to 30% sucrose in PBS solution, at 4 °C, for 2–3 days. The

brains were frozen in powdered dry ice and kept at −80 °C until sec-
tioning. Coronal sections were cut, at a thickness of 40 μm, between
Bregma +3.7 and +2.7 mm (Paxinos and Watson, 2005). Free-floating
sections were washed three times in PBS, blocked with 3% normal goat
serum (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 Bio-
technology) 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, the sections were incubated for 1 h in
avidin-biotin-peroxidase complex (ABC Elite kit, PK-6100; Vector

Fig. 2. Comparison between male and female rats during alcohol self-administration training and extinction. (A) Number of active and inactive lever presses, for male and female rats,
during self-administration training in context A. (B) Number of reinforcements, for male and female rats, during self-administration training in context A. (C) Total number of presses on
the active and inactive lever for male and female rats during the extinction sessions conducted in the absence of ethanol in context B. Data are depicted as mean ± standard error of mean
(SEM), n=13 per group.
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Laboratories) in PBS containing 0.5% Triton X-100. Finally, sections
were washed in PBS and developed in 3,3′-diaminobenzidine for ap-
proximately 3 min, transferred into PBS, and mounted onto chro-
malum-gelatin-coated slides. Once dry, the slides were dehydrated
through a graded series of alcohol and cleared with xylol (LabSynth, SP,
Brazil) before being coverslipped with Permount (Sigma-Aldrich, St.
Louis).

Bright-field images of Fos immunoreactivity in the OFC were cap-
tured using a CCD camera (Coolsnap Photometrics, Roper Scientific Inc)
and Qimaging Exi Aqua attached to a Zeiss Axioskop 2 microscope.
Images for counting labeled cells were captured at 100×magnification.
Labeled cells from 3 to 4 hemispheres per rat were automatically
counted using IPLab software for Macintosh, version 3.9.4 r5
(Scanalytics Inc) and iVision for Macintosh, version 4.0.15 (Biovision).
Counts from all images from each rat were averaged so that each rat
was an n of 1.

2.9. Experiment 2: effect of pharmacological inactivation of orbital frontal
cortex neurons on context-induced the reinstatement of alcohol seeking

We reversibly deactivated the OFC using muscimol and baclofen
(Bossert et al., 2011; Cruz et al., 2014; Marchant et al., 2014) to de-
termine the causal role of OFC in context-induced reinstatement of al-
cohol-seeking behavior. A total of 33 male (n=15) and female
(n= 18) rats were anesthetized and permanent bilateral guide cannulas
were implanted into the OFC. On the test day, the rats received bilateral
injections (0.5 μl per side) of either muscimol+ baclofen
(0.06+0.6mM) (Tocris) dissolved in sterile saline or its vehicle. The
rats were injected 15min prior to the reinstatement tests as described
above. The numbers of rats per group on the test day were as follows:
saline-context B (n= 8); baclofen+muscimol-context B (n=7);
saline-context A (n=7); baclofen+muscimol-context A (n=11). The
male and female rats were spread equally across the groups.

To eliminate the possibility that the effect of baclofen+muscimol

Fig. 3. Alcohol consumption and blood alcohol determination of male and female rats. (A) Total alcohol consumption (g/kg/24 h) in a free-choice home-cage access to 20% alcohol per
5 days. Alcohol intake in (g/kg/1 h) during the two different 10% alcohol self-administration schedules: (B) fixed-ratio 1 (FR-1), 6 sessions and (C) variable-interval (VI-30), 5 sessions.
Correlation plots of the number of reinforcements achieved during the last training session as a function of the blood alcohol level for (D) male rats (r= 0.59; p < 0.05) and (E) female
rats (r= 0.47; p < 0.05). Data represented as mean ± standard error of mean (SEM); * different from male rats, p < 0.05, n=10–13 per group.
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on test day was due to motor deficits, 13 rats were trained after com-
pletion of this experiment to lever-press for 0.2% saccharin solution on
a FR-1, 20-s timeout reinforcement schedule for a 30-min session test.
Subsequently, we assessed the effect of vehicle or baclofen+muscimol
injections into OFC on saccharin-maintained responses. The experi-
mental design is outlined in Fig. 6A.

At the end of the experiments, the rats were anesthetized, perfused,
and their brains were removed and kept in 10% formaldehyde for 48 h.
The rat brains were then sectioned at 40 μm, using a Leica cryostat,
stained with cresyl violet, and imaged using light microscopy to verify
the cannula placements.

2.10. Statistical analyses

The behavioral data were analyzed using an analysis of variance
(ANOVA). ANOVAs indicating interaction effects (p < 0.05) were
followed by Newman-Keuls post-hoc tests. Molecular data and sex dif-
ferences in alcohol consumption were analyzed using a Student's t-test.
The data were analyzed using Statistic StatSoft program, and statistical
significance was set at p < 0.05. The dependent measures and factors
used in the statistical analyses are described in the results section
below. For correlation analyses between reinforcement and BAL we
used the linear regression function of Graphpad Prism software.

In addition, we used a different Generalized Estimation Equations
(GEE) during the training and extinction sessions, which allowed the
assessment of the effect of time and sex on number of reinforcements
and active and inactive lever presses. These data were analyzed using
the SPSS Statistics 17 software. We also assessed the variability between
five different manipulations and the within-subject variance. The robust
estimator (Huber-White/sandwich estimator) under correlation matrix
structure of an auto-regressive of first order was used. Five different
periods of self-administration were analyzed separately (i.e., saccharin
training: 0 to 3rd session; saccharin+ EtOH training: 4th to 7th session;
EtOH/FR-1 training: 8th to 13th session; EtOH/VI-30 training: 14th to
18th session; and 10 sessions of extinction).

3. Results

3.1. Experiment 1: comparison between male and female rats during
training, extinction, and reinstatement test

Fig. 2A and B depict the mean ± standard error of mean (SEM)
number of active or inactive lever presses and reinforcements for al-
cohol, respectively, during the training phase in context A for the male
and female rats used in experiment 1. The rats showed consistent al-
cohol self-administration, as indicated by the increase in active lever
presses during the VI-30 sessions. Fig. 2C depicts the mean ± SEM
number of lever presses on the previously active and inactive levers
during the first 10 extinction sessions in context B. As expected, the
active lever presses decreased over time.

During the saccharin training, a significant effect of time on active
lever presses (b=59.51, p < 0.001) and reinforcements (b=32.93,
p < 0.001) was observed. This indicated the increase of active lever
presses and reinforcements during this period. No statistical differences
were observed between the sexes, and there was no significant inter-
action between sex and time.

A significant effect of time on active lever presses (b=− 11.42,
p < 0.001) and reinforcements (b=− 5.36, p < 0.001) was also
observed during the saccharin+EtOH training. This indicated the de-
crease in active lever presses and reinforcements over time. There were
no statistical differences between the sexes and no significant interac-
tion between sex and time.

Significant effects of time (b= 4.18, p < 0.003) and sex
(b=11.78, p < 0.001) were observed on the active lever presses
during EtOH FR-1. The number of active lever presses increased during
this period. The sex analysis demonstrated that female rats had more

Fig. 4. Comparison between male and female rats in context-induced reinstatement of
alcohol-seeking. Total number of (A) active and (B) inactive lever presses in rats tested in
the Context B or Context A during reinstatement test. Data are showed as mean ±
standard error of mean (SEM). * different from Context B, p < 0.05, n= 6–7 per group.

Fig. 5. Context-induced reinstatement of alcohol-seeking is associated with Fos induction
in orbitofrontal cortex. (A) Number of Fos-IR nuclei per mm2 in orbitofrontal cortex. Data
depicted as mean ± standard error of mean (SEM). * different from context B p < 0.05,
n= 6 per group. (B) Area used for quantifying Fos-IR neurons in the orbitofrontal cortex
of rats. Fos-IR nuclei in orbitofrontal cortex captured at 100x magnification of rats that
were exposed to (C) context B and (D) context A in the test day.
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active lever presses than the male rats. Further, time (b= 1.89,
p < 0.003) and sex (b=6.58, p < 0.001) also had a significant effect
on the number of reinforcements, indicating that rats increased the
number of reinforcements during EtOH/FR-1 training, and female rats
had more reinforcements than male rats. Further, a significant inter-
action between sex and time was observed for inactive lever presses,
which indicated that the female rats pressed the inactive lever fewer
times than the male rats.

Statistical analyses of VI-30 interval data demonstrated the effect of
time alone (b=− 5.03, p < 0.003) on active lever presses, demon-
strating a decrease of presses over time. No statistical differences were
observed between the sexes; there was no significant interaction be-
tween sex and time.

During the extinction phase, time had a significant effect on active
(b=− 3.76, p < 0.001) and inactive (b=− 0.86, p < 0.001) lever
presses. A decrease in the numbers of active and inactive lever presses
were observed. There were not significant differences between the sexes
and, there was no significant interaction between the sex and time
factors.

In summary, the data indicated that the self-administration re-
sponses and reinforces during the saccharin, ethanol+ saccharin,
ethanol IV-30 training, and extinction sessions did not significantly
differ between male and female rats. Female rats, however, showed a
higher number of active lever presses and ethanol reinforcements
compared to those of the male rats during the ETOH/FR-1 training.

Fig. 3 depicts the mean ± SEM total alcohol consumption (g/kg)

Fig. 6. Alcohol self-administration training and extinction of alcohol reinforcement responding of Experiment 2. Rats were trained to self-administer alcohol 10%. (A) Graphical
representation of the experimental design used in Experiment 2, see Methods for details. (B) Number of infusions and active and inactive lever presses during alcohol self-administration
training in context A (n=33). Data represented mean ± standard error of mean (SEM). (C) Number of reinforcements and presses on the active and inactive lever during the ten
extinction sessions conducted in the absence of ethanol in context B. Data represented mean ± SEM.
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during the two-bottle choice paradigm (Fig. 3A), operant self-admin-
istration in FR-1 (Fig. 3B), and operant self-administration in VI-30
(Fig. 3C). Fig. 3D and E show the correlation between the number of
reinforcements achieved during the last VI-30 training session and the
blood alcohol levels in male and female rats, respectively.

Alcohol consumption was higher in female rats than in male rats
during exposure to the two-bottle choice test (t(8) =− 3.29;
p < 0.05), self-administration training in FR-1 (t(10) =− 4.77;
p < 0.05), and VI-30 (t(8)=− 8.74; p < 0.05).

Immediately after the end of the last VI-30-s session, blood samples
(100 μl) were collected from the tip of the tail of male and female rats. A
significant correlation between the number of reinforcements and blood
alcohol level for male (r= 0.59; p < 0.05) and female (r= 0.47;
p < 0.05) rats was observed.

On the test day, we assessed context-induced reinstatement of al-
cohol-seeking behavior by assessing non-reinforced lever presses in
Context A versus Context B. Fig. 4A and B depict the mean ± SEM
number of active and inactive lever presses, respectively, during the test
day for male and female rats. For active lever presses, there was a
significant difference between context (A vs. B: F(1.22)= 8.50,
p < 0.05) but not between sex (F(1.22) = 1.02, p > 0.05). There was
also no significant interaction between context and sex (F(1.22)= 0.02,
p > 0.05). The results indicate that exposure to context A, but not
context B, increased active non-reinforced lever pressing independent
of sex.

To assess whether the difference between male and female rats
observed during the ETOH/FR-1 training could influence the re-
instatement test, we analyzed the active lever-press data during the test
day using a two-way ANCOVA with between-subject factors of context
(A, B) and sex (male, female) and the covariate of average of active
lever-presses during the 6 days of FR-1. This analysis did not show a
significant interaction between context and sex (F(1.21) = 0.012,
p > 0.05). The lever presses of male and female rats during the ETOH/
FR-1 training did not have an effect on active lever-presses on the test
day.

Since no significant differences were observed between male and
female rats in the reinstatement test, we grouped male and female rats
for Fos-immunoreactive analysis and for experiment 2.

We aimed to determine whether context-induced reinstatement of
alcohol-seeking behavior was associated with increased Fos-im-
munoreactive nuclei (Fos-IR) in the OFC. We analyzed Fos expression in
the OFC using Context (A, B) as the between-subject factor. We also
determined the proportion of all OFC neurons expressing Fos during the
reinstatement test using double-labeling immunohistochemistry.

Exposure to the Alcohol Context A increased the number of Fos-IR
nuclei in the OFC (Fig. 5A). Fos-IR levels were higher in Context A than

in Context B (t(10) = 2.23; p < 0.05).

3.2. Experiment 2: baclofen+muscimol inactivation of orbitofrontal cortex
decreased context-induced reinstatement of alcohol-seeking

Fig. 6B depicts the mean ± SEM number of alcohol reinforcements
and active and inactive lever presses during the training phase in
Context A. The rats showed consistent alcohol self-administration as
indicated by the increase in active lever presses during the VI-30 ses-
sion. Fig. 6C depicts the mean ± SEM number of previously active and
inactive lever during the 10 extinction sessions in context B. As ex-
pected, the number of active lever presses decreased over time. Fig. 7
shows the significant correlation between the number of reinforcements
achieved during the last VI-30 training session and the blood alcohol
level (r= 0.68; p < 0.05).

The reversibly inactivating procedure with baclofen+muscimol
was used to determine the OFC causal role in context-induced re-
instatement of alcohol-seeking behavior. A two-way ANOVA demon-
strated the significant interaction between Context (A, B) and Drug
(Vehicle, Muscimol+Baclofen) for active lever presses (F(1.28) = 8.75,
p < 0.05). Post-hoc analysis indicated that the muscimol+ baclofen
injections into the OFC attenuated active lever pressing in Context A,
but not during Extinction Context B. There was no significant interac-
tion between Context (A, B) and Drug (Vehicle, Muscimol+Baclofen)
for inactive lever presses (F(1.28) = 3.06, p > 0.05) (Fig. 8A and B).

Finally, to eliminate the possibility that the effect of injecting
muscimol+ baclofen into the OFC were due to motor deficits, we re-
trained 9 rats that previously participated in Experiment 3 to lever press
for 0.2% saccharin solution. After a stable response was observed, we
determined the effect of muscimol+ baclofen or vehicle injections into
the OFC on high-rate operant response for saccharin. A two-way
ANOVA revealed a significant difference between Lever (Active vs.
Inactive: F(1.22) = 21.33, p < 0.05) but did not indicate a significant
interaction between Lever (Active, Inactive) and Drug (Vehicle,
Muscimol+Baclofen; F(1.14)= 0.00021, p > 0.05). Local inactivation
of the OFC with muscimol+ baclofen had no effect on the high-rate
saccharin response, indicating that their effects on context-induced
reinstatement of alcohol-seeking behavior were not due to motor defi-
cits (Fig. 8D).

4. Discussion

In the current study, we investigated the role of the OFC in context-
induced reinstatement of alcohol-seeking behavior. Our results corro-
borated with previous reports (Marchant et al., 2013; Willcocks and
McNally, 2013) demonstrating that alcohol-seeking behavior was in-
duced by re-exposure to the alcohol-associated context after the ex-
tinction of drug self-administration in a different context. We demon-
strated that the context-induced reinstatement of alcohol seeking was
associated with increased Fos expression in the OFC. Reversible in-
activation of OFC attenuated context-induced reinstatement of alcohol-
seeking behavior. There was no difference in the observed context-in-
duced reinstatement of alcohol-seeking behavior between male and
female rats.

Context-induced reinstatement of extinguished drug seeking beha-
vior has been observed for several drugs of abuse, including cocaine
(Cruz et al., 2014; Lasseter et al., 2009), heroin (Bossert et al., 2011),
nicotine (Diergaarde et al., 2008), and alcohol (Marchant et al., 2013;
Willcocks and McNally, 2013). Our results corroborated with clinical
studies indicating that a context which was previously associated with
alcohol use often provoked relapse during abstinence (Litt and Cooney,
2000; O'Brien et al., 1990).

We observed that female rats showed higher alcohol consumption
than males (g/kg) when exposed for 5 days in a two-bottle choice
paradigm. Female rats also presented greater active lever presses, re-
inforcements, and alcohol intake (g/kg) during FR-1 training compared

Fig. 7. Blood alcohol determination of Experiment 2. Immediately after the end of the last
VI–30 s session, blood samples (100 μl) were collected from the tip of the tail of rats
(n=35). The graph depicts correlation plots of the number of reinforcements achieved
during the last training session as a function of the blood alcohol level (r= 0.68,
p < 0.05).
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to male rats. Throughout the VI-30 phase, male and female rats showed
similar numbers of active lever presses and reinforcements; the female
rats, however, showed greater alcohol intake (g/kg) than the male rats.
This finding is supported by several previous studies in which females
showed more alcohol intake than males (Almeida et al., 1998; Gamsby
et al., 2013; Juarez and Barrios de Tomasi, 1999; Lancaster and Spiegel,
1992; Maldonado-Devincci et al., 2010; Walker et al., 2008). However,

some previous studies demonstrated similar alcohol consumption be-
tween male and female rats (Schramm-Sapyta et al., 2014; van Haaren
and Anderson, 1994; Varlinskaya and Spear, 2015). Further, Randall
et al. (2017), observed that although male rats tended to have greater
alcohol-reinforced responses, female rats showed greater alcohol intake
(g/kg) (Randall et al., 2017).

During the assessment of extinction and relapse-like behavior, there

Fig. 8. Baclofen+muscimol inactivation of the orbitofrontal cortex decreased context-induced reinstatement of alcohol-seeking. Total (A) active and (B) inactive lever-presses during
context-induced reinstatement of alcohol-seeking on test day (n=7–11 per group). Data are depicted as mean ± standard error of mean (SEM). * different from all groups, p< 0.05. (C)
Dots indicate approximate area of injector tip. (D) Local inactivation of the orbitofrontal cortex with muscimol+ baclofen had no effect on the high-rate response to 0.2% saccharin
reinforcements. Rats were tested after 2 days of 2% saccharin self-administration training (n= 6–7) per group. Data are depicted as mean ± SEM. * Different from inactive lever,
p < 0.05.
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was no sex differences in the number of lever presses throughout ex-
tinction or the context-induced reinstatement test. These findings cor-
roborated with the study conducted by Randall et al. (2017), in which
no differences in the responses during the extinction sessions and re-
instatement of alcohol seeking test were observed between male and
female rats.

Few studies have investigated sex differences in the reinstatement of
alcohol seeking in rats. For instance, McKinzie et al. (1998) did not find
any sex differences in the reinstatement of alcohol-seeking behavior
and alcohol consumption when measured after a long period of alcohol
deprivation. In contrast, Bertholomey et al. (2016) demonstrated that
female rats were more sensitive to yohimbine-induced reinstatement of
alcohol-seeking behavior than the male rats.

Addictive drugs modify brain circuits that are crucial for the normal
control of behaviors (Kauer and Malenka, 2007; Koob and Volkow,
2010; Schoenbaum et al., 2006). Numerous studies have demonstrated
that drug seeking and drug relapse are mediated by drug-induced
changes in the OFC (Jentsch and Taylor, 1999; London et al., 2000;
Schoenbaum et al., 2006; Volkow and Fowler, 2000). However, the
majority of these studies investigated the involvement of the OFC in
psychostimulant-induced addiction-like behaviors (London et al., 2004;
Stapleton et al., 1995). For instance, brain imaging studies revealed that
drug-related cues increase the activation of the OFC in cocaine, me-
thamphetamine, and heroin users (London et al., 2004; Stapleton et al.,
1995; Volkow et al., 2001; Volkow and Fowler, 2000; Volkow et al.,
1991). To our knowledge our study is the first to demonstrate the in-
volvement of the OFC in context-induced reinstatement of alcohol-
seeking behavior.

Immunohistochemistry studies have suggested a correlation be-
tween cue- or context-induced drug seeking and OFC activation. For
instance, it was demonstrated that exposure to cues previously paired
with cocaine or heroin administration increased the expression of
Zif268 and c-Fos (neuronal activation markers) in the OFC (Fanous
et al., 2012; Morgan and Curran, 1991; Thomas et al., 2003).

Functional studies also confirmed the involvement of OFC in con-
textual cues that induce drug-seeking behaviors. Lasseter et al. (2009)
reported that reversible inactivation of the OFC using a mixture of
GABAergic agonists, i.e., muscimol and baclofen, impaired context-in-
duced reinstatement of cocaine-seeking behavior in rats. Similarly,
Fanous et al. (2012) demonstrated that injections of ba-
clofen+muscimol into the OFC decreased cue-induced heroin seeking.

We speculated that the role of the OFC in context-induced re-
instatement of drug-seeking could be attributed to its involvement in
memory processes (Moorman and Aston-Jones, 2014). Lasseter et al.
(2011) demonstrated that the BLA and lateral OFC are critical elements
of the neural circuitry that regulate drug context-induced reinstatement
of cocaine-seeking behavior. For example, re-exposure to alcohol-as-
sociated context increased c-Fos mRNA expression in the BLA, sug-
gesting that this brain region plays a role in context-induced re-
instatement of alcohol-seeking behavior (Marinelli et al., 2007).
Further, OFC neurons fired in anticipation of the presentation of either
reward or punishment during an odor-discrimination task (Schoenbaum
et al., 1998; Schoenbaum et al., 2003). Moreover, evidence has de-
monstrated that the OFC plays an important role in the acquisition and
expression of Pavlovian stimulus-outcome associations (Ostlund and
Balleine, 2007; Panayi and Killcross, 2014). Overall, these findings in-
dicated that neural activity of the OFC and associated limbic areas plays
a role in the memory or motivational significance of associated stimuli
to guide goal-directed behavior.

In conclusion, although male and female Long-Evans rats showed
differences in alcohol intake and responses during the self-administra-
tion training, no differences in number of lever presses was observed
during the extinction or reinstatement of alcohol-seeking behavior. In
addition, the functional inactivation of the OFC prevented reinstate-
ment of an extinguished response to alcohol. Thus, we demonstrated
that the OFC is required for context-induced reinstatement of alcohol-

seeking behavior.
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