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Evidence indicates that drug relapse in humans is often provoked by exposure to
the self-administered drug-associated context. An animal model called “ABA renewal
procedure” has been used to study the context-induced relapse to drug seeking. Here,
we reported a new and feasible training procedure for the ABA renewal method to
explore the role of the prelimbic cortex in context-induced relapse to ethanol seeking.
By using a saccharin fading technique, we trained rats to self-administer ethanol
(10%). The drug delivery was paired with a discrete tone-light cue. Lever pressing
was subsequently extinguished in a non-drug-associated context in the presence of
the discrete cue. Rats were subsequently tested for reinstatement in contexts A or
B, under extinction conditions. Ethanol-associated context induced the reinstatement
of ethanol seeking and increased the expression of Fos in the prelimbic cortex. The
rate of neural activation in the prelimbic cortex was 3.4% in the extinction context
B and 7.7% in the drug-associated context A, as evidenced by double-labeling of
Fos and the neuron-specific protein NeuN. The reversible inactivation of the neural
activity in the prelimbic cortex with gamma-Aminobutyric acid (GABA) receptor agonists
(muscimol + baclofen) attenuated the context-induced reinstatement of ethanol self-
administration. These results demonstrated that the neuronal activation of the prelimbic
cortex is involved in the context-induced reinstatement of ethanol seeking.

Keywords: prelimbic, pharmacologic inactivation, context, reinstatement, ethanol

INTRODUCTION

Ethanol is the most commonly used addictive substance worldwide (UNODC, 2016). The harmful
use of ethanol is responsible for 3.3 million deaths each year (UNODC, 2016). Relapse represents
a prevalent and significant problem in ethanol addiction. Indeed, given the high rate of recidivism
in alcoholism, relapse is clearly a major impediment to treatment efforts of this disorder (Fox et al.,
2008; Sinha, 2009; Becker and Koob, 2016).

Evidence indicates that drug relapse in humans is often provoked by exposure to the
self-administered drug-associated context (O'Brien et al., 1990; Gauggel et al., 2010). In this
regard, clinical reports and laboratory studies have shown that factors associated with ethanol
consumption may induce relapse in humans (O’Brien et al,, 1990; Kirk and de Wit, 2000;
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Litt and Cooney, 2000). For instance, abstinent alcoholics
have reported that specific environmental cues elicit craving
for ethanol (McCusker and Brown, 1990; Litt et al., 2000;
Gauggel et al,, 2010). An animal model known as “ABA renewal
procedure” has been used to study the context-induced relapse to
drug seeking (Bouton et al., 2006; Crombag et al., 2008; Bouton,
2011, 2014; Bouton et al., 2014; Bouton and Schepers, 2015). In
this animal model, rats are trained to self-administer the drug in a
context (context A); during the training, drug infusions are paired
with a discrete tone-light cue. The lever pressing is subsequently
extinguished in a non-drug-associated context (context B) in
the presence of the discrete cue. The rats are subsequently
tested for reinstatement in the drug-associated context under
extinction conditions (Crombag et al., 2008; Lasseter et al., 20105
Marchant et al., 2013). Since it was first demonstrated by Burattini
et al. (2006), context-induced ethanol seeking has been replicated
in several studies (Bossert et al., 2013; Marchant et al., 2014;
Willcocks and McNally, 2014).

Studies have demonstrated the participation of cortical
areas in both relapse and extinction of drug seeking (Bossert
et al, 2012; Willcocks and McNally, 2013; Marchant et al,
2015). Specifically, the prelimbic cortex is associated with
reinstatement of drug seeking, while the infralimbic cortex is
implicated in the extinction of drug seeking (Peters et al.,
2009; Van den Oever et al., 2010). In this regard, it was found
that inactivation of the prelimbic cortex (using the sodium
channel blocker tetrodotoxin-TTX) impaired the context-
induced cocaine seeking (Fuchs et al., 2005). Moreover, the
reversible inactivation (using muscimol + baclofen, gamma-
aminobutyric acid (GABA) a + GABAb agonists, respectively)
of the infralimbic cortex impaired the extinction of cocaine
self-administration (Muigg et al., 2008). Similarly, Willcocks
and McNally (2013) reported that the reversible inactivation of
prelimbic cortex by muscimol + baclofen decreases context-
induced reinstatement of alcoholic beer-seeking.

However, the modulation of extinction and seeking behavior
by infralimbic versus prelimbic cortex is supported by numerous
studies (Rogers et al., 2008; Koya et al., 2009a; Rocha and Kalivas,
2010; Warren et al., 2016). While some studies reported a role
of the prelimbic cortex in drug seeking behavior (McFarland
and Kalivas, 2001; Kalivas and McFarland, 2003; Peters et al.,
2009; Calu et al,, 2013), other studies have indicated that
the inactivation of the prelimbic areas does not attenuate the
reinstatement of drug seeking (Koya et al., 2009a; Bossert et al.,
2011; Li et al,, 2015a). Although the infralimbic cortex has been
implicated in the extinction of drug seeking (Peters et al., 2009;
Warren et al., 2016), many studies have demonstrated that the
inactivation of the ventral medial prefrontal cortex (brain area
that comprises the infralimbic cortex) has no effect on this
behavior (Rogers et al., 2008; Koya et al., 2009a; Rocha and
Kalivas, 2010; Warren et al., 2016). Recently, it was demonstrated
that the ventral medial prefrontal cortex encodes neuronal
ensembles related to both food reward and extinction memories
(Rhodes and Killcross, 2004, 2007; Ishikawa et al., 2008; Peters
et al., 2008; Warren et al., 2016).

Here, we used Fos immunohistochemistry and the mixture of
muscimol and baclofen in the activation procedure to examine

whether the context-induced reinstatement of ethanol seeking is
mediated by the prelimbic cortex.

MATERIALS AND METHODS

Animals

We used rats (male Long-Evans, 350-450 g; n = 86), obtained
from the animal breeding facility of the Sdo Paulo State
University-UNESP. Groups of four animals were housed in
plastic cages (32 x 40 x 16 cm) with unrestricted access to
food and water. Rats were continuously maintained on a reversed
light/dark cycle (12 h/12 h, lights off at 07:00 a.m.) in a room
with controlled temperature (23 & 2°C). All experiments were
performed during the dark phase. The experimental protocol
was approved by the Ethical Committee for Use of Animal of
Physical Institute of Sao Carlos, Sdo Paulo University (Protocol
#01/2015) and were conducted according to the ethics principles
of the Conselho Nacional de Controle de Experimentagdo Animal
(CONCEA).

Twenty-one rats were excluded from the study: 14 for poor
training (<10 reinforcements/day) or because they did not reach
the extinction criterion (<25 responses/day), four for misplaced
cannulae, and three because they lost their head caps.

Apparatus

Standard Med Associates (St. Albans, VT, United States) self-
administration chambers were used in all experiments. Two
different contexts were set up as described in Cruz et al. (2014).
Context A corresponded to the ethanol paired context and
context B corresponded to the non-drug extinction context.

Drugs

The following compounds were used: Ethanol 96% (Synth);
flunixine-meglumine (Schering-Plough); streptomycin and
penicillin polyantibiotic (Fort Dodge); tribromoethanol (Sigma-
Aldrich); baclofen (Tocris Bioscience); muscimol (Tocris
Bioscience); and saccharin (Sigma).

Experimental Design

We used a protocol adapted from Willcocks and McNally (2013).
By using a saccharin fading technique, we trained rats to self-
administer ethanol (10%) over 24 days. The drug delivery
was paired with a discrete tone-light cue. Lever pressing was
subsequently extinguished in a non-drug-associated context in
the presence of the discrete cue during 8 days. The rats were
subsequently tested for reinstatement in context A or context B
under extinction conditions (Figure 1).

Ethanol Self-administration Training

Initially, the rats had free access to ethanol (10% w/v) and
water for 3 days consecutively in their homecages, to habituate
them to the ethanol taste, as previously described by Ledo et al.
(2015). Subsequently, they were trained to self-administrate 10%
ethanol using a saccharin fading procedure. Twenty-four sessions
were performed during the training phase: Four sessions where
0.1 ml of 0.2% saccharin solution was delivered, followed for two
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sessions where an active lever press resulted in the delivery of
0.1 ml of 0.2% saccharin-plus-10% ethanol (w/v). Subsequently,
we performed two sessions where an active lever press resulted
in the delivery of 0.1 ml of 0.05% saccharin-plus-10% ethanol
(w/v), followed by six sessions where only 10% ethanol (w/v)
was delivered. During these phases of the training in context A,
saccharin and/or ethanol reinforcements were earned under a
fixed ratio 1 (FR1) with a 20-s timeout reinforcement schedule
and paired with a compound tone (2,900 Hz; 20 dB above
background) and light (7.5 W white light) cue for 2.3 s. Following
the FR1 session, we trained rats on a variable-interval 30-s
(VI-30) schedule of reinforcement for 10 sessions (Marchant
et al.,, 2016). During the VI-30 sessions, a 10% ethanol (w/v)
delivery was available after an active lever press at pseudo-
random intervals (1-59 s) after the preceding ethanol delivery.
The ethanol deliveries were also paired with a compound tone
(2,900 Hz; 20 dB above background) and light (7.5 W white light)
cue for 2.3 s.

The initiation of each training session was signaled by the
illumination of the house-light and the insertion of the active
lever into the chamber. Inactive lever presses had no programmed
consequences. All training sessions were performed for 1 h each.

After the end of the last VI-30 session, blood samples (50 1)
were collected from the tip of the tail of each rat. The blood
samples were analyzed by an enzymatic system (AM1 Analyzer,
Analox Instruments Ltd, London, United Kingdom) on the basis
of the measurement of oxygen consumption in the ethanol-
acetaldehyde reaction. This procedure was performed to check
if all the delivered ethanol was consumed by the animals.

Extinction of Ethanol Self-administration

Extinction was performed in a non-drug-associated context
(context B) in the presence of the same discrete cue described
above, but the responses on the previously active lever were
reinforced by ethanol delivery. The ethanol self-administration
behavior was considered extinct when the rats met the extinction
criterion of <15 presses per 1 h session. A minimum of eight
extinction sessions were performed.

Test for Context-Induced Reinstatement

We tested the rats for ethanol seeking (active lever presses under
extinction conditions) in 30-min sessions in contexts A or B
under extinction parameters (VI-30 schedule of reinforcement),
in which an active lever press was not reinforced by ethanol
delivery (Cruz et al., 2014).

Implantation of Intracranial Cannulas

After the rats were anesthetized with tribromoethanol
(250 mg/kg; intraperitoneal injection [i.p.]), permanent
guide cannulas (23-gauge, Master-One Ribeirdo Preto, Sao
Paulo, Brazil) were implanted bilaterally 1 mm above the
prelimbic cortex. We used the stereotaxic coordinates according
to Paxinos and Watson (2005) and according to Willcocks
and McNally (2013). The nose bar was set at —3.3 mm and
the coordinates for the prelimbic cortex were as follows:
anteroposterior (AP) +3.0 mm, medial lateral (ML) £+ 1.5 mm
(10° angle), and dorsal ventral (DV) —3.0 mm (Figure 5C).

After the surgery, the rats were treated with a streptomycin and
penicillin polyantibiotic formulation (0.27 mg/kg, intramuscular
injection [i.m.]; Pentabiotico, Fort Dodge, Campinas, Sdo Paulo,
Brazil) to prevent infections, and received the non-steroidal
anti-inflammatory drug flunixine-meglumine (0.025 mg/kg,
i.m.; Banamine, Schering-Plough, Cotia, Sdo Paulo, Brazil) for
post-operative analgesia.

Intracranial Injections and Histology

Fifteen minutes prior to the test, bilateral injections of
saline or muscimol (0.03 nmol/0.5 pl/side) + baclofen
(0.3 nmol/0.5 l/side) (Tocris Bioscience) dissolved in saline
were performed in the prelimbic cortex. The doses were based
on previous studies (McFarland and Kalivas, 2001; Bossert
et al, 2011; Cruz et al, 2014). The intracranial injections
were administered using a syringe pump (Harvard Apparatus,
Holliston, MA, United States) and 10 pl Hamilton syringes
that were attached via polyethylene 50 tubing to 30-gauge
injectors (Plastics One). Muscimol + Baclofen or saline were
injected over 1 min and the injectors were left in place for
1 min. At the end of the study, the rats were injected with an
overdose of tribromoethanol (500 mg/kg, i.p.). Subsequently,
their brains were removed, frozen, and sectioned coronally at
40 pm using a cryostat. All sections containing the cannula tracts
were collected, stained for cresyl violet, and coverslipped with
Permount (Sigma).

Experiments

Experiment 1: Context-Induced Reinstatement of
Ethanol Seeking

In the test group (A-B-A), ethanol self-administration was trained
in context A, extinction training in context B (1 h per day), and
reinstatement test in context A (30 min). In the control group
(A-B-B), ethanol self-administration was trained in context A,
extinction training in context B (1 h per day), and reinstatement
test in context B (30 min). A total of 34 animals were used. The
experimental design was based on Cruz et al. (2014).

Experiment 2: Prelimbic Cortex Neuronal Activation
after Context-Induced Reinstatement of Ethanol
Seeking

We used immunohistochemistry to characterize the involvement
of the prelimbic cortex in the context-induced reinstatement of
ethanol operant self-administration.

At the end of the reinstatement test, the rats used
in Experiment 1, were anesthetized with tribromoethanol
(250 mg/kg, i.p.) and perfused with 100 ml phosphate-buffered
saline (PBS) followed by 400 ml 4% paraformaldehyde.

The brains were post-fixed in 4% paraformaldehyde for 90 min
and transferred to 30% sucrose in PBS at 4°C for 2-3 days.
Brains were frozen in powdered dry ice and kept at —80°C until
sectioning. Coronal sections were cut at 40 pm. 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 (1:4000,
sc-52; Santa Cruz Biotechnology) diluted in blocking solution.
After further washing with PBS, sections were incubated for
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FIGURE 1 | Schematic representation of the experimental design. The protocol was adapted from Willcocks and McNally (2013). Briefly, rats were given access to
10% ethanol in their home cages. Using a saccharin fading technique, rats are trained to self-administer 10% ethanol in context A. Subsequently, the lever pressing
in the presence of the discrete cue was extinguished in context B. The context-induced reinstatement of drug seeking was assessed by re-exposing the rats to
context A or B under extinction conditions. See Methods for more details. (A) Training phase; (B) Extinction phase; (C) Test day.

Context B
\ )

Variable Interval (30s)
1 session (30 min)

2 h with 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 3,3'-diaminobenzidine for approximately
3 min, transferred into PBS, and mounted onto chrome alum-
gelatin-coated slides. Once dry, the slides were dehydrated
through a graded series of alcohol and cleared with xylol
(LabSynth, SP, Brazil) before coverslipping with Permount
(Sigma-Aldrich, St. Louis, MA, United States).

Bright-field images of Fos immunoreactivity in the prelimbic
cortex were captured by using a CCD camera (Coolsnap
Photometrics, Roper Scientific Inc.) and QimagingExi Aqua
attached to a Zeiss Axioskop 2 microscope. Images for counting

the labeled cells were captured at 100 x magnification. Labeled
cells from 3-4 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). Each
rat was considered as one sample, and the cell counts from all the
images of each rat were averaged for statistical comparisons (Cruz
etal, 2014).

Experiment 3: Quantification of the Activated Cortex

Neurons Using Double-Labeling Immunofluorescence
We used double-labeling immunofluorescence to characterize
the neuronal activation of the prelimbic cortex during the
reinstatement tests. For these experiments, we used four
animals from each group. All rats were perfused with
4% paraformaldehyde 90 min after the beginning of the

Frontiers in Pharmacology | www.frontiersin.org

4 October 2017 | Volume 8 | Article 725


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Palombo et al.

Context-Induced Reinstatement of Ethanol-Seeking

reinstatement test. The dissected brains were processed as
described above and were kept at —80°C until sectioning.
Coronal sections were cut between bregma +2.5 mm and
+3.7 mm (Paxinos and Watson, 2005).

For these assays, we used sections obtained from a subset of
the brains used in the previous Fos immunohistochemistry assays
(n = 4 rats from each group). The proportion of all prelimbic
cortical neurons expressing Fos during the reinstatement test
were determined by double-labeling for Fos and the neuron-
specific protein NeuN. For Fos + NeuN labeling, sections
were washed three times in Tris-buffered saline (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 rabbit anti-Fos (1:400, sc-52; Santa Cruz)
and mouse anti-NeuN (1:2000, MAB37; EMD Millipore). The
sections were further washed three times in TBS and incubated
with secondary fluorescent antibodies diluted in TBS with
0.2% Triton X-100 for 2 h on a shaker at room temperature.
The secondary antibodies were Alexa Fluor 488-labeled donkey
anti-rabbit (1:200, A-10042; Invitrogen) and Alexa Fluor 560
donkey anti-mouse (1:2000, A-10238; Invitrogen) to label Fos
and NeuN, respectively. After labeling, sections were washed
in TBS, mounted onto chrome alum-gelatin-coated slides, and
coverslipped with VectaShield hard-set mounting media. All
fluorescent images of the prelimbic cortex were captured by
using a CCD camera (Coolsnap Photometrics, Roper Scientific)
attached to a Zeiss Axioskop 2 microscope. Images for the
co-localization of Fos and NeuN were captured at 200x
magnification. The number of Fos-labeled and double-labeled
cells from the prelimbic cortex of one section per rat were
counted using iVision for Macintosh, version 4.0.15 (Biovision
Technologies).

We determined the proportion of all prelimbic cortical
neurons expressing Fos (i.e., Fos™NeuNT cells) during the
reinstatement test as described in Cruz et al. (2014).

Experiment 4: Effect of the Pharmacological
Inactivation of the Prelimbic Cortex on the
Context-Induced Reinstatement of Ethanol Seeking
Thirty-one Long-Evans rats were anesthetized and implanted
with permanent bilateral guide cannulas into the prelimbic cortex
as described above. Subsequently, rats underwent ethanol self-
administration training and extinction as described above. On the
test day, the rats received bilateral injections of either muscimol
(0.03 nmol/0.5 pl/side) + baclofen (0.3 nmol/0.5 l/side)
(TocrisBioscience) dissolved in sterile saline 0.9% or saline 0.9%
alone, 15 min prior to the reinstatement test as described above.
The number of rats per group was as follows: vehicle context B,
n = 8; baclofen + muscimol context B, n = 6, vehicle context
A, n = 9; and baclofen + muscimol context A, n = 8. To rule
out the possibility that the effect of baclofen + muscimol on
the test day was due to motor deficits, 18 rats were trained after
the completion of this experiment to lever-press for 0.2% of
saccharin under an FR1 and 20-s timeout reinforcement schedule
for five 60-min sessions. Subsequently, we assessed the effect of
vehicle or baclofen 4+ muscimol injections into the prelimbic

cortex on the saccharin-maintained responding in a 30-min
session. At the end of the test session, the rats were deeply
anesthetized with tribromoethanol (500 mg/kg) and perfused
with 100 ml PBS followed by 400 ml paraformaldehyde (4%).
The brains were post-fixed in 4% paraformaldehyde for 90 min
and transferred to 30% sucrose in PBS at 4°C for 2-3 days. The
brains were frozen in powdered dry ice and kept at —80°C until
sectioning.

Statistical Analyses

All statistical analyses were performed by using Statistic, StatSoft.
The data were analyzed by analysis of variance (ANOVA);
Newman-Keuls test was used for post hoc analyses when
the ANOVA indicated significant main or interaction effects
(p < 0.05).

RESULTS

Experiments 1-4: Training and Extinction
Figures 2A,B depicts the mean (%standard error of the mean
[SEM]) the number of ethanol reinforcements and presses on the
active and inactive levers during the training phase in context
A in all experiments. The rats displayed a consistent ethanol
self-administration, as indicated by the increase in the number
of infusions and active lever presses over the training sessions.
Figures 2C,D depicts the mean (=SEM) number of lever presses
on the previously active and inactive levers during the first eight
extinction sessions in context B. As expected, the active lever
presses decreased over time. Figure 3 shows the correlation
between the number of reinforcements achieved during the
last training session and the blood ethanol levels, indicating a
significant correlation (r = 0.5735, p < 0.01; Figure 3).

For experiments 1-3, on the test day, we assessed the
context-induced reinstatement of ethanol seeking by assessing
the non-reinforced lever presses in context A versus context B
(Figure 4A). The exposure to context A, but not context B,
increased the non-reinforced active lever pressing. The results
indicated a significant interaction between context (A and B) and
lever (active and inactive) (Fj ¢4 = 19.89, p < 0.0001).

Experiment 2: Context-Induced
Reinstatement of Ethanol Seeking Is
Associated with Increased Fos
Expression in the Prelimbic Cortex, But
Not in the Infralimbic and Cingulate
Cortex

In Experiment 2, we determined whether the context-induced
reinstatement of ethanol seeking was associated with increased
Fos-immunoreactive nuclei (Fos-IR) in the prelimbic,
infralimbic, and cingulate cortex (Figure 4C). We analyzed
the Fos expression by using the between-subject factor of context
(contexts A and B) and the within-subject factor of the cortical
region (cingulate, infralimbic, and prelimbic).

Exposure to context A increased the number of Fos-IR
nuclei in the prelimbic cortex, but not in the infralimbic
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FIGURE 2 | Training and extinction of ethanol reinforcement responding. (A,B)
Rats were trained to self-administer ethanol over 24 days. Data depict the
mean (+standard error of the mean [SEM]) number of infusions, and active
and inactive lever presses during ethanol self-administration training in context
A'in Experiments 1-3 (n = 34) and experiment 4 (n = 31). (C,D) Mean (+SEM)
number of presses on the active lever and inactive lever during eight extinction
sessions conducted in context B in Experiments 1-4.

and cingulate cortical regions (Figure 4B). The results in
the prelimbic cortex further demonstrated a significant main
effect of the context (Fj ;7 = 6.24; p < 0.01). The number
of Fos-IR nuclei was higher in context A than in context B
(p < 0.01).

Experiment 3: Quantification of Activated Cortex

Neurons Using Double-Labeling Immunofluorescence
In Experiment 3, we used double-labeling immunofluorescence
(Figures 4E-G) to determine the percentage of Fos-expressing
neurons in sections obtained from a subset of the brains used in
Experiment 1 (n = 4 rats per group). In the prelimbic cortex, the
percentage of activated neurons was 3.4 & 0.1% and 7.74 & 0.3%
of all neurons following the exposure to context B and context
A, respectively. The percentage of activated neurons observed
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FIGURE 3 | Blood ethanol determination. Immediately after the end of the last
VI-30 session, blood samples (50 pl) were collected from the tip of the tail of
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in the infralimbic cortex was 2.5 £ 1.3% and 3.16 %+ 0.62%
following the exposure to context B and context A, respectively.
The percentage of activated neurons in the cingulated cortex
was 1.1 £ 0.1% and 3.96 + 1.31% following exposure to
contexts B and A, respectively (Figure 4D). The results in the
prelimbic cortex further demonstrated a significant main effect
of the context (F;7; = 24.41; p < 0.0001). The percentage
of Fos-IR nuclei was higher in context A than in context B
(p < 0.001).

Experiment 4: Muscimol + Baclofen
Inactivation of the Prelimbic Cortex
Decreased the Context-Induced

Reinstatement of Ethanol Seeking

In this experiment, we used a reversibly inactivating procedure
by applying muscimol + baclofen (McFarland and Kalivas, 2001;
Bossert et al., 2011; Bossert et al., 2012; Cruz et al., 2014) to
determine the role of the prelimbic cortex in the context-induced
reinstatement of ethanol seeking. The results of this experiment
indicated a significant interaction among context (A, B), lever
(active, inactive), and drug (vehicle, muscimol + baclofen),
F1’58 = 5.15;p < 0.05.

For active lever, the two-way ANOVA indicated significant
interaction between context (A, B) and drug (vehicle,
muscimol + baclofen) factors, Fj 29 = 5.50; p < 0.001. The post
hoc statistical analysis indicated that the muscimol + baclofen
injections into the prelimbic cortex attenuated the active
lever pressing in context A (p < 0.001), but not in context B
(Figure 5A).

For inactive lever, none interaction was observed between
context (A, B) and drug (vehicle, muscimol + baclofen) factors,
Fi29 = 0.20; p > 0.05 (Figure 5B).
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Finally, to rule out the possibility that this effect was due to
motor deficits, we re-trained 18 rats that previously participated
in Experiment 4 to lever presses for a 0.2% saccharin solution.
After a stable responding was observed, we determined the effect
of muscimol + baclofen or vehicle injections into the prelimbic
cortex on high-rate operant responding for saccharin. The local

inactivation of the prelimbic cortex with muscimol + baclofen
had no effect on high-rate saccharin responding, indicating
that the observed muscimol + baclofen effects on the context-
induced reinstatement of ethanol seeking were not due to
motor deficits (Interaction [lever presses/reinforcements versus
saline/baclofen]: F; 47 = 0.44; p = 0.51; Figure 5D).
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DISCUSSION

We investigated the role of the prelimbic cortex in the context-
induced reinstatement of ethanol seeking. In line with previous
reports (Fuchs et al., 2005; Crombag et al., 2008), ethanol seeking
was induced by re-exposure to the context A after the extinction
of drug self-administration in a different context. The context-
induced ethanol seeking increased the expression of the neural
activity marker Fos in 7.7% of the prelimbic neurons versus 2.5%
and 1.1% in the infralimbic and cingulate cortex, respectively.
The reversible inactivation of the prelimbic cortex using the
GABA agonists muscimol + baclofen attenuated the context-
induced reinstatement of ethanol seeking.

Context-induced reinstatement of extinguished drug seeking
has been observed with several drugs of abuse including speedball
(a heroin-cocaine combination) (Crombag and Shaham, 2002),
cocaine (Cruz et al., 2014), heroin (Bossert et al., 2012), nicotine
(Diergaarde et al., 2008), and alcoholic beer (Willcocks and
McNally, 2013). Our results also corroborated previous clinical
studies indicating that a context previously associated with
ethanol use often provokes relapse during abstinence (O’Brien
et al., 1990; Kirk and de Wit, 2000; Litt and Cooney, 2000).

Our results also corroborate with earlier studies showing
that the alcohol associated context induced reinstatement of
alcohol self-administration (Marchant et al., 2013; Willcocks
and McNally, 2013). However, in the present study, we used a
different protocol. For instance, Willcocks and McNally (2013)
used an alcoholic beer, while we used an ethanol diluted in water.
Further, Marchant et al. (2013) used punishment (footshock)
for inducing suppression of ethanol seeking and Cannella
et al. (2016) used ethanol preferring instead of Long-Evans
rats for showing the ability of context induces reinstatement
of ethanol seeking. The use of an alcoholic beer requires
an additional control group (non-alcoholic beer). Footshock-
induced extinction of ethanol seeking is not a useful procedure
for studying plasticity related to context-induced relapse, because
footshock might cause its own plasticity. Thus, our procedure
may be considered an easy, reliable, robust, and alternative model
to explore the mechanisms of context-induced relapse of ethanol
seeking.

Distinct brain regions from the medial cortex have been
implicated in the extinction and reinstatement of drug seeking
(Fuchs et al., 2005; Lasseter et al., 2010; Bossert et al., 2011;
Willcocks and McNally, 2013; Marchant et al., 2015). Our
findings demonstrated a critical role of the prelimbic cortex
in the context-induced relapse to ethanol seeking, which is
consistent with previous studies (Willcocks and McNally, 2013).
Willcocks and McNally (2013) showed that the reversible
inactivation of the dorsal medial cortex by muscimol + baclofen
attenuated the context-induced reinstatement of alcoholic beer
seeking. There is a body of evidence indicating a role of the
prelimbic cortex in different forms of reinstatement of drug
seeking (Lasseter et al, 2010; Shen et al, 2014; Marchant
et al.,, 2015; Stefanik et al., 2016). For instance, McFarland
and Kalivas (2001) demonstrated that the pharmacological
inactivation of the prelimbic cortex attenuated the primed
reinstatement of cocaine seeking. Furthermore, Fuchs et al.

(2005) demonstrated that the inactivation of the prelimbic
cortex prevented the cue-induced reinstatement of cocaine
self-administration. Taken together, these studies suggested
that the prelimbic cortex could be a common pathway for
relapse.

Evidence has also implicated the prelimbic cortex in
associative learning and retrieval of remote long-term memory
(Quinn et al.,, 2008; Euston et al., 2012). In particular, studies
have demonstrated that the prelimbic cortex receives information
from the emotion-related structure that is important for learning
and associative memory (Peters et al., 2009; Euston et al., 2012).
Furthermore, the prelimbic cortex receives a broad range of
sensory and limbic inputs from the hippocampus, amygdala,
orbital frontal cortex, and ventral tegmental area, which can
be activated by contextual cues (Miller, 2000a,b; Mulder et al.,
2000; Miller and Cohen, 2001). Additionally, the activation of
the medial cortex-nucleus accumbens core-ventral pallidum
pathway has been implicated in context-induced reinstatement
of drug seeking (Kalivas, 2008; Peters et al., 2008; Van den Oever
etal., 2010). Furthermore, it was demonstrated that the activation
of these inputs can lead to context-dependent outcomes (Miller
and Cohen, 2001).

Moreover, the glutamatergic and GABAergic neurons in
the prelimbic cortex receive stimuli-specific patterns of inputs
from the cortex, amygdala, and ventral tegmental area, which
play a critical role in cognitive and emotional regulation and
memory consolidation (Brandstatter et al., 1995). For instance,
the hippocampal projections landing cells in the prelimbic cortex
provide an essential input by which the spatial information can be
integrated into the cognitive process (Floresco et al., 1997). Based
on these previous findings, we assume that the activation of the
prelimbic cortex by contextual cues could increase drug-seeking
behaviors and cause relapse to drug use (Marchant et al., 2015).

Learned associations are hypothesized to be encoded within
sparsely distributed neuronal patterns, called neuronal ensembles
(Pennartz et al., 1994, 2004; Guzowski et al., 2004; Buzsaki and
Moser, 2013; Cruz et al., 2013, 2015). We found that the context-
induced reinstatement of ethanol seeking correlated with Fos
induction in approximately 7.7% of the neurons in the prelimbic
cortex. Previous studies have demonstrated the involvement
of the neuronal ensembles in context-induced reinstatement
of drug seeking (Cruz et al., 2013, 2014, 2015; Ledo et al,
2015; Rubio et al, 2015). In some of these studies, the drug-
associated contexts increased the Fos expression in the cortex
and nucleus accumbens, while the selective inactivation of these
Fos-expressing neurons attenuated the drug seeking behavior
when exposed again to the drug-associated contexts and cues on
the test day (Bossert et al., 2011; Cruz et al,, 2014). These data
indicated that the ability of contexts to induce reinstatement of
drug seeking is mediated by specific patterns of Fos-expressing
neuronal ensembles that are selected by these contexts (Bossert
et al., 2011; Cruz et al., 2013, 2014, 2015; Rubio et al., 2015;
Warren et al, 2016). Thus, our study suggested that a small
neuronal subset of the prelimbic cortex encodes the learned
association between ethanol and the drug-associated context, and
that the reactivation of this small neuronal subset may lead to
the reinstatement of ethanol seeking behavior. However, more
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studies are necessary to demonstrate a causal role of the prelimbic
neuronal ensembles in the context-induced reinstatement of
ethanol seeking.

CONCLUSION

We described a new rat model of context-induced relapse to
ethanol and confirmed morphologically and functionally the role
of the prelimbic cortex in the context-induced reinstatement of
ethanol seeking. Additionally, we demonstrated that the context-
induced reinstatement of ethanol seeking was correlated with the
activation of a small subset of neurons in the prelimbic cortex.
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