
ARTICLE

Activation of peroxisome proliferator-activated receptor γ
reduces alcohol drinking and seeking by modulating
multiple mesocorticolimbic regions in rats
Yannick Fotio1,2, Anna Maria Borruto 1, Federica Benvenuti1, Gregory Demopulos3, George Gaitanaris3, Marisa Roberto4 and
Roberto Ciccocioppo1

Peroxisome proliferator-activated receptor γ (PPARγ) is an intracellular transcription factor whose signaling activation by the
selective agonist pioglitazone reduces alcohol drinking and alcohol-seeking behavior in rats. The present study utilized the two-
bottle choice and operant self-administration procedures to investigate neuroanatomical substrates that mediate the effects of
PPARγ agonism on alcohol drinking and seeking in msP rats. Bilateral infusions of pioglitazone (0, 5, and 10 μg/μl) in the
rostromedial tegmental nucleus (RMTg) decreased voluntary alcohol drinking and alcohol self-administration. Microinjections of
pioglitazone in the ventral tegmental area (VTA), central amygdala (CeA), and nucleus accumbens (NAc) shell had no such effect.
Notably, water, food, and saccharin consumption was unaltered by either treatment. The yohimbine-induced reinstatement of
alcohol seeking was prevented by infusions of pioglitazone (0, 2.5, 5, and 10 μg/μl) in the CeA, VTA, and RMTg but not in the NAc
shell. These results emphasize the involvement of mesocorticolimbic circuitries in mediating the effects of PPARγ agonists on
alcohol drinking and seeking. These results will facilitate future studies that investigate the pathophysiological role of PPARγ in
alcohol use disorder and help clarify the mechanisms by which the activation of this receptor decreases the motivation for drinking.
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INTRODUCTION
Alcohol use disorder (AUD) is a chronic brain disease that is
characterized by compulsive alcohol drinking and withdrawal
symptoms when access to alcohol is prevented, thus heightening
the risk of relapse to pathological drinking [1]. AUD is considered
the fifth highest risk factor for premature death and disability
worldwide. In 2016 alone, more than 3 million deaths and 132.6
million disability-adjusted life years at the global level were
attributable to AUD. The neurobiological mechanisms that
underlie AUD are still only partially understood but are thought
to be associated with profound counteradaptive alterations of
reward and stress neurocircuitries [2, 3]. Untangling these
neuroadaptations is complex but essential to develop more
efficacious therapies.
Peroxisome proliferator-activated receptor γ (PPARγ) is a ligand-

activated transcription factor that belongs to a large group of
nuclear receptors. Upon activation, PPARγ regulates gene expres-
sion by translocating to the nucleus and binding to a selective
DNA sequence called PPAR response element [4]. Although PPARγ
is mainly expressed in adipose tissue and macrophages where it
controls metabolism and the immune response [5, 6], recent
studies showed that this nuclear factor is also densely expressed
in the central nervous system. PPARγ is highly expressed in
neurons and glial cells where it is involved in neuroprotection, cell
repair, and antiinflammatory responses [7–10]. Earlier studies
showed that PPARγ is expressed on dopaminergic cells in the

ventral tegmental area (VTA), suggesting that this receptor could
be involved in modulating the reinforcing effects of drugs of
abuse [10]. Consistent with this hypothesis, research in our
laboratory showed that the systemic administration of two
selective PPARγ agonists, pioglitazone, and rosiglitazone, signifi-
cantly reduced alcohol drinking and seeking in alcohol-preferring
rats [11, 12]. However, the neurocircuitries and putative mechan-
isms that subserve such effects are still unknown. The present
study investigated the neuroanatomical substrates that mediate
the effects of PPARγ agonists on alcohol drinking and seeking to
facilitate future characterizations of their molecular and cellular
mechanisms.

MATERIALS AND METHODS
Animals
In total, 10–11-week-old male Marchigian Sardinian alcohol-
preferring (msP) rats (Ntotal= 135), weighing 250–280 g, were
employed in this study. They were bred and housed under a
reverse 12 h/12 h light/dark cycle (light on at 8 p.m.) in the
vivarium of the University of Camerino and controlled tempera-
ture (22 °C) and humidity (55%). Food (4RF18, Mucedola, Settimo
Milanese, Italy) and water were provided ad libitum. Before
starting the experiments, the rats were pair housed in conven-
tional clear plastic cages with standard bedding. The experiments
were conducted during the dark phase of the light/dark cycle, and
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the procedures were conducted in accordance with directives on
the care and use of laboratory animals of the European
Community Council and National Institutes of Health. Formal
approval was obtained from the Italian Ministry of Health and
Internal Ethical Committee for Laboratory Animal Protection and
Use of the University of Camerino. All efforts were made to
minimize the rats’ suffering and distress.

Chemicals and treatments
Saccharin (Sigma, Italy) was dissolved in tap water to obtain a 0.2%
(w/v) solution. Alcohol (Carsetti, Camerino, Italy) was diluted with tap
water to obtain a 10% concentration. The selective PPARγ agonist
pioglitazone (ED50= 0.2–0.6 μM at PPARγ inactive at PPARα and
PPARδ at 10–3) [13–15] was purchased from Molcan Corporation
(Richmond Hill, ON, Canada) and dissolved in vehicle that consisted
of 10% dimethylsulfoxide, 3% Tween 80, and 87% distilled water. To
evaluate the effects of intracranial pioglitazone administration on
alcohol drinking and seeking, the rats were treated twice with the
compound: at the onset of the light cycle (8:00 p.m.) and 15min
before the dark cycle began, when alcohol was made available. The
pioglitazone administration schedule was based on previous studies
[11, 12]. Yohimbine (Sigma, Milano, Italy) was dissolved in saline and
was used to evoke the reinstatement of alcohol seeking [16]. It was
administered intraperitoneally (i.p.) at a dose of 1.25mg/kg, 15min
after the second injection of pioglitazone and corresponding to the
beginning of the dark phase (8:00 a.m.). Reinstatement testing was
performed 30min after the yohimbine injection. To minimize the
diffusion of pioglitazone from the injection site, it was administered
in a volume of 0.3 μl per site in the rostromedial tegmental nucleus
(RMTg) and VTA. In the nucleus accumbens (NAc) shell and central
amygdala (CeA), the injection volume was 0.5 μl per site. All of the
treatments were administered in a counterbalanced Latin-square
design to limit the number of rats used.

Intracranial surgery
The rats were anesthetized by an intramuscular injection
(100–150 μl) of a solution that contained tiletamine (58.17mg/
ml) and zolazepam (7.5 mg/ml). Bilateral guide cannulas (0.65 mm
outer diameter) that were aimed at the CeA, VTA, RMTg, and NAc
shell were implanted and cemented to the skull. We used the
following stereotaxic coordinates (from bregma) according to
previous reports [17, 18]: CeA (anterior/posterior, −1.8 mm; dorsal/
lateral, ±4.3 mm; medial/ventral, −7.0 mm), VTA (anterior/poster-
ior, −5.8 mm; dorsal/lateral, ±2.2 mm; medial/lateral, −7.4 mm; 12°
angle), RMTg (anterior/posterior, −6.7 mm; dorsal/lateral, ±2.2
mm; medial/ventral, −7.4 mm; 12° angle), NAc shell (anterior/
posterior, +1.4 mm; dorsal/lateral, ±0.9 mm; medial/ventral, −6.1
mm). After surgery, the rats received a single subcutaneous
injection of ketoprofen (2.5 mg/kg) and allowed to recover for
1 week in their home cage. During this period, the rats were
handled daily and habituated to the injection procedure,
consisting of inserting a stainless-steel injector into the guide
cannulas, for at least 3 days before the tests began. The injector
was 1.5 mm longer than the guide cannula and left in place for an
additional 20 s after the injection to allow diffusion of the solution.
Upon completion of the experiments, the rats were anesthetized
with isoflurane, and black India ink (0.5 μl per site) was injected
into the studied brain areas. The rats were then immediately
euthanized to remove the brain and histologically analyze the
cannula placements.

Two-bottle choice procedure
The two-bottle choice (2-BC) procedure (free choice between
water and 10% alcohol) was used to measure voluntary alcohol
drinking and preference [19]. The rats were single housed in
experimental chambers (30 cm length × 30 cm width × 30 cm
height) for 1 week of habituation before beginning the 2-BC test.
They were given free access to water and 10% alcohol (v/v) for the

next 15 days to establish a stable baseline and preference for
alcohol. Preference was defined as 80–90% preference for alcohol
vs. water. The fluids were offered through graduated drinking
tubes that were equipped with metal spouts. Fluid intake was
measured by reading the volume that was consumed at specific
time points (2, 8, and 24 h) following initiation of the active (dark)
phase of the light/dark cycle. The drinking tubes were switched
daily to avoid the development of side preference. The rats also
had free access to food. Food consumption was measured by
weighing the food container while considering the spillage
weight. Alcohol, water, and food intakes were calculated as
absolute values of consumption at each time-point and are
expressed as g/kg body weight [20].

Operant alcohol and saccharin self-administration
Operant chambers were used in daily 30-min sessions to establish
alcohol and saccharin self-administration under fixed-ratio 1 (FR1)
schedule of reinforcement [21, 22]. Each chamber was equipped
with an active lever and an inactive lever that were symmetrically
centered on the side panel. Responding at the active lever
activated the infusion pump and released 0.1 ml of 10% alcohol
(v/v) or 0.2% saccharin (w/v) in a liquid receptacle that was located
between the two levers. Presses at the inactive lever were
recorded but did not activate the infusion pump. During the
infusion, a stimulus light that was located above the active lever
was turned on for a 5 s timeout period. Lever pressing during the
timeout period was recorded but did not lead to further infusions.
When the rats achieved a stable baseline of self-administration for
both alcohol and saccharin over the last 3 days of training, we
evaluated the effects of microinfusions of pioglitazone in the
RMTg every 4 days using a counterbalance Latin-square design.

Yohimbine-induced reinstatement of alcohol seeking
The reinstatement experiments consisted of three phases: training
for alcohol self-administration, extinction (during which alcohol
was no longer available), and reinstatement tests.
In the training phase, alcohol self-administration was performed

as described previously (see “Operant alcohol and saccharin self-
administration” section above). Lever responding under the
FR1 schedule was maintained for 10 days (sessions) before and
after surgery to reestablish baseline alcohol self-administration.
In the extinction phase, after the last alcohol self-administration

session, the rats underwent 15 days of extinction sessions, during
which they were placed under environmental conditions that
were similar to the alcohol training phase, with the exception that
responding at the active lever did not result in alcohol deliveries.
During the last 3 days of extinction, the rats were habituated to
the intracranial treatment procedures.
In the reinstatement phase, the experimental conditions were

identical to the extinction phase, but the rats were subjected to a
reinstatement test. In separate experiments, pioglitazone (2.5, 5,
and 10 μg/μl) or its vehicle was injected in the CeA, VTA, RMTg,
and NAc shell. The experiment was conducted in a counter-
balanced Latin-square design, with a 4-day interval between test
sessions. During this interval, the rats were subjected to extinction
sessions. The dose of yohimbine and experimental design were
based on previous studies [11, 23, 24].

Statistical analyses
The data were analyzed using analysis of variance (ANOVA)
followed by the Newman–Keuls multiple-comparison post-hoc
test when appropriate. The effects of intracranial injections of
pioglitazone in the CeA, VTA, RMTg, and NAc shell on alcohol,
water, and food intake were analyzed using two-way repeated-
measures ANOVA, with time and treatment as within-subjects
factors. The effects of microinfusions of pioglitazone in the RMTg
on alcohol and saccharin self-administration were analyzed using
one-way repeated-measures ANOVA, with treatment as the
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within-subjects factor. The effects of microinfusions of pioglita-
zone in the CeA, VTA, RMTg, and NAc shell on the yohimbine-
induced reinstatement of alcohol seeking were analyzed using
one-way repeated-measures ANOVA, with treatment as the
within-subjects factor. For the reinstatement experiments, differ-
ences between lever responding during the extinction and
reinstatement sessions were analyzed using paired Student’s t
test. The 2-BC data are expressed as the mean (±SEM) of intake (g/
kg of body weight). For operant self-administration, the data are
expressed as the mean (±SEM) of the number of responses at the
active and inactive levers. Only data from rats with correct cannula
placements were included in the statistical analyses. The following
numbers of rats were included in the statistical analyses: voluntary
alcohol drinking (CeA, n= 9; VTA, n= 11; RMTg, n= 11; NAc shell,
n= 10), alcohol self-administration (RMTg, n= 8), saccharin self-
administration (RMTg, n= 16), reinstatement of alcohol seeking
(CeA, n= 12; VTA, n= 10, RMTg, n= 15: NAc shell, n= 13). The
statistical analyses were performed using Prism 8.0 software
(GraphPad, La Jolla, CA, USA). Values of p < 0.05 vs. the vehicle
control were considered statistically significant.

RESULTS
Effect of intra-CeA activation of PPARγ on voluntary 2-BC alcohol
drinking
Pioglitazone (5 and 10 μg/μl) was microinfused in the CeA in
msP rats in a counterbalanced Latin-square design (n= 9). As
shown in Fig. 1a, voluntary alcohol drinking was monitored at
2, 8, and 24 h. The overall ANOVA revealed no difference in the
amount of alcohol consumption between the pioglitazone- and
vehicle-treated groups at any time-point (time: F2,16 = 33.91,
p < 0.0001; treatment: F2,16 = 2.492, p= 0.344; time × treatment
interaction: F4,32 = 0.7949, p= 0.5373). Similarly, no difference
in the amount of water (time: F2,16 = 8.685, p= 0.0028;
treatment: F2,16 = 1.311, p= 0.2970; time × treatment interac-
tion: F4,32 = 8834, p= 0.4849; Table S1) or food (time: F2,16 =

64.11, p < 0.0001; treatment: F2,16 = 6025, p= 0.5594; time ×
treatment interaction: F4,32 = 2.674, p= 0.0946; Fig. 1b) con-
sumption was found between the pioglitazone- and vehicle-
treated groups.

Effect of intra-NAc shell activation of PPARγ on voluntary 2-BC
alcohol drinking
The ANOVA revealed that alcohol consumption was detectable 2 h
after treatment and progressively increased in the following hours
(time: F2,18= 78.76, p < 0.0001; Fig. 1d). The ANOVA also revealed
that intake were unaffected by treatment, although a slight
reduction was observed at 24 h (F2,18= 0.2135, p= 0.8098). No
time × treatment interaction was detected (F4,36= 2.067, p=
0.1055). Intra-NAc shell pioglitazone administration did not
alter the consumption of water (time: F2,18= 11.89, p < 0.001;
treatment: F2,18= 0.073, p= 0.9298; time × treatment interaction:
F4,36= 0.3109, p= 0.8688; Table S1) or food (time: F2,18= 54.39,
p < 0.0001; treatment: F2,18= 0.9515, p= 0.4048; time × treatment
interaction: F4,36= 0.5584, p= 0.6942; Fig. 1e).

Effect of intra-RMTg activation of PPARγ on voluntary 2-BC alcohol
drinking
Pioglitazone (5 and 10 μg/μl) was microinfused in the RMTg in
msP rats (n= 11). The ANOVA revealed significant effects of time
(F2,20= 104.7, p < 0.0001) and treatment (F2,20= 21.27, p < 0.0001)
and a significant time × treatment interaction (F4,40= 8.701, p <
0.0001). As shown in Fig. 2a, voluntary alcohol consumption was
detectable but not significantly affected by intra-RMTg pioglita-
zone administration 2 h after treatment. However, at 8 and 24 h
post treatment, alcohol intake dose-dependently decreased.
Interestingly, intra-RMTg pioglitazone administration did not alter
water (time: F2,20= 5.106, p= 0.0162; treatment: F2,20= 1.593, p=
0.2280; time × treatment interaction: F4,40= 0.2922, p= 0.8813;
Table S1) or food (time: F2,20= 45.21, p < 0.0001; treatment:
F2,20= 0.3759, p= 0.6914; time × treatment interaction: F4,40=
0.1251, p= 0.3051; Fig. 2b) consumption.

Fig. 1 Effect of intra-CeA and intra-NAc shell pioglitazone administration on alcohol and food intake in msP rats. a, d Time-course of
alcohol drinking following pioglitazone administration in the CeA and NAc shell, respectively. b, e Changes in food intake following treatment.
Schematic illustration of vehicle and pioglitazone injection sites (dots) in the CeA (c) and NAc shell (f). The data are expressed as mean (±SEM)
intake. n= 9 for CeA. n= 11 for NAc shell.
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Effect of intra-VTA activation of PPARγ on voluntary 2-BC alcohol
drinking
Pioglitazone (5 and 10 μg/μl) was microinfused in the VTA in msP
rats (n= 11). Alcohol intake was detectable 2 h after initiation of
the dark phase. The ANOVA revealed a significant effect of time on
alcohol intake (F2,20= 80.74, p < 0.0001; Fig. 2d) but no effect of
treatment (F2,20= 2.425, p= 0.114) and no time × treatment
interaction (F4,40= 0.8606, p= 0.4959). The intra-VTA administra-
tion of pioglitazone or its vehicle did not alter the absolute
amount of alcohol consumption at any time-point (2, 8, and 24 h).
Treatment did not affect water (time: F2,20= 6.38, p= 0.0096;
treatment: F2,20= 0.7005, p= 0.5081; time × treatment interaction:
F4,40= 0.7241, p= 0.5807; Table S1) or food (time: F2,20= 76.40,
p < 0.0001; treatment: F2,20= 2.178, p= 0.1394; time × treatment
interaction: F4,40= 1.895, p= 0.074; Fig. 2e) consumption.

Effect of intra-RMTg activation of PPARγ on alcohol and saccharin
self-administration
To further investigate the role of the RMTg in modulating alcohol
intake through PPARγ, msP rats (n= 8) underwent operant alcohol
(10%, v/v) self-administration training. When they reached a stable
mean number of reinforcements earned, pioglitazone (5 and 10
μg/μl) or its vehicle were administered in the RMTg, and their
effects on operant responding were evaluated. As expected, the
ANOVA showed that pioglitazone dose-dependently decreased
the number of reinforced lever presses (F2,14= 6.361, p= 0.006;
Fig. 3a). The number of responses at the inactive lever was
negligible and did not changed throughout the experiment
(Fig. 3b).
To test whether the observed effect of intra-RMTg PPARγ

activation is selective for alcohol, rats (n= 16) were trained to self-
administer saccharin (0.2%, w/v) under an FR1 schedule until they
reached a stable baseline of reinforcements obtained. Pioglitazone
(5 and 10 μg/μl) was then microinfused in the RMTg. The ANOVA
revealed that this treatment did not alter saccharin self-

administration (F2,30= 0.3996, p= 0.6748; Fig. 3c). Responding at
the inactive lever was negligible and did not changed throughout
the experiment (Fig. 3d).

Effect of intra-CeA activation of PPARγ on yohimbine-induced
reinstatement of alcohol seeking
Pioglitazone (2.5, 5, and 10 μg/μl) or its vehicle were microinfused
in the CeA in msP rats (n= 12) to evaluate its effect on the
yohimbine-induced reinstatement of alcohol seeking. During the
training phase, the mean number of responses at the active lever
was 68.73 ± 5.95, which sharply decreased during extinction
(21.41 ± 1.97). Paired Student’s t test (vehicle vs. extinction)
revealed that yohimbine administration (1.25 mg/kg, i.p.) signifi-
cantly reinstated operant alcohol-seeking behavior (t11= 3.8, p=
0.0029; Fig. 4a), which was prevented by intra-CeA infusions of
pioglitazone (F3,33= 16.12, p < 0.0001). Responding at the inactive
lever was low (1.79 ± 0.49) and not significantly affected by the
treatment (Fig. 4b).

Effect of intra-NAc shell activation of PPARγ on yohimbine-
induced reinstatement of alcohol seeking
In msP rats (n= 13) with cannula implants in the NAc shell during
the training phase, the mean number of responses at the active
lever was 65.33 ± 5.54, which significantly decreased during
extinction (19.12 ± 4.95) and was reinstated (t12= 5.096, p=
0.0003) by yohimbine treatment (1.25 mg/kg, i.p.). However, intra-
NAc shell pioglitazone administration did not alter the yohimbine-
induced reinstatement of alcohol seeking (F3,36= 1.838, p=
0.1578; Fig. 4d). Responding at the inactive lever was low and
unchanged by the treatments (Fig. 4e).

Effect of intra-VTA activation of PPARγ on yohimbine-induced
reinstatement of alcohol seeking
During the training phase in msP rats (n= 10), the mean number of
responses at the active lever was 67.87 ± 6.52. Operant responding

Fig. 2 Effect of intra-RMTg and intra-VTA pioglitazone administration on alcohol, water, and food intake in msP rats. a, d Time-course of
alcohol drinking following pioglitazone administration in the RMTg and VTA, respectively. b, e Changes in food intake following treatment.
Schematic illustration of vehicle and pioglitazone injection sites (dots) in the RMTg (c) and VTA (f). The data are expressed as mean (±SEM)
intake. n= 11 for RMTg. n= 11 for VTA. *p < 0.05; **p < 0.01; ***p < 0.001, vs. vehicle-treated control.
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markedly decreased during extinction (13.63 ± 1.51 lever presses).
As shown in Fig. 5a, treatment with yohimbine (1.25mg/kg, i.p.)
significantly reinstated (t9= 6.552, p < 0.0001) operant responding
for alcohol. This effect was dose-dependently prevented by intra-
VTA pioglitazone administration (F3,27= 8.87, p= 0.0003). Respond-
ing at the inactive lever was negligible (4.86 ± 1.66) and not
significantly affected by the treatments (Fig. 5b).

Effect of intra-RMTg activation of PPARγ on yohimbine-induced
reinstatement of alcohol seeking
In msP rats (n= 15) with cannula implants in the RMTg, the mean
number of responses at the active lever was 72.35 ± 4.81 during
the training phase, which rapidly decreased during extinction
(19.22 ± 1.7). Yohimbine (1.25 mg/kg, i.p.) significantly increased
the number of responses at the active lever (t14= 4.460, p=
0.0005; Fig. 5d). This effect was dose-dependently decreased by
intra-RMTg pioglitazone administration (F3,42= 74.54, p < 0.0001;
Fig. 5d). Responding at the inactive lever (Fig. 5e) was negligible
and unaffected by the treatments.

DISCUSSION
Administration of pioglitazone in the RMTg decreased alcohol
intake
The mesocorticolimbic dopamine system which originates in the
VTA and projects to the NAc, CeA, and prefrontal cortex. This
system plays a key role in controlling the reinforcing properties of
drugs of abuse, including alcohol [25–31]. The majority of afferent
connections to VTA dopaminergic cells are γ-aminobutyric acid
(GABA)ergic and inhibitory [32–34]. Emerging evidence indicates
that the tail of the VTA, also known as the RMTg, provides
important GABAergic inputs to VTA dopaminergic cells [32, 35–
37]. Therefore, the RMTg is a key structure in the development and
maintenance of drug addiction. PPARγ expression has been
detected on VTA dopaminergic neurons [10] and RMTg GABAergic
cells [18]. Thus, we investigated whether the effect of pioglitazone
on alcohol drinking involves PPARγ-dependent signaling in these
two adjacent areas. We infused pioglitazone in the VTA and RMTg
and evaluated its effect in the 2-BC procedure. We found that
PPARγ activation in the RMTg but not the VTA significantly

attenuated alcohol drinking compared with vehicle-treated rats.
Moreover, water and food consumption were unaltered by
pioglitazone treatment, indicating that its effect in the RMTg is
specific to alcohol and does not generalize to water or food. To
confirm this finding, we subsequently administered pioglitazone
in the RMTg in two groups of rats that were trained to self-
administer alcohol or saccharin. As expected, pioglitazone
significantly attenuated alcohol but not saccharin intake, suggest-
ing that PPARγ activation may specifically reduce the motivation
for alcohol. Notably, the VTA and RMTg are in anatomical
contiguity. Hence, the fact that pioglitazone was efficacious only
when injected in the RMTg demonstrated that it did not diffuse to
neighboring regions at the dose and volume tested. A corollary to
this finding is that the RMTg is the sole neuroanatomical substrate
for the alcohol-suppressing effect of PPARγ agonists. This
hypothesis was supported by findings that showed that pioglita-
zone microinfusions in other brain areas of the mesocorticolimbic
system where PPARγ is expressed (e.g., CeA and NAc shell) did not
affect alcohol drinking [8, 38]. Such a specific role for PPARγ
activation in the RMTg in controlling the reinforcing effects of
drugs of abuse has also been observed in opioid self-
administration studies in our laboratory [18]. In this earlier study,
we found that the effect of pioglitazone in the RMTg was linked to
its ability to increase the inhibitory tone of RMTg GABAergic cells,
thereby inhibiting dopamine neuron activation in the VTA [18].
Although more studies are needed to support this hypothesis, we
speculate that a similar mechanism may be involved in the
alcohol-suppressing effects of PPARγ agonists.
An interesting observation in the present study was that the

effect of pioglitazone in the 2-BC test was observed at 8 and 24 h
but not at 2 h. In the operant self-administration experiments, this
effect was observed at 30 min. Two possibilities may explain this
apparent discrepancy. First, in the operant self-administration
session, the rats consumed ~1.25 g/kg alcohol in 30 min. In the 2-
BC test, the rats had to drink for more than 2 h to reach this level
of consumption. This may result in different pharmacokinetics of
the drug (i.e., peak levels in the brain) that in turn may influence
the response to pioglitazone. Second, motivation of the animals
may be more effectively captured in operant self-administration
experiments than in 2-BC experiments. If pioglitazone acts by

Fig. 3 Effect of intra-RMTg pioglitazone administration on operant alcohol and saccharin self-administration. a, c Number of alcohol and
saccharin reinforcements earned following pioglitazone administration in the RMTg. b, d Number of responses at the inactive lever. e
Schematic illustration of vehicle and pioglitazone injection sites (dots) in the RMTg. The data are expressed as the mean ± SEM. n= 8 for
alcohol. n= 16 for saccharin. *p < 0.05; **p < 0.01, vs. vehicle-treated control.
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attenuating the motivation for alcohol, then a more pronounced
effect may be observed under operant contingencies rather than
under free-drinking conditions.

Administration of pioglitazone in the VTA and RMTg reduced the
yohimbine-induced reinstatement of alcohol seeking
The high rate of relapse among individuals with alcohol and
substance use disorders is a major clinical problem [39, 40]. Studies
that utilized well-validated animal models of drug reinstatement
demonstrated that the α2-adrenergic receptor antagonist yohimbine
increased drug craving in humans [41, 42] and reinstated
extinguished alcohol-seeking behavior in rats that were trained to
self-administer alcohol [43–45]. Yohimbine reinstates drug seeking
through complex mechanisms that partially involve activation of the
stress system and the potentiation of responding to sensory cues
[46–49]. Consistent with these mechanisms, earlier studies showed
that the yohimbine-induced reinstatement of drug seeking was
reduced by corticotropin-releasing factor-1 receptor antagonists and

the blockade of dopamine transmission [45, 47, 49–52]. Previous
reports from our laboratory showed that systemic PPARγ agonist
administration prevented the yohimbine- but cue-induced reinstate-
ment of alcohol seeking in msP rats [11, 12]. Here, under identical
experimental conditions, we found that PPARγ activation in the
RMTg profoundly and dose-dependently decreased the yohimbine-
induced reinstatement of alcohol seeking. A similar but less marked
effect was also observed following pioglitazone administration in
the VTA. PPARγ agonists may engage intra-RMTg GABAergic
signaling to reduce the firing of VTA dopaminergic neurons [18].
This hypothesis is supported by previous studies that showed that
stress strongly activated VTA dopaminergic neurons to induce the
reinstatement of drug seeking [53, 54]. This effect of stress was
prevented by intra-VTA administration of the GABAB receptor
agonist baclofen [55]. Moreover, yohimbine-induced reinstatement
was blocked by both systemic and intra-medial prefrontal cortex
(i.e., a region that receives dopaminergic afferents from the VTA)
administration of dopamine receptor antagonists [50–52]. The

Fig. 4 Effect of intra-CeA and intra-NAc shell pioglitazone administration on the yohimbine-induced reinstatement of alcohol seeking. a,
d Number of responses at the active lever following pioglitazone administration in the CeA and NAc shell, respectively. b, e Number of
responses at the inactive lever following treatment. Schematic illustration of vehicle and pioglitazone injection sites (dots) in the CeA (c)
and NAc shell (f). The data are expressed as mean (±SEM) intake. n= 12 for CeA. n= 13 for NAc shell. ##p < 0.01, vehicle vs. extinction; *p < 0.05;
**p < 0.01, vehicle- vs. pioglitazone-treated rats.

Fig. 5 Effect of intra-RMTg and intra-VTA pioglitazone administration on the yohimbine-induced reinstatement of alcohol seeking. a, d
Number of responses at the active lever following pioglitazone administration in the VTA and RMTg, respectively. b, e Number of responses at
the inactive lever following treatment. Schematic illustration of vehicle and pioglitazone injection sites (dots) in the VTA (c) and RMTg (f). The
data are expressed as mean (±SEM) intake. n= 10 for VTA. n= 10 for RMTg. ###p < 0.001, vehicle vs. extinction; **p < 0.01; ***p < 0.001, vehicle-
vs. pioglitazone-treated animals.
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present results demonstrate that the RMTg might play a critical role
in the stress-induced reinstatement of alcohol seeking. However,
because of the tight apposition of the RMTg and VTA, one possibility
is that the effect of pioglitazone on yohimbine-induced alcohol
seeking is at least partially attributable to spread of the drug into the
nearby VTA. This possibility cannot be excluded, but appears to be
unlikely because the effect of pioglitazone was much more
pronounced when it was injected directly in the RMTg rather in
the VTA. An opposite effect would be expected if the VTA was the
main site of action of the drug.

Administration of pioglitazone in the RMTg did not affect operant
responding for saccharin
GABAergic neurons in the RMTg are also known to strongly inhibit
dopaminergic cells in the substantia nigra compacta, thereby
controlling motor coordination and motor learning [56, 57]. Based
on evidence that RMTg GABAergic signaling is the main
neurocircuitry that mediates the PPARγ agonist-induced reduction
of alcohol intake, we considered the possibility that the effects of
pioglitazone on lever pressing for alcohol may have been
influenced by an influence on locomotor activity. However, when
we microinjected pioglitazone in the RMTg in rats that were
trained to self-administer saccharin, we found that the number of
reinforcements earned was unaffected by the drug. These results
indicate that PPARγ activation in the RMTg selectively controls
alcohol intake and the yohimbine-induced reinstatement of
alcohol seeking by modulating the mesocorticolimbic system
without altering transmission of the nigrostriatal pathway.

Administration of pioglitazone in the CeA but not NAc shell
attenuated the reinstatement of alcohol seeking
Finally, we found that the yohimbine-induced reinstatement of
alcohol seeking was attenuated by intra-CeA but not intra-NAc
shell (pioglitazone administration). These results suggest that
neurocircuitry in the CeA may also be recruited by PPARγ
agonists to attenuate the reinstatement of alcohol seeking. This
intra-CeA effect of pioglitazone may be secondary to anxiolytic
properties of the compound [38]. In fact, it has been demon-
strated that the CeA plays an important role in the expression of
excessive anxiety linked to stress exposure [17, 58, 59]. More-
over, the pharmacological and genetic blockade of PPARγ
signaling in the CeA exacerbated basal anxiety-like behavior and
increased the vulnerability to stress [38]. Therefore, a tempting
speculation is that the anxiolytic properties of pioglitazone may
be partially responsible for the protective effects of PPARγ
agonists against the stress-induced reinstatement of alcohol
seeking.
In conclusion, the present findings filled a gap in the literature

by revealing brain areas that modulate the effect of PPARγ
activation on alcohol-seeking behavior. The results also demon-
strate an important role for RMTg in modulating the yohimbine
stress-induced reinstatement of alcohol seeking. Pioglitazone is
clinically used for the treatment of insulin resistance in patients
with type 2 diabetes, and its tolerability has been largely
demonstrated [60–62]. Hence, the ability of pioglitazone to
decrease alcohol seeking may open new avenues for further
clinical investigation of its efficacy.
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