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Medial prefrontal cortex neuropeptide Y modulates binge-like
ethanol consumption in C57BL/6J mice
Stacey L. Robinson1,2, Isabel M. Marrero1, Carlos A. Perez-Heydrich1, Marian T. Sepulveda-Orengo1, Kathryn J. Reissner1 and
Todd E. Thiele 1,2

Neuropeptide Y (NPY) signaling via limbic NPY1 and 2 receptors (NPY1R and NPY2R, respectively) is known to modulate binge-like
ethanol consumption in rodents. However, the role of NPY signaling in the medial prefrontal cortex (mPFC), which provides top-
down modulation of the limbic system, is unknown. Here, we used “drinking-in-the-dark” (DID) procedures in C57BL/6J mice to
address this gap in the literature. First, the impact of DID on NPY immunoreactivity (IR) was assessed in the mPFC. Next, the role of
NPY1R and NPY2R signaling in the mPFC on ethanol consumption was evaluated through site-directed pharmacology.
Chemogenetic inhibition of NPY1R+ neurons in the mPFC was performed to further evaluate the role of this population. To
determine the potential role of NPY1R+ neurons projecting from the mPFC to the basolateral amygdala (BLA) this efferent
population was selectively silenced. Three, 4-day cycles of DID reduced NPY IR in the mPFC. Intra-mPFC activation of NPY1R and
antagonism of NPY2R resulted in decreased binge-like ethanol intake. Silencing of mPFC NPY1R+ neurons overall, and specifically
NPY1R+ neurons projecting to the BLA, significantly reduced binge-like ethanol intake. We provide novel evidence that (1) binge-
like ethanol intake reduces NPY levels in the mPFC; (2) activation of NPY1R or blockade of NPY2R reduces binge-like ethanol intake;
and (3) chemogenetic inhibition of NPY1R+ neurons in the mPFC and NPY1R+ mPFC neurons projecting to the BLA blunts binge-
like drinking. These observations provide the first direct evidence that NPY signaling in the mPFC modulates binge-like ethanol
consumption.

Neuropsychopharmacology (2019) 44:1132–1140; https://doi.org/10.1038/s41386-018-0310-7

1.0 INTRODUCTION
The National Institute on Alcohol Abuse and Alcoholism (NIAAA)
defines binge drinking as a pattern of consumption that produces
blood ethanol concentrations (BECs) greater than 0.08% (80mg/
dL) within a 2-h period [1]. Binge consumption is linked to a
variety of health consequences and is a risk factor for the eventual
development of ethanol dependence [2–5]. For over a decade
now the neurobiological mechanisms underlying binge drinking
have been studied in rodents using the “drinking in the dark”
(DID) paradigm [6], which involves providing C57BL/6J mice 2- to
4-h of access to 20% ethanol in place of water beginning 3-h into
the animal’s 12-h dark cycle [7, 8].
The extended amygdala (EA) is composed of an interconnected

set of brain regions that integrate emotional behaviors and which
modulate both initial ethanol consumption and the transition to
dependence following repeated use [9–11]. Regions of the EA,
such as the central nucleus of the amygdala (CeA) and the bed
nucleus of the stria terminalis (BNST), have served as a focus in
investigating the neural substrates underlying binge drinking [for
example [12–14]. However, brain regions which regulate EA
activity have received comparatively less attention. The medial
prefrontal cortex (mPFC) is a key region involved in “top-down”
regulation of EA activity [13, 15, 16]. Importantly, this region has
been implicated in modulating ethanol consumption [17, 18], and
dysregulation of mPFC top-down regulation is thought to

significantly contribute to the loss of inhibitory control over
drinking [13, 19]. A critical pathway in this top-down regulation is
thought to be the glutamatergic projection from the mPFC to the
basolateral nucleus of the amygdala (BLA), which serves as
the primary input nucleus of the amygdala and is poised to
regulate CeA and BNST activity [20]. Given the observed role of
these regions in binge-like ethanol intake, this projection may
serve as a key site of top-down regulation of excessive ethanol
intake [21–23].
Neuropeptide Y (NPY) is a 36-amino acid molecule that is

known to be critically involved in ethanol-directed behaviors from
initial consumption to withdrawal from chronic exposure [24]. NPY
is widely expressed throughout the brain where it acts primarily
on Gi-coupled NPY 1 (NPY1R), NPY 2 (NPY2R), and NPY 5 (NPY5R)
receptors [24, 25]. The NPY1R and NPY5R are typically post-
synaptically expressed on glutamatergic principal cells and γ-
aminobutyric acid (GABA)-ergic interneurons, while NPY2R is
located presynaptically and can serve as either an auto- or
heteroreceptor on interneurons [25]. Important to this work, NPY
is produced by a subpopulation of GABAergic interneurons
distributed throughout the cortical layers of the mPFC [26]. These
interneurons play an important role in shaping neurobiological
responses through modulation of both glutamatergic and
GABAergic mPFC signaling [27, 28]. While there is a growing
literature implicating NPY signaling in modulating ethanol intake,
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to our knowledge the role of NPY signaling in the mPFC in
the top-down regulation of excessive ethanol intake has yet to
be evaluated. This is notable as, similar to the EA, rats selectively
bred for high ethanol intake show low levels of NPY in the
mPFC [29], suggest that NPY signaling in this region plays a
critical role in ethanol consumption. Given this, we predict
enhancing NPY signaling in the mPFC will blunt binge-like ethanol
intake.
To address this gap in the literature, we use the DID paradigm

to model binge-like ethanol intake in male and female mice on a
C57BL/6J background in combination with histological, pharma-
cological, and chemogenetic approaches. We first show that a
history of binge-like ethanol intake reduces NPY levels in both the
prelimbic (PL) and infralimbic (IL) subregions of the mPFC. Next,
we show that enhancing NPY signaling via site-directed infusion
of a NPY1R agonist or a NPY2R antagonist (which increases
endogenous NPY release via autoreceptor blockade) both blunt
binge-like ethanol drinking in mice. Since NPY1R are Gi-coupled,
we then chemogenetically silenced (1) the entire population of
NPY1R-expressing (NPY1R+) glutamatergic and GABAergic neu-
rons in the mPFC and next (2) specifically NPY1R+ mPFC neurons
projecting to the BLA. In both cases we observed reductions of
binge-like ethanol drinking. Effects of pharmacological and
chemogentic manipulations did not interact with the effect of
sex of the animal, and these treatments did not alter consumption
of sucrose or locomotor behavior. These studies provide the first
evidence that NPY signaling in the mPFC is critical in the
modulation of binge-like ethanol drinking.

2.0 METHODS
2.1 Animals
We used male and female C57BL/6J mice (Jackson Laboratories,
Bar Harbor, ME) or NPY1R-Cre mice (positive for Cre-recombinase
expression under the NPY1R promoter, determined by standard
polymerase chain reaction genotyping) on a C57BL/6J background
>10 weeks old at experiment start (bred in house heterozygous X
C57BL/6J (Jackson), originally developed by [30]). Mice were
housed individually in an AAALAC accredited vivarium (22 °C with
a reversed 12:12 h light:dark cycle, lights on at 20:00). Animals had
ad libitum access to Prolab® RMH 3000 (Purina LabDiet®; St. Louis,
MO) and water, unless otherwise stated. Prior to experiments,
animals acclimated to the experimental housing environment for
≥1 week. All procedures were approved by the University of North
Carolina Institutional Animal Care and Use Committee and
followed the Guidelines for the Care and Use of Laboratory
Animals.

2.2 “Drinking in the Dark” procedures
Binge drinking was modeled using a 4-day DID paradigm as
previously described [31]. Three hours into the dark cycle (11:00),
water bottles were removed and replaced with sipper tubes
containing 20% (v/v) ethanol or 3% (w/v) sucrose in tap water for
2 h. On the fourth day of each cycle (test day), animals were
treated with drug or appropriate vehicle ~30 min prior to bottles
on (except in the immunohistochemistry (IHC) study, where
no treatment was given). Each 4-day DID cycle was separated by a
3-day abstinence. In pharmacological/chemogenetic studies tail
blood samples (≈60 μL) were taken immediately following DID
procedure to determine BECs with a AM1 Alcohol Analyzer
(Analox, London, UK).

2.3 Immunohistochemistry
Only male animals were used in IHC analysis. Mice underwent
three cycles of ethanol DID or three cycles with water alone
[Fig. 1a]. Three cycles was selected based on preliminary mPFC
data and previous work in our lab [12]. Immediately following the
final DID session (at approximately 13:00 h) each mouse was

administered 0.1 mL intraperitoneal (i.p.) injection ketamine/
xylazine (6.67 mg/0.1 mL; 0.67 mg/0.1 mL; in 0.9% saline) and
perfused transcardially using 0.1 M phosphate buffer saline (PBS;
pH= 7.4) and 4% paraformaldehyde in PBS (pH= 7.4). After
extraction, brains were postfixed in 4% paraformaldehyde for
24–48 h then sectioned at 40 µm thickness (Leica VT1000S
vibratome; Wetzlar, Germany). At this time random identification
numbers were assigned to blind experimenter to treatment.
Following antigen retrieval (1 h incubation in citrate buffer (10 mM
citric acid; 0.05% Tween 20; pH= 6.0) at 66 °C), sections were used
for NPY immunoreactivity detection. Sections were blocked in
3% horse serum (0.005% Tween20 in phosphate buffered saline
pH= 7.4) for 1 h then incubated in primary anti-NPY (1:1000)
(ab6173 sheep polyclonal produced/specificity verified by Abcam,
Cambridge, UK) for 72 h at 5 °C. Sections were then incubated 2 h
at room temperature in secondary solution (1:5000) (DI-3088
DyLight 488 horse anti-goat, Vector Laboratories, Burlingame, CA)
then mounted onto glass slides and coverslipped in Shur Mount
(General Data). One tissue set was run without primary antibody to
confirm lack of nonspecific florescence. Color images of mPFC
subregions were captured through a digital camera (Roper
Scientific), mounted on an optical microscope (Leica DM6000),
and positive fluorescence was quantified using ImageJ (NIH) (max
entropy threshold). Experimenter remained blinded to treatment
group until following ImageJ quantification. Unilateral percent
area of florescence for 2 sections per animal were averaged
together and used for analysis (bregma 1.94–1.54). Representative
images in figures were digitally adjusted (brightness/contrast/
saturation) for best appearance in publication. All images were
enhanced as a group (identical settings).

2.4 Surgeries
For all surgeries, animals were given intraperitoneal (i.p.) injections
(1.5 mL/kg) of an anesthetizing cocktail of xylazine (10 mg/kg) and
ketamine (100 mg/kg). For detailed cannula and DREADD injection
information see Supplementary methods.

2.5 Drug administration
On DID test days animals underwent micro- or I.P. injection of the
experiment-specific drug or appropriate vehicle ~30min prior to
test start. Drugs were as follows: NPY1R agonist Leu, Pro-NPY
(99 pmol/0.5 µl/side in saline); NPY2R antagonist BIIE0246 (3 µg/
0.5 µl/side in 10% DMSO in saline) (Tocris, Minneapolis, MN);
Clozapine-N-Oxide (CNO; I.P. 3.0 mg/kg; microinjection 900 pmol/
0.3 µl/side; Sigma-Aldrich, St. Louis, MO or gifted by the NIDA drug
depositary; in 0.5% DMSO in Saline). To limit the number of
microinjections animals underwent, single drug doses were
chosen based on previous dose–response curve experiments
performed in our lab [32]. A 2 × 2 Latin-square design was used in
each experiment. Animals were randomly assigned to drug or
vehicle treatment on test day 1, then received the alternative
treatment on test day 2 of a second DID cycle [See Fig. 2a].
Infusions for microinjected drugs occurred as previously published
at a rate of 0.5 μL/min using a Hamilton syringe (Reno, NV)
attached to a Harvard Apparatus PHD 2000 infusion pump
(Holliston, MS) [14, 33]. After infusion, injectors remained in guide
cannula for an additional 0.5–1min for diffusion. As animals
underwent a 3-day abstinence from ethanol or sucrose
following each test day, potential carry-over effects 24 h following
injection were not specifically evaluated. Following brain extrac-
tion and section mounting (see IHC methods) cannula and
DREADD placements were verified through use of a digital camera
(Roper Scientific), mounted on an optical microscope (Leica
DM6000).

2.6 Statistical analysis
GraphPad Prism (GraphPad Software, Inc. La Jolla, Ca) was used to
analyze and graph all data, save three-way ANOVAs which were
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performed in SPSS statistics (IBM Analytics, Armonk, New York).
Two-way ANOVAs and Bonferroni post hoc tests were used to
determine the effect of binge cycle on NPY immunoreactivity and
treatment versus time during individual DID drinking hours. t Tests
were used to evaluate effect of treatment on total intake and BEC.
All data are reported as the mean ± standard error of the mean
and considered significant if p < 0.05. Animals were removed from
analysis if: (1) they were found by a Grubbs test (alpha= 0.05) to
be a significant outlier (number of outliers/ethanol experiment:
3.1= 1, 3.2= 2, 3.3= 2, 3.5= 1); (2) due to cannula misplacement
(uni or bilateral); or (3) due to inappropriate DREADD expression.
In cases where a cannula became clogged between ethanol and
sucrose studies animals were immediately perfused and ethanol
results alone reported. Cannula placement was determined by
locating the end of the guide cannula and adding injector
projection length (2 mm in mPFC and 0.5 mm in BLA). Three-way
ANOVA analysis found no significant effect of treatment order in
any Latin-square design experiment, therefore these data were
collapsed and analyzed by two-way ANOVA. Two-way ANOVA
found no significant effect of sex on any data set, therefore data
from males and females were collapsed.

3.0 RESULTS
3.1 Three cycles of binge-like ethanol decreased mPFC NPY
immunoreactivity
NPY immunoreactivity in the PL and IL subregions of the mPFC
following 3 cycles of binge-ethanol exposure (N= 12) or water
only exposure (N= 10) were assessed [Fig. 1a]. Two-way ANOVA
revealed a significant impact of treatment [F(1,20)= 4.42, p <
0.05], but not mPFC subregion [F(1,20)= 3.61, p > 0.05; interaction:
F(1,20)= 0.46, p > 0.05] [Fig. 1b, c] on NPY expression. Interest-
ingly, NPY expression was found to be significantly correlated with
ethanol intake in the PL [r= 0.62, p < 0.05] [Fig. 1d], but not the IL
[r= 0.30, p > 0.05] [Fig. 1e] subregion. NPY expression was not
found to correlate with water intake in either the PL [r= 0.16, p >
0.05] [Fig. 1f] or IL [r=−0.52, p > 0.05] [Fig. 1g].

3.2 Pharmacological activation of mPFC NPY1R selectively
decreased binge-like ethanol intake
Two-way (treatment × time) ANOVAs were used to analyze the
Latin Square data and paired t test to analyze total intake and BEC.
Treatment timeline detailed in Fig. 2a. mPFC microinjection of the
selective NPY1R agonist Leu, Pro-NPY reduced total binge-like

Fig. 1 Three cycles of Binge-Like Ethanol Intake Reduces mPFC NPY Expression. a Timeline of three cycles of DID ethanol or water exposure.
b Three cycles of binge-like ethanol intake reduced NPY immunoreactivity relative to animals exposed only to water in the prelimbic (PL) and
infralimbic (IL) subregions of the mPFC. c Representative images of NPY IHC in the PL and IL in each treatment group. d NPY immunoreactivity
and total binge-like ethanol consumption on the final day of cycle 3 (g/kg) were found to be significantly correlated in the PL, e but not the IL.
f NPY immunoreactivity and total water consumption on the final day of cycle 3 (ml/kg) did not correlate in the PL g or IL subregion of the
mPFC. (*=main factor: liquid p < 0.05) (scale bar= 100 µm)

Medial prefrontal cortex neuropeptide Y modulates binge-like ethanol. . .
SL Robinson et al.

1134

Neuropsychopharmacology (2019) 44:1132 – 1140



ethanol intake in mice (N= 21) [treatment: F(1,20)= 10.62, p <
0.01; time: F(1,20)= 0.10, p > 0.05; interaction: F(1,20)= 0.053, p >
0.05; total t test: t= 3.26 df= 20, p < 0.01] [Fig. 2b]. A similar
significant reduction in BEC was observed (N= 18) (3 blood
samples lost due to mechanical error) [t= 2.22 df= 17, p > 0.05]
[Fig. 2c]. In contrast, no impact of Leu, Pro-NPY was detected on
sucrose consumption (N= 14) [treatment: F(1,13)= 0.01, p > 0.05;
time: F(1,13)= 0.29, p > 0.05; interaction: F(1,13)= 2.37, p > 0.05]
[Fig. 2d]. Nor did Leu, Pro-NPY alter general locomotor or anxiety-
like behavior [see Supplementary methods and Figure S1].

3.3 Pharmacological antagonism of mPFC NPY2R selectively
decreased binge-like ethanol intake
Three cohorts of animals were used to evaluate the impact of
BIIE0246, a NPY2R antagonist, on binge-like consumption. The first
cohort consisted of a subset of animals from the NPY1R agonist
experiment which were given 1 week of no drug treatment prior
to the NPY2R experiments (N= 9). The second and third cohorts
consisted of mice from Jackson Lab (Bar Harbor, ME) with no
previous experimental experience which were collapsed together
(N= 11). Two-way ANOVA with cohort and treatment as factors
revealed no significant effect of cohort [F(1,18)= 0.05, p= 0.82]

nor an interaction between cohort and treatment [F(1,18)= 0.02,
p= 0.88]. All cohorts were therefore collapsed together for
analysis.
Two-way (treatment × time) ANOVAs were used to analyze the

Latin Square data and paired t test to analyze total intake and BEC.
mPFC microinjection of the selective NPY2R antagonist BIIE0246
reduced total binge-like ethanol intake mice (N= 20) [treatment:
F(1,19)= 11.42, p < 0.01; time: F(1,19)= 8.30, p > 0.01; interaction:
F(1,19)= 7.17, p > 0.05; total t test: t= 3.45 df= 19, p < 0.01]
[Fig. 3a]. This was accompanied by a similar reduction in BEC
(N= 16) (4 blood samples lost due to mechanical error) [t= 4.09
df= 15, p < 0.001] [Fig. 3b]. In contrast, no impact of BIIE0246 was
observed on sucrose consumption (N= 13) [treatment: F(1,12)=
0.98, p > 0.05; time: F(1,12)= 4.34, p > 0.05; interaction: F(1,12)=
0.13, p > 0.05; total t test: t= 1.0 df= 12, p > 0.05] [Fig. 3c]. Nor did
BIIE0246 alter general locomotor or anxiety-like behavior [see
Supplementary methods and Figure S2].

3.4 Chemogenetic inhibition of mPFC NPY1R+ cells selectively
decreased binge-like ethanol intake
NPY1R-cre positive animals were used in these experiments. DID
timeline was identical to that in the NPY1R pharmacological

Fig. 2 NPY1R activation in the mPFC specifically reduces ethanol, but not sucrose, binge-like intake. a Timeline of pharmacology studies.
b Microinjection of the NPY1R agonist Leu, Pro-NPY into the mPFC significantly reduced binge-like ethanol intake. c BEC concentration was
likewise significantly reduced relative to vehicle. d Leu, Pro-NPY mPFC microinjection did not alter 3% sucrose intake relative to
vehicle. e Cannula placement checks with each mark representing a single animal (x=misplacement; •= hit). (**=main treatment effect
p < 0.01; += post hoc effect p < 0.05; #= paired t test p < 0.05; ##= paired t test p < 0.01)
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experiment [Fig. 2a]. Two-way (treatment × time) ANOVAs were
used to analyze the Latin Square data and paired t test to analyze
total intake and BEC. I.P. CNO injection significantly reduced
binge-like ethanol intake compared to vehicle treatment in
animals expressing Gi-coupled DREADDs in NPY1R+ mPFC cells
(N= 12) [treatment: F(1,11)= 6.68, p < 0.05; time: F(1,11)= 0.004,
p > 0.05; interaction: F(1,11)= 2.11, p > 0.05; total t test: t= 2.59
df= 11, p < 0.05] [Fig. 4a]. No such significant decrease in BEC
concentration was detected (N= 10) (2 blood samples lost due to
mechanical error) [t= 1.55 df= 9, p > 0.05] [Fig. 4b]. CNO
treatment in Gi-DREADD animals had no significant impact on
amount of consumption of a 3% sucrose solution (N= 10)
[treatment: F(1,9)= 0.12, p > 0.05; time: F(1,9)= 6.03, p < 0.05;
interaction: F(1,9)= 0.003, p > 0.05] [Fig. 4c].
In contrast to Gi-DREADD animals, in subjects treated with a

control (CON) DREADD virus no significant impact of I.P. CNO was
detected on ethanol intake (N= 9) [treatment: F(1,8)= 0.09, p >
0.05; time: F(1,8)= 1.33, p > 0.05; interaction: F(1,8)= 0.22, p > 0.05;
total t test t= 0.30 df= 8, p > 0.05] [Fig. 4d], BEC [t test t= 0.32
df= 8, p > 0.05] [data not shown], nor sucrose intake (N= 9)
[treatment: F(1,8)= 1.14, p > 0.05; time: F(1,8)= 1.03, p > 0.05;
interaction: F(1,8)= 0.50, p > 0.05; total t test t= 1.07 df= 8 p >
0.05] [Fig. 4e]. These results further demonstrate a lack of
nonspecific CNO effects.

3.5 Chemogenetic inhibition of NPY1R+ mPFC-BLA projection
neurons selectively decreased binge-like ethanol intake
NPY1R-cre positive animals were used in these experiments. DID
timeline was identical to that in the NPY1R pharmacological

experiment [Fig. 2a]. We next evaluated if chemogenetic inhibition
of mPFC NPY1R+ neurons reduced binge-like ethanol intake, in
part, by decreasing mPFC signaling to the BLA. Two-way
(treatment × time) ANOVAs were used to analyze the Latin Square
data and paired t test to analyze total intake and BEC. BLA CNO
microinjection significantly reduced ethanol intake compared to
vehicle treatment in Gi-coupled DREADD animals (N= 6) [treat-
ment: F(1,5)= 21.73, p < 0.01; time: F(1,5)= 1.18, p > 0.05; interac-
tion: F(1,5)= 0.24, p > 0.05; total t test t= 4.66 df= 5, p < 0.01]
[Fig. 5a] and BEC [t= 2.57 df= 5, p < 0.05] [Fig. 5b]. No effect of
treatment was found on sucrose intake in Gi-DREADD animals
(N= 7) [treatment: F(1,6)= 0.19, p > 0.05; time: F(1,6)= 10.03, p <
0.05; interaction: F(1,6)= 2.63e−005, p > 0.05; total t test: t= 0.44
df= 6, p > 0.05] [Fig. 5c]. In a separate cohort of mice, slice
electrophysiology verified mPFC to BLA Gi DREADD activity [S3].
In contrast to Gi-DREADD activation, in CON-virus animals BLA

CNO microinjection had no effect on ethanol (N= 7) [treatment:
F(1,6)= 0.96, p > 0.05; time: F(1,6)= 0.19, p > 0.05; interaction:
F(1,6)= 0.09, p > 0.05; total t test: t= 0.98 df= 6, p > 0.05] [Fig. 5d],
BEC [t= 0.30 df= 6, p > 0.05] [Fig. 5e], or sucrose intake (N= 7)
[treatment: F(1,6)= 0.33, p > 0.05; time: F(1,6)= 0.56, p > 0.05;
interaction: F(1,6)= 0.98, p > 0.05; total intake t test: t= 0.58
df= 6, p > 0.05] [Fig. 5f].

4.0 DISCUSSION
Results from the present study fill a critical gap in the literature
by providing the first evidence that NPY signaling in the mPFC is
critical in the modulating of binge-like ethanol intake. These

Fig. 3 NPY2R inhibition in the mPFC specifically reduces ethanol, but not sucrose, binge-like intake. a Microinjection of the NPY2R antagonist
BIIE0246 into the mPFC significantly reduced binge-like ethanol intake. b BEC concentration was likewise significantly reduce relative to
vehicle. c BIIE0264 mPFC microinjection did not alter 3% sucrose intake relative to vehicle. d Cannula placement checks with each mark
representing a single animal (x=misplacement; •= hit). (+++= post hoc effect p < 0.001; ##= paired t test p < 0.01)
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findings parallel observed reductions of NPY levels in limbic
regions critical to regulating ethanol-directed behaviors [11, 12].
Our IHC results suggest that binge-like ethanol consumption
reduces mPFC NPY levels. Notably, despite an overall reduction
in mPFC NPY immunoreactivity, NPY levels within the PL were
found to positively correlate with total ethanol intake. This
positive correlation is potentially due to NPY acting as a type of
“breaking mechanism” engaged following high levels of ethanol
intake [34]. That NPY levels are blunted relative to the water
treated group suggest repeated binge cycles compromise PL
ability to utilize NPY signaling to off-set the effects of high levels
of ethanol intake. In line with this potential counteractive role of
the mPFC NPY system, we hypothesized that increasing NPY
signaling in the mPFC during the drinking period would blunt
ethanol intake. mPFC infusion of a NPY1R agonist or a NPY2R
antagonist (which increases endogenous NPY release via
autoreceptor blockade) both blunt binge-like ethanol drinking
in mice with no impact on sucrose intake or anxiety-like/general
locomotor behavior. Since NPY1R are Gi-coupled [25] we used
DREADD technology in NPY1R-cre mice to chemogenetically
silence NPY1R+ neurons in the mPFC and in mPFC→BLA-
projecting NPY1R+ neurons. CNO activation of the inhibitory Gi-
coupled DREADD significantly reduced binge-like ethanol intake
in both cases, with no effect in sucrose consumption.
Importantly, no such change in binge-like ethanol intake was
observed following CNO injection in animals expressing a
control virus in the mPFC. The lack of CNO effect in the control
group is of particular importance given recent reports of
potential off-target CNO effects [35]. Of interest, an apparently
more robust effect was observed following administration of our
NPY1R agonist or the specific inhibition the of mPFC→BLA

projection over total mPFC NPY1R+ DREADD inhibition. This
may be due to route of CNO administration, as direct
microinjection of CNO to the BLA or NPY1R agonist to the
mPFC more rapidly interacts with receptors relative to an I.P.
CNO injection. Alternatively, I.P. CNO injection may have
inhibited distal NPY1R+ mPFC projections throughout the brain
in a sequential order which would not be observed following
direct microinjection to the mPFC. As the role of other important
mPFC projections, such as the nucleus accumbens or BNST, were
not evaluated in this work it is possible that inhibition of these
projections prior or subsequent to inhibition of mPFC→BLA may
impact observed results.
Potential differential roles of the two primary subregions of the

mPFC, the PL and IL, in consumption were not directly addressed
in this work. However, past work suggests these subregions play
distinct roles in ethanol-seeking behavior. For instance, in an
operant task, lesions or inactivation of the PL disrupts goal-
directed responding and facilitates the development of habitual
responding (responding that is insensitive to reward devaluation).
In contrast, inactivation of the IL suppresses habitual responding
stemming from overtraining and supports a return to goal-
directed operant behavior [36–38]. While we did not system-
atically investigate these regions separately in our pharmacologi-
cal or chemogenetic studies, the observation that NPY levels were
blunted in both the PL and IL after a history of binge-like ethanol
drinking suggests that NPY signaling in both regions may be
involved. Interestingly, however, NPY levels in the PL region of the
mPFC alone were found to correlate with ethanol intake,
suggesting potentially distinct relationships between NPY signal-
ing and mPFC subregion in binge-like intake. In further support of
such a distinct relationship, cannula placement analyses revealed

Fig. 4 DREADD inhibition of mPFC NPY1R-expressing neurons reduces binge-like ethanol, but not sucrose intake. a CNO activation of Gi-
DREADDs expressed on NPY1R+ mPFC cells reduced binge-like ethanol intake. b CNO Gi-DREADD activation did not significantly reduce BEC
levels relative to vehicle treatment. c Nor was sucrose consumption reduced relative to vehicle treatment by CNO treatment in Gi-DREADD
animals. d CNO I.P injection in CON DREADD animals did not alter ethanol binge-like intake or e sucrose intake. f Exemplar image of Gi-
DREADD expression in the mPFC. (*=main treatment effect p < 0.05; #= paired t test p < 0.05)
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that the NPY1R agonist blunted binge-like ethanol drinking when
injectors terminated in the PL, but not the IL subregion [Fig. S4].
Future studies will build on these preliminary observations to
systematically examine the contributions of each individual
region.
Though the specific role of NPY in regulating mPFC subregion

activity remains an area of important future investigation, we can
speculate based on NPY system expression patterns how this
neuropeptide contributes to the top-down modulation of limbic
activity. NPY is locally produced by a population of GABAergic
interneurons within the mPFC [26], which primarily synapses both
on other local interneurons and on the dendrites of glutamatergic
pyramidal neurons. NPY1R receptors are expressed both on
glutamatergic and GABAergic cells within the mPFC [39]. This NPY
+ interneuron population is therefore positioned to alter
GABAergic and glutamatergic activity through both GABA and
NPY signaling mechanisms, and thus potently shape mPFC output
and synchronize regional neural activity [40–42]. As a Gi-coupled
homoreceptor, NPY2R activity serves as an important regulator of
mPFC NPY levels, with decreased receptor function facilitating
NPY1R activity. As the mPFC is well known to be altered during
chronic ethanol exposure/withdrawal [13, 19, 43], NPY within the
mPFC may be poised to modulate both the initial binge-like
patterns of ethanol intake, as demonstrated in this study, and in
later stages of alcohol use disorders through dramatically shaping
mPFC output to a variety of downstream targets critically involved
in systems that modulate emotions and reward.
Within this work, we cannot specifically determine if there was a

total overlap in the population of NPY1R+ glutamatergic and
GABAergic cells mediated which actions of our pharmacological
study and that which mediated the reduced binge-like ethanol
intake resulting from general silencing of NPY1R+ neurons in the
mPFC. However, we can confidently conclude that NPY1R+

mPFC→BLA projection neurons are critically involved in
the modulation of binge-like ethanol intake. While the mPFC→BLA
circuit has been implicated in other neurobiological responses,
such as fear and anxiety [16, 44–46], the present results are
the first direct evidence that a top-down mPFC→BLA circuit
modulates binge-like ethanol intake. Future studies will be
necessary to further determine the role of NPY1R in microcircuits
within the mPFC itself in the modulation of binge-like ethanol
intake.
As a Gi-coupled receptor, NPY1R activation serves to decrease

mPFC→BLA projection activity. A loss of NPY modulation of this
projection, through the reduced NPY expression observed in this
work or a potential accompanying decrease in NPY1R function,
may therefore decrease mPFC ability to effectively regulate BLA
activity. Such disrupted regulation may eventually contribute to
the increase in glutamatergic signaling observed at cortical inputs
to the BLA during withdrawal from chronic ethanol exposure [47].
Importantly, alterations in mPFC→BLA communication are
involved in numerous neuropsychiatric disorders associated with
alcohol abuse behaviors, including depression [27], chronic stress
[28], and anxiety disorders [48]. Indeed, across a whole brain
analysis in humans, anxiety levels were found to be exclusively
predicted by mPFC-amygdala functional connectivity, suggesting
this pathway plays a critical role in regulating amygdala-driven
emotionality [48]. Alterations in mPFC regulation of BLA activity
are further critical as the BLA acts as the primary input nucleus of
the amygdala and thus serves as an important gateway though
which the mPFC regulates activity of downstream limbic targets
[20, 49]. Within this present work we evaluated only NPY
modulation of the first leg of this circuit, the connection from
the mPFC to the BLA. Future studies will be required to determine
the precise secondary downstream targets which are functionally
altered by changes in mPFC NPY signaling, with an emphasis on

Fig. 5 DREADD inhibition of mPFC to BLA NPY1R-expressing neurons reduces binge-like ethanol, but not sucrose, intake. a CNO activation of
Gi-DREADDs expressed on NPY1R+ mPFC cells projecting to the BLA reduced binge-like ethanol intake. b CNO Gi-DREADD activation
significantly reduced BEC levels relative to vehicle treatment. c Sucrose consumption relative to vehicle treatment was not reduced by CNO
treatment in Gi-DREADD animals. d CNO microinjection into CON DREADD animals did not alter binge-like ethanol intake, e BEC, or f sucrose
intake. g TOP: Cannula placement checks with each mark representing a single cannula (2 per animal) (x=misplacement; •= hit); BOTTOM:
exemplar image of mPFC NPY1R+ terminal fluorescence in the BLA of a NPY1R-cre mouse (scale bar= 250 µm). (**=main treatment effect
p < 0.01; #= paired t test p < 0.05; ##= paired t test p < 0.01)
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alterations in activity within the EA during binge-like consumption
of ethanol.
In conclusion, we provide novel evidence for a role of the mPFC

NPY system in modulating binge-like ethanol consumption
regardless of sex. These findings strengthen evidence that
compounds targeting the NPY system may be a viable treatment
for alcohol use disorders, and may be effective in correcting
abnormal NPY signaling stemming from repeated alcohol use in a
variety of brain circuits.
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