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Activation of hypothalamic oxytocin neurons reduces
binge-like alcohol drinking through signaling at central
oxytocin receptors
Courtney E. King1, William C. Griffin1, Marcelo F. Lopez1 and Howard C. Becker1,2,3

Preclinical and clinical evidence suggests that exogenous administration of oxytocin (OT) may hold promise as a therapeutic
strategy for reducing heavy alcohol drinking. However, it remains unknown whether these effects are mediated by stimulation of
endogenous sources of OT and signaling at oxytocin receptors (OTR) in brain or in the periphery. To address this question, we
employed a targeted chemogenetic approach to examine whether selective activation of OT-containing neurons in the
paraventricular nucleus of the hypothalamus (PVN) alters alcohol consumption in a binge-like drinking (“Drinking-in-the-Dark”; DID)
model. Adult male Oxt-IRES-Cre mice received bilateral infusion of a Cre-dependent virus containing an excitatory DREADD (AAV8-
hSyn-DIO-hM3Dq-mCherry) or control virus (AAV8-hSyn-DIO-mCherry) into the PVN. Chemogenetic activation of PVNOT+ neurons
following clozapine-N-oxide injection reduced binge-like alcohol drinking in a similar manner as systemic administration of the
neuropeptide. Pretreatment with a brain-penetrant OTR antagonist (L-368,899) reversed this effect while systemic administration of
a peripherally restricted OTR antagonist (Atosiban) did not alter reduced alcohol drinking following chemogenetic activation of
PVNOT+ neurons. Altogether, these data are the first to demonstrate that targeted activation of hypothalamic (endogenous) OT
reduces alcohol consumption, providing further evidence that this neuropeptide plays a role in regulation of alcohol self-
administration behavior. Further, results indicate that the ability OT to reduce alcohol drinking is mediated by signaling at OTR in
the brain.
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INTRODUCTION
Binge alcohol drinking is the most common form of excessive
alcohol consumption and contributes to a host of long-term
negative health consequences, including increased risk for
developing alcohol use disorder [1–3]. Repeated bouts of heavy
drinking and intoxication are known to produce aberrant plasticity
changes in multiple brain regions (e.g., cortical, limbic, basal
ganglia structures) that are intimately associated with reward
processing and stress responsivity [4, 5]. Animal models involving
binge-like drinking have been valuable in elucidating neuroadap-
tations in brain reward and stress pathways that play a role in
enhanced motivation to engage in such risky pattens of alcohol
consumption [6, 7]. Understanding mechanisms that promote and
mediate binge-like drinking is key to developing more effective
treatment strategies for impeding progression to more prolonged
and excessive alcohol consumption.
The neuropeptide oxytocin (OT) has been implicated in several

neuropsychiatric disorders, including alcohol and drug addiction
[8–11]. Clinical studies have indicated that intranasal OT treatment
reduces alcohol withdrawal symptoms [12], craving [13], and brain
activation to alcohol-related cues [14]. A growing number of
preclinical studies have demonstrated that systemic administration
of OT reduces alcohol consumption in mice [15, 16], rats [17–19],
and prairie voles [20, 21]. While there is evidence indicating that

these effects are mediated by central actions of OT [14, 18, 19, 22],
the mechanism by which peripherally delivered exogenous OT
reduces the motivational effects of alcohol is not fully understood.
Historically, peripherally administered OT was not thought to

penetrate the blood–brain barrier in quantities sufficient to
influence behavior [23]. Rather, it has been hypothesized that
OT impacts behavior via a feed-forward mechanism whereby
exogenous OT stimulates hypothalamic release of endogenous OT
[24–26]. Although studies have demonstrated elevated central OT
levels following peripheral administration of OT in rodents [27, 28],
nonhuman primates [29, 30], and humans [31], more recent
studies have indicated that the measured OT appears to originate
solely from the exogenous source [32, 33]. While most of these
studies examined central OT levels through measurement in
cerebrospinal fluid, intranasal administration of OT was also
shown to bypass the blood–brain barrier and reach several brain
regions in measurable concentrations in rhesus macaques [34].
Nevertheless, the question remains as to whether stimulation of
endogenous OT release can produce similar effects as exogenous
OT administration in reducing alcohol consumption.
OT is predominantly synthesized and released from neurons in

the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of
the hypothalamus, with axons extending to the neurohypophysis
for release into general circulation, as well as projections to a
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number of forebrain and hindbrain structures [35, 36]. OT signals
through a single receptor, and these OT receptors (OTR) are
expressed throughout the periphery to mediate classic hormonal
regulation of uterine contraction during parturition, milk-let down
during lactation, and sexual reflexes [37]. OTRs are also expressed
in numerous brain regions where signaling mediates various social
and affective behavioral effects of the neuropeptide. This includes
regions sensitive to chronic alcohol effects, including prefrontal
cortical areas and extended amygdala structures [38–43]. OTR
signaling in the periphery may also play a role in influencing
centrally mediated behavioral effects of OT via afferent vagal
nerve inputs. However, studies investigating the relative contribu-
tions of peripheral versus central OT signaling have yielded mixed
results. While there is evidence to suggest that peripheral OT
directly interacts with vagal afferents to regulate feeding behavior
in mice [44], and methamphetamine self-administration in rats
[45], Tunstall et al. [19] demonstrated that the peripherally
restricted OTR antagonist L-371,257 did not alter the effects of
intranasal OT in reducing alcohol consumption in dependent rats.
Thus, the central versus peripheral contribution to OT’s effect on
alcohol consumption also remains an important question.
Here, we utilize targeted chemogenetic and pharmacological

approaches to selectively activate OT-containing neurons within the
hypothalamus (PVN) to examine the effect of endogenous OT on
binge-like alcohol consumption. Additionally, using brain penetrant
and peripherally restricted OTR antagonists (L-368,899 and Atosiban,
respectively), we test the hypothesis that activation of PVNOT+

neurons reduce alcohol consumption via central, not peripheral,
actions. Together, these studies indicate that OT signaling in the brain
plays a role in regulation of binge-like alcohol consumption.

MATERIALS AND METHODS
Subjects
Adult male Oxt-IRES-Cremice at least 10 weeks old were used in all
experiments. The breeding colony was established by crossing
homozygote Oxt-IRES-Cre male mice (B6;129S-Oxttm1.1(cre)Dolsn/J;
stock #024234) with C57BL/6J female mice, both obtained from
Jackson Laboratories (Bar Harbor, ME). All offspring were positive
for expression of Cre recombinase under the control of the
oxytocin promoter as determined by standard (PCR) genotyping
protocols. Mice were individually housed under a 12-h reverse
light/dark cycle in an AAALAC-accredited facility. All testing was
conducted during the dark phase of the circadian cycle. Mice were
provided free access to food and water throughout the duration
of the experiments. All experimental protocols were approved by
the Medical University of South Carolina Institutional Animal Care
and Use Committee and consistent with guidelines of the NIH
Guide for the Care and Use of Laboratory Animals.

Alcohol binge-like drinking procedure
Alcohol consumption was assessed using a standard 4-day “Drinking-
In-The-Dark” (DID) protocol [46, 47]. Briefly, mice were presented in
the home cage with a single bottle of 20% (v/v) alcohol 3-h into the
dark cycle for 2-h on 3 consecutive days. On Day-4 access to alcohol
was extended to 4-hr, and this 4-day procedure was repeated for
3 weeks (with 3 days off between the weekly cycles). Mice received
no treatment during the first 4-day cycle. Chemogenetic and
pharmacological manipulations were conducted prior to Day-4
drinking sessions during the second and third DID cycles. Alcohol
intake (±0.1ml; expressed as g/kg) was recorded for the first 2-h and
the last 2-h of the 4-h test session. Vehicle injections were given 30-
min prior to the 2-h drinking sessions during the first 3 days to
acclimate mice to handling and the injection procedure.

Drugs and administration
Clozapine-N-oxide (CNO; Tocris Bioscience, Minneapolis, MN),
synthetic human oxytocin (CellSciences, Canton, MA), and the

oxytocin receptor antagonists L-368,899 hydrochloride (Tocris)
and Atosiban (Tocris), were dissolved in 0.9% saline, which served
as the vehicle. Injections were administered intraperitoneally (i.p.)
at a volume of 0.01 ml/g body weight in all experiments. Alcohol
(95% ethanol) was obtained from AAPER (Shelbyville, KY) and
diluted with tap water to the appropriate concentration. Doses of
the oxytocin receptor antagonists were based on published
studies [48, 49] and preliminary work in our lab.

Surgical procedures
Male Oxt-IRES-Cre mice were anesthetized with isoflurane and
received bilateral infusion of a Cre-dependent virus containing an
excitatory DREADD (AAV8-hSyn-DIO-hM3Dq-mCherry) or control
virus (AAV8-hSyn-DIO-mCherry) into the PVN (AP: −0.78mm,
ML: ± 0.2 mm, DV: −5.2 mm) [50]. Viral constructs were obtained
from Addgene (Cambridge, MA) and procedural details for
infusions are provided in Supplemental Materials.

Chemogenetic activation of hypothalamic (PVN) oxytocin-
containing neurons
To examine the effect of chemogenetic activation of hypothalamic
OT-containing neurons on alcohol consumption, adult male Oxt-
IRES-Cre mice were infused with active (hM3Dq DREADD) virus
(N= 12) or control virus (N= 11) targeting the PVN. Subjects were
left undisturbed for three weeks to allow for viral infection prior to
the start of weekly DID cycles. At 30-min prior to the 4-h test
sessions during two consecutive DID cycles, mice were injected
with vehicle (saline) or CNO (3 mg/kg). A within-subjects crossover
design was used, with order of drug treatment (saline vs. CNO)
counter-balanced across the two test sessions.

Systemic oxytocin administration
To examine whether systemic administration of exogenous OT
produced similar effects on alcohol drinking in this transgenic
mouse line, a separate group of male Oxt-IRES-Cre mice (N= 9)
that did not receive viral infusions was injected with vehicle
(saline) or OT (1 mg/kg) 30-min prior to the 4-h test sessions
during two consecutive weekly DID cycles. Testing was
conducted in the same way as described above. This dose of
OT (1 mg/kg) was previously shown to reduce alcohol con-
sumption in C57BL/6J mice under similar testing conditions
without affecting total fluid intake, sucrose self-administration,
or general locomotor activity [51].

Pharmacological antagonism of central oxytocin receptors
A brain-penetrant OTR antagonist was used to examine whether
chemogenetic activation of PVNOT+ neurons reduce alcohol
consumption via actions at central OTRs. Prior to testing alcohol
drinking in the DID procedure, adult male Oxt-IRES-Cre mice
received intra-PVN infusion of active virus (AAV8-hSyn-DIO-
hM3Dq-mCherry) (N= 13) or control virus (AAV8-hSyn-DIO-
mCherry) (N= 11). Mice were then pretreated with the selective
nonpeptide OTR antagonist L-368,899 (10 mg/kg) or vehicle 15-
min prior to injection of CNO (3mg/kg) or vehicle (saline), which
was given 30-min before the start of the 4-h test sessions. Testing
was conducted over two DID cycles, with order of antagonist drug
treatment counter-balanced over the two test sessions.

Pharmacological antagonism of peripheral oxytocin receptors
In this study, a peripherally restricted OTR antagonist was used to
investigate whether the reduction in alcohol drinking produced by
targeted chemogenetic activation of PVNOT+ neurons was
mediated, at least in part, by signaling at peripheral oxytocin
receptors. Adult male Oxt-IRES-Cre mice first received intra-PVN
infusion of either active virus (AAV8-hSyn-DIO-hM3Dq-mCherry)
(N= 12) or control virus (AAV8-hSyn-DIO-mCherry) (N= 10). Mice
were pretreated with the peripherally restricted OTR antagonist
Atosiban (1 mg/kg) or saline 15-min prior to CNO (3 mg/kg) or
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vehicle (saline) administration (i.p.), which was given 30-min
before the start of the 4-h test drinking sessions. Similar to the
previous study, testing was conducted over two DID cycles, with
order of antagonist drug treatment counter-balanced over the two
test sessions.

Histology
At the conclusion of all studies, mice were euthanized, and brains
were histologically examined for viral expression. Behavioral data
was only analyzed from subjects in which viral expression was
anatomically verified. Details of immunohistochemical and con-
focal microscopy procedures are provided in Supplemental
Materials.

Statistical analysis
Alcohol intake (g/kg) over the entire 4-h test sessions was
analyzed by separate ANOVAs for each of the experimental (virus)
groups. Also, intake during the first 2-h and last 2-h of the test
sessions were analyzed by ANOVA, with Drug (CNO vs. saline) and
Time (2-h vs. 4-h) as repeated measures. A similar strategy was
used to analyze effects of systemic administration of OT on
alcohol consumption. The effects of pretreatment with OTR
antagonists on alcohol intake were analyzed separately in mice
that received infusions of active (excitatory DREADD) virus or
control virus by ANOVA, with Treatment (saline, CNO, saline+
antagonist, CNO+ antagonist) and Time as repeated factors.
Statistical analyses were carried out using SPSS software package
(IBM SPSS Statistics, Version 25). Post hoc comparisons were
performed when appropriate (Newman–Keuls) and significance
level for all analyses was set at p < 0.05.

RESULTS
Chemogenetic activation of hypothalamic oxytocin-containing
neurons reduces binge-like alcohol consumption
To determine whether activating endogenous OT alters binge-like
alcohol consumption, Oxt-IRES-Cre transgenic mice were used
to enable selective chemogenetic targeting of OT-containing
neurons in the hypothalamic PVN. Bilateral infusion of active virus
containing an excitatory DREADD (AAV8-hSyn-DIO-hM3Dq-
mCherry) (N= 12) or control virus (AAV8-hSyn-DIO-mCherry)
(N= 11) showed targeted (Cre-dependent) expression in the
PVN (Fig. 1) similar to that reported for this mouse model [52].

Three weeks after virus injection, mice were tested in the DID
alcohol binge-drinking model. Data from one mouse infused with
active virus was excluded from analysis after histological evalua-
tion revealed little evidence of viral expression, suggesting the
infusion was misplaced during surgery. Alcohol intake collapsed
across the two 4-day DID cycles displayed the typical pattern of
consumption for both active and control virus groups (Supple-
mental Fig. S1A, S1C). Mice that received intra-PVN infusion of the
excitatory (hM3Dq) DREADD virus and injected (ip.) with CNO (3
mg/kg) consumed significantly less alcohol compared to the same
mice that were injected with saline over the 4-h test sessions
(Fig. 2A). This was supported by ANOVA, which revealed a
significant main effect of Drug [F(1,20)= 14.4622, p= 0.0011]
(Fig. 2B). This reduction in alcohol intake was most robust during
the first half of the test session (Supplemental Fig. S1B). In
contrast, CNO injection did not significantly alter alcohol intake in
mice expressing the control virus (Drug: [F(1,20)= 0.3728, p=
0.5484]) (Fig. 2C, D), and this was true for both the first and last
half of the 4-h drinking session (Supplemental Fig. S1D). These
latter effects indicate that CNO administration did not produce
“off-target” effects, as it only reduced alcohol consumption when
activating the excitatory DREADD selectively expressed in PVNOT+

neurons.
In a follow up study in a separate cohort of mice (N= 9), we

next examined whether systemic administration of OT produced
comparable effects in Oxt-IRES-Cre mice that did not receive viral
infusion. Alcohol consumption over the 4-day DID procedure
produced the typical pattern of intake (Supplemental Fig. S1E).
Analysis of alcohol intake following injection of OT (1 mg/kg)
or vehicle (saline) revealed a significant main effect of Drug
[F(1,16)= 7.4370, p= 0.0149], indicating that cumulative intake
across the 4-h test session was decreased in mice treated with
exogenous OT compared to those treated with saline (Fig. 2D, E).
Although the reduction in alcohol drinking following injection of
OT was clearly most robust during the first half of the test
session, the Drug x Time interaction was only marginally
significant (Supplemental Fig. S1F).

Activation of endogenous oxytocin reduces binge-like alcohol
consumption via signaling at central oxytocin receptors
To determine whether chemogenetic activation of PVNOT+ neurons
reduced binge-like alcohol intake via action at central OTRs,
mice were treated with an OTR antagonist that penetrates the

Fig. 1 Representative excitatory (hM3Dq) DREADD expression in the PVN of Oxt-IRES-Cre mouse. A Illustration showing location of
bilateral placement of the virus in the PVN. B Confocal imaging showing bilateral expression of the mCherry tag around the third ventricle
(3V) at 10X magnification. C Confocal imaging at 20X magnification of the mCherry fluorescent tag on one side of the 3V. D Cre expression in
the same area shown in C. E merge of mCherry and Cre fluorescence shown in C and D.
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blood–brain barrier. Specifically, Oxt-IRES-Cre mice that received
intra-PVN infusion of active (excitatory DREADD) (N= 13) or control
(N= 11) virus were injected (i.p.) with the brain-penetrant OTR
antagonist L-368,889 (10mg/kg) or vehicle before CNO or vehicle
(saline) administration (N= 5–7/group). As previously observed,
CNO (3mg/kg) injection significantly reduced alcohol consumption

in animals harboring the excitatory DREADD virus, and this effect
was blocked in animals that were pretreated with the OTR
antagonist (Fig. 3A). This was supported by a significant effect of
Treatment [F(3,20)= 6.9616, p= 0.0022], and post hoc analysis
indicated that the ability of chemogenetic activation of endogenous
OT to reduce alcohol binge-like drinking was completely reversed by
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Fig. 2 Chemogenetic activation of hypothalamic (PVN) oxytocin-containing neurons reduces alcohol consumption. A Individual and
B group data showing that chemogenetic activation of PVNOT+ neurons reduced alcohol consumption in Oxt-IRES-Cre mice treated with active
(AAV8-hSyn-DIO-hM3Dq-mCherry) virus. C, D Systemic CNO (3 mg/kg) administration did not alter alcohol drinking in Oxt-IRES-Cre mice
harboring control (AAV8-hSyn-DIO-mCherry) virus. E, F Systemic administration of OT (1mg/kg) decreased alcohol consumption compared to
vehicle (saline) in Oxt-IRES-Cre mice. Values (panels B, D, F) are mean ± s.e.m. (N= 9–12/group); *p < 0.05 vs. saline.
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pretreatment with the brain-penetrant OTR antagonist L-368,899.
This effect was most evident during the first 2-h period of the test
session (Supplemental Fig. S2A). Importantly, alcohol intake was not
altered in mice treated with the control virus following injection
of CNO or pretreatment with L-68,899 (Treatment: [F(3,18)= 0.9595,
p= 0.4332]) (Fig. 3B). This was true for alcohol consumed during the
first and last half of the drinking session (Supplemental Fig. S2B). In
all cases, L-368,899 treatment alone did not alter alcohol intake.

Peripheral oxytocin receptor antagonism does not alter
endogenous oxytocin-induced decrease in binge-like alcohol
consumption
Next, we examined whether the ability of chemogenetic
activation of endogenous OT to reduce binge-like alcohol
drinking may be mediated via actions at OTRs outside of the
brain. A similar experimental strategy was employed as described
above, except that separate groups of Oxt-IRES-Cre mice that
received active (hM3Dq DREADD) (N= 12) or control (N= 10)
virus in the PVN were pretreated with the peripherally restricted
OTR antagonist Atosiban (1 mg/kg) or vehicle prior to CNO or
saline injection (N= 5–6/group). Data from one mouse infused

with active virus and two mice infused with control virus were
excluded from the analyses after histological evaluation indicated
misplaced viral expression. Replicating our earlier finding, CNO
treatment reduced alcohol consumption in mice expressing the
excitatory (hM3Dq) DREADD in PVNOT+ neurons, and this effect
was observed whether the mice were pretreated with vehicle or
with Atosiban (Fig. 4A). This was supported by a main effect of
Treatment [F(3,18)= 10.5303, p= 0.0003], and the CNO-induced
effect was evident throughout the testing period (Supplemental
Fig. S3A). In contrast, CNO administration did not alter
alcohol intake in mice treated with the control virus (Treatment:
[F(3,12)= 0.2489, p= 0.8606] (Fig. 4B and Supplemental Fig. S3B).
Atisoban treatment alone did not alter alcohol drinking at any
time during the test drinking session in groups of mice that
received active or control virus.
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Fig. 3 The brain-penetrant oxytocin receptor antagonist, L-
368,899, reverses decreased alcohol intake following chemoge-
netic activation of PVNOT+ neurons. A In mice expressing the
excitatory DREADD, CNO-induced activation of PVNOT+ neurons
decreased alcohol consumption compared to vehicle and pretreat-
ment with L-368,899 (10mg/kg) reversed this effect. B No effect
was observed in animals treated with control virus. Values are
mean ± s.e.m. (N= 5–7/group); *p < 0.05 vs. saline.
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Fig. 4 The peripherally restricted oxytocin receptor antagonist,
Atosiban, does not reverse chemogenetic-induced reduction in
alcohol drinking. A In mice harboring the excitatory DREADD, CNO-
induced activation of PVNOT+ neurons decreased alcohol consump-
tion compared to vehicle. Pretreatment with Atosiban (1 mg/kg) did
not affect alcohol consumption in vehicle (Saline+ Atosiban) or
CNO (CNO+ Atisoban) groups. B Neither CNO nor Atisoban
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control virus. Values are mean ± s.e.m. (N= 5–6/group); *p < 0.05
vs. saline.

Activation of hypothalamic oxytocin neurons reduces binge-like alcohol. . .
CE King et al.

1954

Neuropsychopharmacology (2021) 46:1950 – 1957



DISCUSSION
While preclinical and clinical evidence suggests that OT treatment
may be promising as a potential therapeutic for AUD, the
mechanism and site of action by which exogenous OT reduces
alcohol consumption is not fully understood. Here, we demon-
strate that direct activation of OT-containing neurons in the
hypothalamus (PVN) via targeted expression of an excitatory
DREADD decreases alcohol consumption in a binge-like drinking
model. Further, this chemogenetic effect was specific in that the
activating effects of CNO were only observed in mice harboring
the hM3Dq (excitatory) DREADD in PVNOT+ neurons. A similar
targeted approach has been employed to show OT-mediated
regulation of social behavior [53, 54]. This is the first demonstra-
tion that stimulating hypothalamic release of endogenous sources
of OT is effective in reducing alcohol consumption.
Additionally, combining chemogenetic and pharmacological

approaches, we demonstrate that the effects of activating PVNOT+

neurons on alcohol consumption can be reversed with a
blood–brain barrier penetrant OTR antagonist, while peripheral
administration of an OTR antagonist that does not cross the
blood–brain barrier did not reverse this effect. Taken together,
these data suggest a central mechanism for OT’s effect on alcohol
drinking and implicate OTR signaling in brain as a mechanism of
action.
Hypothalamic OT-containing neurons release the neuropeptide

into the bloodstream via axon terminals that interface with
fenestrated capillaries in the neurohypophysis, as well as target
extrahypothalamic brain regions via axon collaterals [35, 36, 40].
Therefore, chemogenetic-induced activation of these neurons
could lead to secretion of OT into the general circulation and
produce effects through OTR signaling in the periphery. The
present study provides evidence that peripheral receptors do not
significantly contribute to the effect of activating PVNOT+ neurons
on alcohol consumption. Specifically, whereas the peripherally
restricted OTR antagonist Atosiban had no effect on the ability of
chemogenetically induced release of endogenous OT to reduce
alcohol consumption, pretreatment with a brain-penetrant OTR
antagonist, L-368,899, reversed this effect. These results are
consistent with a recent report by Tunstall et al. demonstrating
intracerebroventricular (i.c.v.) administration of a large molecule
OTR agonist, PF-06655075, that does not cross the BBB,
significantly reduced alcohol drinking in dependent rats. However,
the same compound administered systemically (not expected to
enter the CNS) did not have an effect. The authors also showed
that systemic administration of an OTR antagonist that does not
enter the brain (L-371,257) did not reverse the ability of intranasal
OT to reduce alcohol drinking in dependent rats [19]. Taken
together, while chemogenetic activation of PVNOT+ neurons may
also release other neurotransmitters (glutamate) [40], results from
the present study involving OTR antagonists suggest that OTR
signaling in the brain reduces alcohol consumption independent
of OTR binding in the periphery.
The central mechanisms by which OT reduces alcohol drinking

are not fully understood. OTRs are widely distributed in the brain,
with overlapping expression in several alcohol-sensitive regions,
including frontal cortex, basal ganglia, and limbic areas [38–43].
Post mortem analyses in humans and rodent models indicate that
chronic alcohol exposure results in reduced hypothalamic OT
expression but elevated OTR expression in many of these target
regions [14, 55–57]. OT is known to influence mesolimbic reward
circuitry, altering GABA and glutamate modulation of ventral
tegmental area neuronal activity [58], as well as dopamine
transmission in target regions such as the nucleus accumbens
[18]. OTR signaling in the nucleus accumbens has been shown to
contribute to the rewarding effects of alcohol [22]. Others have
reported that OT activity in prefrontal cortex [41, 59] and limbic
regions such as the amygdala [19, 40, 60] play an important role in
reward, fear, and anxiety related behaviors. Thus, OTR signaling in

many of these regions would appear relevant to the motivational
effects of alcohol. Additionally, OT is known to exert anti-
neuroinflammatory effects via OTR signaling in microglia [61]. To
the extent that microglia and neuroimmune factors play a role in
regulation of alcohol consumption [62], OT may also contribute to
these effects. Future work will need to determine which brain
cells, regions and circuits mediate the effects of activated
endogenous OT in reducing alcohol consumption.
Given its similar structure to another hypophyseal neuropeptide

(arginine vasopressin; AVP), it is possible that OT reduces alcohol
drinking via interaction with AVP receptors. The AVP system has
been implicated in a number of alcohol effects, but studies
examining the influence of AVP receptors on alcohol drinking
have produced mixed results. For example, genetic deletion of
either V1a or V1b receptors did not alter alcohol preference or
intake [63], although knockdown of V1a receptors was reported to
increase alcohol intake [64]. In contrast, pharmacological blockade
of V1b receptors was shown to reduce alcohol consumption in
mice [65] and rats selectively bred for high alcohol preference [66]
and those rendered dependent following chronic alcohol
exposure [67]. Further, a recent placebo-controlled clinical trial
showed the V1b receptor antagonist ABT-436 to have a modest
effect in reducing alcohol drinking in dependent individuals [68].
Nevertheless, it is unlikely that activating endogenous OT in the
present study reduced alcohol consumption via AVP release and/
or signaling through AVP receptors. First, Cre expression is driven
by the OT promoter in Oxt-IRES-Cre mice used in this study and
these mice have been shown to express Cre exclusively in PVN
neurons with OT immunoreactivity, but not AVP neurons in the
PVN [52]. Thus, Cre-dependent expression of the excitatory
DREADD effectively targeted OT+ neurons in the present study.
Additionally, the fact that the brain-penetrant OTR antagonist L-
368,899 reversed the effects of chemogenetic activation in the
present study provides strong evidence for OTR signaling in
mediating the resultant reduction in alcohol intake. Of note, the
peripherally restricted OTR antagonist Atosiban is also known to
block AVP V1a receptors [69] but since it did not alter alcohol
drinking when administered alone, it is unlikely that these
receptors play a significant role in regulating alcohol consumption
in the DID model. Finally, blockade (not activation) of AVP (V1b)
receptors was shown to reduce alcohol drinking, making it
unlikely that OT signaling at these receptors would produce the
same effect.
A limitation of the present study is that only male subjects were

tested. Our previous work suggested a trend for female mice to
exhibit greater sensitivity to OT to decrease stress-induced alcohol
relapse-like responding [16]. Another study reported that genetic
deletion of OTR increased alcohol drinking in female, but not male
mice [70]. In a recent study, repeated systemic administration of
OT was shown to significantly reduce alcohol intake to the same
extent in male and female mice [15]. There is evidence for sexually
dimorphic expression of OT and OTRs in brain, and fluctuations in
sex hormones in females may influence OT sensitivity [71]. A
recent report indicates that while male alcohol-dependent rats
and male human postmortem brain analyses revealed reduced
OT-immunoreactivity in PVN and upregulated OTR-binding sites in
striatum, no such changes were observed in analyses of female
alcohol-dependent rats or postmortem striatal tissue from female
alcohol-dependent patients [72]. Thus, possible sex-related
differences in the ability of endogenous (and exogenous) OT to
reduce alcohol self-administration remains to be determined.
Another limitation relates to the fact that OT is known to reduce

food intake [73] and, in the present study, the effects of
chemogenetic activation of PVNOT+ neurons on consumption of
another caloric solution (e.g., sucrose) was not examined.
However, we previously reported that systemic administration of
OT reduced alcohol self-administration at doses that did not alter
operant self-administration of sucrose or general fluid intake [51].
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It remains to be determined whether activation of endogenous OT
release reduces alcohol consumption under conditions in which
there are no effects on general food or fluid intake.
In summary, results from this study show that targeted chemoge-

netic activation of OT neurons in the PVN significantly reduced alcohol
consumption in a binge-like drinking model. Further, decreased
alcohol intake produced by activation of endogenous OT was reversed
by pretreatment with an OTR antagonist that is known to penetrate
the blood–brain barrier. In contrast, this effect was not altered when
mice were pretreated with a peripherally restricted OTR antagonist.
Taken together, results from these studies demonstrate a role for
hypothalamic (endogenous) OT in regulation of alcohol consumption
and implicate signaling at central OTRs in mediating this effect.
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