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ARTICLE
Dynorphin-kappa opioid receptor activity in the central

amygdala modulates binge-like alcohol drinking in mice

Rachel I. Anderson’, Marcelo F. Lopez’, William C. Griffin', Harold L. Haun?, Daniel W. Bloodgood®*, Dipanwita Pati @, Kristen M. Boyt?,
Thomas L. Kash @>* and Howard C. Becker'*>

Although previous research has demonstrated a role for kappa opioid receptor-mediated signaling in escalated alcohol
consumption associated with dependence and stress exposure, involvement of the dynorphin/kappa opioid receptor (DYN/KOR)
system in binge-like drinking has not been fully explored. Here we used pharmacological and chemogenetic approaches to
examine the influence of DYN/KOR signaling on alcohol consumption in the drinking-in-the-dark (DID) model of binge-like drinking.
Systemic administration of the KOR agonist U50,488 increased binge-like drinking (Experiment 1) while, conversely, systemic
administration of the KOR antagonist nor-BNI reduced drinking in the DID model (Experiment 2). These effects of systemic KOR
manipulation were selective for alcohol as neither drug influenced consumption of sucrose in the DID paradigm (Experiment 3). In
Experiment 4, administration of the long-acting KOR antagonist nor-BNI into the central nucleus of the amygdala (CeA) decreased
alcohol intake. Next, targeted “silencing” of DYN+ neurons in the CeA was accomplished using a chemogenetic strategy.
Cre-dependent viral expression in DYN+ neurons was confirmed in CeA of Pdyn-IRES-Cre mice and functionality of an inhibitory
(hM4Di) DREADD was validated (Experiment 5). Activating the inhibitory DREADD by CNO injection reduced binge-like alcohol
drinking, but CNO injection did not alter alcohol intake in mice that were treated with control virus (Experiment 6). Collectively,
these results demonstrate that DYN/KOR signaling in the CeA contributes to excessive alcohol consumption in a binge-drinking

model.

Neuropsychopharmacology (2019) 44:1084-1092; https://doi.org/10.1038/s41386-018-0294-3

INTRODUCTION
Binge drinking is a common pattern of alcohol intake in the U.S.
and results in numerous negative behavioral, social, and medical-
related consequences [1]. Binge drinking is defined as a pattern of
drinking wherein alcohol consumption over a relatively short
period of time results in rapid elevation of blood alcohol
concentrations (BACs) above 0.08% (80 mg/dL) [2]. While not all
individuals that drink in a binge-like manner are alcohol
dependent, binge drinking has been shown to be an important
factor in the progression of addiction and increased risk for
developing alcohol use disorder [3, 4]. Indeed, intoxication
resulting from binge drinking has been viewed as an integral
component of the alcohol addiction cycle [5, 6]. Thus, in order to
develop more effective treatment interventions that impede
transition to heavy uncontrolled compulsive-like drinking, it is
important to understand mechanisms that promote and mediate
motivation to engage in binge patterns of alcohol consumption.
A common model used for studying the neurobiological
mechanisms underlying binge drinking involves offering mice
the opportunity to drink alcohol in the home cage for a restricted
period of time during the dark phase of their circadian cycle. As
originally described by Crabbe and colleagues [7, 8], this “drinking-
in-the-dark” (DID) model has been shown to reliably generate high

levels of alcohol intake with corresponding BACs reaching > 80
mg/dL [9, 10]. Such binge-like consumption is most readily
observed in mice genetically predisposed to consume alcohol
(e.g., C57BL/6J strain) [11] or mice selectively bred to drink in a
manner that achieves high BACs in a relatively short period of
time [12].

Numerous studies have employed the DID model to examine
neurobiological mechanisms underlying binge-like alcohol con-
sumption [13]. A major focus of this work has been on various
neuropeptide systems, including CRF [14-16], NPY [17, 18], orexin
[19, 20], and oxytocin [21]. Interestingly, a role for the endogenous
opioid neuropeptide dynorphin (DYN) in binge-like drinking has
not been investigated, although its regulation of alcohol
consumption in the context of dependence has recently gained
attention.

DYNs preferentially bind to kappa opioid receptors (KOR), and
both the peptide and receptor are widely distributed throughout
the brain [22-24]. The overlapping expression of DYN and KOR
with reward and stress pathways contributes to the ability of this
neuropeptide system to alter stress- and reward-related signaling
in the brain [25-27]. Activation of KOR generally produce aversive
and dysphoric effects, and numerous studies have shown DYN/
KOR activity to play a role in mediating negative affective/
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dysphoric effects associated with chronic alcohol exposure and
withdrawal, as well as the interaction of stress with alcohol [22, 24,
26]. Pharmacological manipulation of KOR has been shown to
modulate alcohol consumption under a variety of circumstances.
In particular, increased KOR signaling has been implicated in
dependence-related escalated drinking [28-32], as well as stress
enhancement of alcohol consumption [33-36]. Despite a growing
body of literature indicating a significant role for the DYN/KOR
system in alcohol addiction, few studies have examined the role of
the DYN/KOR system in binge-like alcohol drinking. The present
study was designed to address this issue.

Here we demonstrate that systemic administration of a KOR
agonist increases binge-like alcohol drinking while treatment with
KOR antagonists reduces alcohol consumption in the DID model.
Direct injection of a KOR antagonist into the central nucleus of the
amygdala (CeA) decreased drinking in the DID model, implicating
a role for DYN/KOR activity within the CeA. Using a targeted
chemogenetic approach, selective inhibition of DYN-containing
neurons in the CeA significantly reduced alcohol drinking in the
model as well. Collectively, these results indicate that DYN/KOR
activity play a significant role in regulating binge-like alcohol
consumption, and this effect is mediated, at least in part, by DYN
transmission and KOR signaling in the CeA.

MATERIALS AND METHODS

Subjects

Adult male C57BL/6J mice (Jackson Laboratories, Bar Harbor,
ME) or adult male Cre 4+ mice from an in-house colony of
prodynorphin (Pdyn)-IRES-Cre mice [37] were used. Animals
(10-14 weeks old) were housed and tested in a temperature and
humidity controlled AAALAC approved facility with food and
water continuously available. All mice were individually housed
under a reverse 12h light/dark cycle and acclimated to the
facility at least one week prior to the start of experimentation. At
all times, mice were treated in accordance with the NIH Guide
for the Care and Use of Laboratory Animals (National Research
Council, 2011), as well as the Institutional Animal Care and Use
Committee at MUSC and UNC.

Alcohol binge-drinking procedure

Binge-like alcohol consumption was determined by using the DID
paradigm [8]. Each drinking cycle consisted of 4 days of alcohol
access followed by 3 days off prior to the next cycle. On days 1-3,
water bottles were replaced with one bottle containing alcohol
(20% v/v ethanol), with the 2-hr drinking sessions starting 3 h into
the dark cycle. On Day 4 of each DID cycle, access to alcohol was
extended to 4 h (alcohol intake was measured at both 2-hr and 4-
hr time points). An identical procedure was used for assessment of
0.5% sucrose (w/v) consumption. Drug testing or chemogenetic
manipulation occurred prior to the Day 4 drinking sessions.

Drugs and administration

The KOR agonist U50,488 and the KOR antagonist nor-
Binalorphimine dihydrochloride (nor-BNI) (Tocris) were dissolved
in saline. The short-acting KOR antagonist LY2444296 (also known
as compound 25 in [38] and FP3FBZ in [39]), was generously
provided by Eli Lilly and was dissolved in a 3% Tween-80 solution
(w/v). Clozapine-N-oxide (CNO; Tocris) was dissolved in saline.
Systemic administration of U50,488 (5 mg/kg), nor-BNI (10 mg/kg),
LY2444296 (5mg/kg), and CNO (3 mg/kg) was delivered via
intraperitoneal (ip.) injection (10 ml/kg). Doses of U50,488, nor-
BNI, and LY2444296 were based on preliminary studies described
in the Supplementary Material. For direct brain infusion, the long-
acting KOR antagonist nor-BNI was dissolved in PBS (5 pg/ul) and
bilaterally microinjected (0.5 pl over 2 min) into the central nucleus
of the amygdala (CeA) to achieve a dose of 5pug (2.5 pg/side).
Injectors were left in place for an additional 2 min before removal.
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Surgical procedures

C57BL/6 J mice were anesthetized with isoflurane and implanted
with dual guide cannulae (Plastics One) aimed at the central
nucleus of the amygdala (AP —1.22, ML + /— 3.0, DV —4.1). When
inserted, microinjector tips extended 0.5 mm beyond the guide.
Viral constructs (AAV5-hSyn-DIO-hM4D-mCherry and AAV8-hSyn-
DIO-mCherry) were obtained from the UNC Vector Core and were
bilaterally infused (0.25 pl delivered over 5 min for each side) into
the CeA of Pdyn-IRES-Cre mice (AP —1.22, ML+ /— 3.00, DV
—4.60). Microinjectors for virus delivery were left in place for 5
min, and then gradually removed over an additional 5 min.

Experimental procedures

Experiment 1. Effect of KOR activation on binge-like alcohol
drinking. C57BL/6J mice were injected with the KOR agonist
U50,488 (5 mg/kg) (N=14) or saline (N=13) 30 min prior to the
start of the 4 hr test drinking session of the DID procedure. The
dose and timing of administration were based on our previous
work [33]. Blood samples were collected immediately after the
session to assess BAC using an AM1 Alcohol Analyzer (Analox
Instruments, Stourbridge, UK).

Experiment 2. Effect of KOR blockade on binge-like alcohol drinking.
C57BL/6 J mice were injected with the KOR antagonist nor-BNI (10
mg/kg) or saline (N=10/group) 2 hr following the Day-3 drinking
session (22 hr prior to the 4 hr test drinking session). The dose and
timing of administration were based on our findings (see Supple-
mental Data) and other published work [30, 36]. In a separate study,
the short-acting KOR antagonist LY2444296 (5mg/kg) (N=18) or
saline (N = 16) were injected 30 min prior to the start of the 4 hr test
drinking session. The dose and timing of LY2444296 administration
were based on our previous work [33]. Blood samples were collected
immediately after the test sessions for BAC measurement.

Experiment 3. Effect of KOR activation or blockade on sucrose
consumption. To assess selectivity of systemic KOR agonist and
antagonist effects, C57BL/6J mice were subjected to the DID
procedure with 0.5% sucrose instead of alcohol. Separate groups
of mice were tested with the KOR agonist U50,488 (0 or 5 mg/kg;
N = 5-6/group) or the KOR antagonist nor-BNI (0 or 10 mg/kg; N
= 10/group). Additionally, LY2444296 (0 or 5 mg/kg; N = 6/group)
was evaluated in this sucrose test. Drug doses and timing of
administration were the same as in Experiments 1 and 2.

Experiment 4. Effect of intra-CeA injection of a KOR antagonist on
binge-like alcohol drinking. Following recovery from stereotaxic
surgery (minimum of one week), C57BL/6J mice consumed
alcohol in the DID procedure over several weekly cycles. Each 4-
day weekly cycle (Monday-Thursday) consisted of three con-
secutive days of 2 hr access and then 4 hr access on Day 4. Mice
were handled daily to acclimate them to the microinjection
procedure. At 2 h following the third day of the fifth DID cycle (20
h prior to the start of the Day 4 test session), mice received
bilateral infusion of nor-BNI (2.5 pg/side) (N = 10) or vehicle (PBS)
(N = 9). Immediately following the 4-hr test session, blood samples
were collected for BAC analysis.

Experiment 5. Genetic targeting for selective chemogenetic
inactivation of DYN-containing neurons

Adult male Pdyn-IRES-Cre mice were either sacrificed for in situ
hybridization (N =4) or infused with a virus containing Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs) [40]
targeting the CeA (N = 6). Mice were anesthetized with isoflurane
and rapidly decapitated. Brains were dissected and flash frozen on
dry ice for 15 min and stored at —80 °C until sectioned for in situ
hybridization (ISH). Brain slices (16 um) containing the CeA were
obtained utilizing a Leica CM 3050S cryostat (Leica Biosystems,
Nussloch, Germany) at —20°C and were mounted directly onto
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microscope slides. Slides containing ISH sections were stored at
—80 °C until processed for ISH and analyzed for PDYN + and Cre
+ cell counts (see Supplemental Methods).

Mice that received viral infusions of an inhibitory (Gi/o) DREADD
(AAV8-hSyn-DIO-hM4Di-mCherry)  targeting the CeA were
anesthetized with isoflurane and rapidly decapitated three weeks
following surgery. Brains were quickly removed, sectioned
coronally on a vibratome, and prepared for electrophysiological
recordings. DREADD-expressing neurons were visually identified in
the CeA via mCherry fluorescence. Intrinsic neuronal excitability
measures were performed before and after bath application of
CNO (10 uM) (see Supplemental Methods).

Experiment 6. Effect of chemogenetic inactivation of DYN-containing
neurons in CeA on binge-like alcohol drinking. Adult male Pdyn-
IRES-Cre mice were infused with a virus containing an inhibitory
DREADD (AAV-hSyn-DIO-hM4Di-mCherry) (N=9) or control virus
(AAV-hSyn-DIO-mCherry) (N =9) targeting the CeA. 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-hr test
sessions during two consecutive weekly DID cycles, mice were
injected with vehicle (saline) and 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. During a
subsequent DID cycle, all mice were pretreated with U50,488 (5
mg/kg) 15 min prior to injection of CNO (3 mg/kg), which was
again given 30 min before the 4-hr drinking test session.

Histology

At the conclusion of Experiments 4 and 6, the mice were euthanized
and brains were histologically examined for injector placement
(Experiment 4) or viral expression (Experiment 6). Details of
histological procedures are provided in Supplemental Materials.

Statistical analyses

Alcohol intake (g/kg) at 2-hr and 4-hr time points during the Day 4
test sessions in Experiments 1 and 2 were analyzed by 2-way
ANOVAs, with Dose as a between-subjects factor and Time as a
repeated measure. Similar analyses (Drug x Time) were performed
for 2-hr alcohol intake across the four days of the DID procedure and
cumulative intake over the 4-hr test sessions was analyzed by t-tests
for each of the drugs (data presented in Supplemental Material).
BAC (mg/dL) data were analyzed by t-tests. Sucrose intake (ml/kg)
data in Experiment 3 (4-hr test session) were analyzed by separate t-
tests for U50,488, nor-BNI, and LY2444296 treatments. In Experiment
4, alcohol intake over the 4-hr Day 4 test session and BAC data were
analyzed by t-tests. In Experiment 5, change in the resting
membrane potential was analyzed with a one-sample t-test.
Changes in the rheobase following drug (CNO) application was
measured within the same cells using a paired two-sample t-test. In
Experiment 6, alcohol intake during the Day-4 test sessions were
analyzed separately in mice that received injections of inhibitory
DREADD virus or control virus by ANOVA, with Drug (saline vs. CNO)
and Time (2 hr vs. 4 hr) as repeated measures. These data were also
analyzed by ANOVA with order of testing included as an additional
factor. The effect of U50,488 pretreatment was analyzed by 2-way
ANOVA, with Treatment (saline, CNO, and CNO + U50,488) and Time
as repeated factors. Statistical analyses were carried out using
Statistica (TIBCO) software package. Post-hoc comparisons were
performed when appropriate (Newman-Keuls), and significance
level for all analyses was p < 0.05.

RESULTS

Experiment 1: Systemic administration of a KOR agonist increases
binge-like alcohol drinking

Analysis of alcohol intake during the Day 4 test session indicated a
significant main effect of Time [F(1,25) = 120.98, p < 0.001], with
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intake being greater at 4hr compared to 2hr. ANOVA also
revealed a significant main effect of Dose [F(1,25)=31.94, p<
0.001], but the Dose x Time interaction was not significant [F(1,25)
=0.21, p> 0.50]. This indicates that systemic administration of the
KOR agonist U50,488 (5mg/kg) significantly increased alcohol
consumption compared to mice that received saline, and this
effect was similar at 2-hr and 4-hr time points (Fig. 1a). The
increase in alcohol intake produced by the KOR agonist resulted in
elevated BAC, an effect that fell just short of statistical significance
[t(24) = 2.00, p = 0.056] (Fig. 1b).

Experiment 2: Systemic administration of a KOR antagonist
reduces binge-like alcohol drinking

As expected, alcohol intake was greater at 4 hr compared to 2 hr
during the Day 4 test session. This was supported by a significant
main effect of Time [F(1,18) =64.79, p<0.001]. ANOVA also
revealed a significant main effect of Dose [F(1,18)=8.20, p <
0.01], reflecting significantly reduced alcohol intake in mice
treated with nor-BNI (10 mg/kg) compared to vehicle. The lack
of a significant Dose X Time interaction [F(1,18) =0.14, p > 0.25]
indicates that the KOR antagonist decreased alcohol consumption
to a similar extent at 2 hr and 4 hr time points (Fig. 1c). Reduced
alcohol intake produced by the KOR antagonist resulted in
significantly lower BAC registered immediately following the test
session [t(18) =2.49, p <0.05] (Fig. 1d). Similar results (reduced
alcohol intake and BAC) were obtained with the short-acting KOR
antagonist LY2444296 (see Supplemental Data).

Experiment 3: KOR activation or blockade does not alter sucrose
consumption

Neither systemic administration of the KOR agonist U50,488 (5
mg/kg) (Fig. 2a) nor the KOR antagonist nor-BNI (10 mg/kg)
(Fig. 2b) significantly altered sucrose intake during the test session
[t(9) =0.45, p>0.10] and [t(18) =2.05, p>0.05], respectively. A
similar outcome was observed following administration of
LY2444296 (see Supplemental Data).

Experiment 4: Intra-CeA injection of a KOR antagonist reduces
binge-like alcohol drinking

Histological evaluation indicated incorrect microinjector place-
ment for two mice that were injected with PBS and two mice
that were injected with the KOR antagonist nor-BNI. Data from
these mice were excluded in all analyses. Also, a blood sample
from one of the subjects that received nor-BNI treatment was
not assayed due to an experimental error. Microinjection of nor-
BNI (5 pg) into the CeA significantly reduced alcohol consump-
tion during the Day 4 test session compared to mice that
received intra-CeA injection of PBS [t(13)=2.35, p<0.05]
(Fig. 3a). The decrease in alcohol intake produced significantly
lower BAC immediately following the 4 hr test session [t(12) =
2.41, p < 0.05] (Fig. 3b).

Experiment 5: Genetic targeting for selective chemogenetic
inactivation of DYN-containing neurons
Because our pharmacological data in Experiment 4 demonstrated
that KOR blockade in the CeA decreases binge-like drinking, we
next tested whether “silencing” dynorphinergic neurons in the
CeA similarly influences alcohol intake. To validate our targeted
approach, we first evaluated the fidelity of Cre expression in DYN-
containing CeA neurons in Pdyn-IRES-Cre mice. Using in situ
hybridization, we observed a high degree of colocalization
between Pdyn and Cre expressing neurons (Fig. 4a). The observed
counts showed good penetrance of DYN expressing population,
M = 80.2%, as well as a high degree of fidelity, M = 94.0% (Fig. 4b).
Next, we tested the functionality of the inhibitory DREADD used
in our behavioral studies. Three weeks following stereotaxic
injection of a virus containing an inhibitory DREADD (AAV8-DIO-
hM4Di-mCherry) into the CeA, acute brain sections were prepared
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Nor-BNI treatment significantly decreased alcohol consumption at both 2 hr and 4 hr time points (**p < 0.01). d Decreased drinking following
nor-BNI treatment resulted in a significant reduction in blood alcohol concentrations (*p < 0.05)
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Fig.2 Systemic administration of U50,488 or nor-BNI does not alter sucrose consumption. Mice received injection (ip.) of U50,488 (0, 5 mg/kg)
(N =5-6/group) or nor-BNI (0, 10 mg/kg) (N = 10/group) 30 min or 22 h prior to the start of the 4 hr test drinking session of the DID procedure
with 0.5% sucrose, respectively. Neither a U50,488 treatment nor b nor-BNI treatment significantly altered sucrose consumption compared to
the vehicle condition

for electrophysiology recordings. Bath application of 10 uM CNO Experiment 6: Chemogenetic inactivation of DYN-containing
resulted in a significant reduction in the membrane potential of neurons in CeA reduces binge-like alcohol drinking
DREADD-expressing neurons t(7) =2.88, p<0.05 (Fig. 4c, d). Data from two mice infused with active virus and three mice

Additionally, CNO application significantly increased the rheobase infused with control virus were excluded from analyses after
of DREADD + neurons t(7) =3.38, p<0.01, consistent with a histological evaluation indicated misplaced viral expression. Initial
reduction in excitability (Fig. 4e-g). analyses indicated that order of drug treatment did not
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significantly influence treatment (CNO vs. saline) effects, as
indicated by nonsignificant Order x Drug [F(1,5) = 4.87, p > 0.05]
and Order x Drug x Time [F(1,5) = 2.40, p > 0.10] interaction terms
for mice injected with the hM4Di-containing virus. A similar
outcome was obtained for mice injected with control virus
(Order x Drug [F(1,5) =4.62, p > 0.05] and Order x Drug x Time [F
(1,5) = 0.32, p > 0.50]). Thus, data were collapsed over this variable
(Order) for further analysis. Mice that received intra-CeA infusion
of the inhibitory DREADD virus and injected with CNO consumed
significantly less alcohol compared to the same mice that were
injected with saline. This was supported by ANOVA, which
revealed a significant main effect of Drug [F(1,6) =19.85, p<
0.01]. Further, alcohol consumption following CNO injection was
similarly reduced at 2-hr and 4-hr time points, as the Drug x Time
interaction was not significant [F(1,6) = 1.46, p > 0.10] (Fig. 5a). In
contrast, CNO injection did not significantly alter alcohol intake in
mice that harbored the control virus (Drug: [F(1,6) = 0.16, p > 0.50]
and Drug x Time [F(1,6)=0.11, p>0.50]) (Fig. 5b). We next
examined whether systemic administration of the KOR agonist
U50,488 could reverse the reduction in alcohol drinking produced
by targeted chemogenetic-induced “silencing” of DYN-containing
neurons in the CeA. ANOVA revealed a main effect of Treatment [F
(2,12) =18.35, p<0.001]. Post-hoc (Newman-Keuls) tests indi-
cated that reduced drinking produced by activating the inhibitory
DREADD with CNO was completely reversed when mice were
pretreated with the KOR agonist U50,488 (p <0.001) (Fig. 5c).
Additionally, the lack of a significant Treatment x Time interaction
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[F(2,12) =2.42, p > 0.10] indicates this effect on alcohol consump-
tion was consistent across both the 2-hr and 4-hr time points.

DISCUSSION

The DYN/KOR system has been implicated in various aspects of
alcohol and drug addiction. A large body of evidence has
established a significant role for KOR-mediated signaling in stress
interactions with alcohol as well as escalated alcohol consumption
associated with dependence [22, 24-26]. However, relatively little
work has examined the role of the DYN/KOR system in binge-like
drinking, a pattern of alcohol consumption that may promote
more sustained heavy drinking and increased risk for developing
alcohol use disorder [3, 4]. Here we report that systemic activation
of KOR selectively increases alcohol consumption in a binge-like
drinking model whereas systemic blockade of KOR decreases
alcohol intake. Further, using both pharmacological and chemo-
genetic approaches, we demonstrate that inhibition of DYN/KOR
activity in the CeA significantly reduces binge-like alcohol
consumption. Collectively, these results provide new information
implicating a role for DYN/KOR activity within the CeA in
regulating excessive, binge-like alcohol drinking.

In the present study, systemic administration of the KOR agonist
U50,488 increased binge-like drinking while systemic administra-
tion of the relatively long-acting KOR antagonist nor-BNI, as well
as the short-acting KOR antagonist LY2444296 reduced alcohol
consumption. These results are generally in agreement with other
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studies in C57BL/6 J mice demonstrating increased alcohol intake
after U50,488 treatment and reduced drinking following KOR
antagonism [30, 33, 36]. However, a number of studies have
yielded mixed results when KOR drugs are systemically adminis-
tered. As recently reviewed, discrepancy of findings in this body of
literature are likely due to differences in biological variables (e.g.,
species, strain, and sex of subjects), procedural factors (e.g., dose
and timing of drug administration, and home-cage drinking vs.
operant self-administration methods), and experimental variables
(e.g., history of stress and alcohol exposure) [22, 24]. For example,
a recent study showed that systemic administration of the KOR
antagonist nor-BNI did not alter alcohol consumption during 2 hr
access in nondependent mice but did significantly reduce
elevated dependence-related alcohol intake [30]. Other studies
in mice [30, 33, 36] and rats [32, 41, 42] have shown that systemic
treatment with KOR antagonists is more effective in reducing
alcohol consumption that is elevated above a basal level following
induction of alcohol dependence or stress exposure. The present
study extends these findings to excessive levels of alcohol
consumption in a binge-drinking model.

Using pharmacological and chemogenetic approaches, results
from the present work provide evidence that binge-like alcohol
consumption is mediated, at least in part, by DYN/KOR signaling in
the CeA. There is rich expression of DYN and KOR in the CeA
[43, 44] and the CeA is known to play an important role in binge-
like drinking and alcohol consumption associated with depen-
dence [45]. Acute alcohol administration results in DYN release in
the CeA [46] and chronic alcohol vapor exposure has been shown
to increase both DYN peptide expression and KOR signaling within
the CeA [29]. In the present study, direct injection of the KOR
antagonist nor-BNI into the CeA significantly reduced binge-like
alcohol consumption along with associated BACs. This is in
agreement with studies showing that intra-CeA administration of
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nor-BNI selectively reduced elevated alcohol consumption asso-
ciated with dependence in rats [29, 471.

To further examine the role of DYN/KOR activity in the CeA in
mediating binge-like drinking, we targeted expression of an
inhibitory DREADD in DYN + neurons in the CeA. Activation of the
inhibitory DREADD by systemic injection of CNO produced a
significant reduction in alcohol consumption in the binge-drinking
model. Importantly, the transgenic mouse model and fidelity of
expression, as well as functionality of the DREADD virus were
validated. Further, using a balanced design enabled demonstrat-
ing that injecting vehicle to animals that were treated with active
(inhibitory DREADD) virus in the CeA did not significantly alter
alcohol intake. Also, injecting CNO in animals treated with the
control virus did not influence alcohol consumption, suggesting
that CNO did not produce any behavioral effects in the absence of
the active virus [48, 49]. Thus, our results from pharmacological
and chemogenetic approaches suggest that DYN/KOR activity in
the CeA plays an important role in regulation of alcohol
consumption, especially under conditions that engender excessive
levels of intake.

While the present results indicate that the DYN/KOR system is
engaged in modulating alcohol consumption in this binge-like
drinking mode, the mechanism underlying this effect is not fully
understood. Chemogenetic inhibition of DYN + neurons in the
CeA may have reduced alcohol consumption by reducing KOR
signaling locally within the CeA or in projection areas. Our data
demonstrating that direct pharmacological blockade of KOR in the
CeA reduced alcohol drinking suggests that KOR signaling within
the CeA contributes, at least in part, to the regulation of alcohol
consumption. KOR have been shown to modulate alcohol-induced
changes in GABA transmission in the CeA via a presynaptic and
CRF-dependent manner [50, 51]. However, we cannot rule out the
possibility that reduced KOR activity in other brain regions (e.g.,
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bed nucleus of the stria terminalis, ventral tegmental area, and
nucleus accumbens) may contribute to this effect. [52, 53].

Additionally, while we effectively targeted expression of the
inhibitory DREADD in DYN + neurons in the CeA, decreased
alcohol consumption following the “silencing” of neuronal activity
in these neurons cannot be solely attributed to reduced DYN/KOR
activity. Prodynorphin-containing neurons in the CeA are known
to co-express other peptides such as CRF [44], and altered CRF, as
well as GABA release from these neurons could influence alcohol
consumption [15, 45, 54]. Our results demonstrating that the KOR
agonist U50,488 reversed the effects of chemogenetic inactivation
of DYN + neurons in the CeA provide some support that the
effects are due to reduced DYN/KOR activity in the CeA. However,
since the drug was systemically administered, it cannot be ruled
out that KOR activation outside the CeA independently mitigated
effects produced by targeted chemogenetic inactivation in the
CeA. Future studies involving local KOR activation will be required
to more directly address this issue.

Another issue regards the specificity of effects of manipulating
DYN/KOR activity on alcohol consumption. DYN is known to play a
role in food and fluid intake [55, 56]. However, results from the
present study indicated that while systemic administration of a
KOR agonist (U50,488) and antagonist (LY2444296) altered alcohol
consumption in the predicted manner, these drugs did not
significantly influence consumption of 0.5% sucrose in the same
drinking paradigm. Thus, it is unlikely that altered alcohol intake
following pharmacological manipulation of KORs under the
present testing conditions can be attributed to an effect on
general food/fluid intake. Also, these results suggest that effects of
DYN/KOR manipulation on alcohol intake do not appear to
generalize to consumption of a natural reward.

Finally, it is noteworthy that while the current series of
experiments were conducted using only male mice, there is some
evidence indicating sex differences in sensitivity to behavioral
effects of KOR drugs [57-59]. Although very few studies have
examined potential sex-related differences in KOR modulation of
alcohol intake, there is some evidence that female mice may be less
sensitive to KOR modulation of binge-like consumption [60, 61].
Thus, this is an issue that will require further investigation as well.

In sum, results from the present study provide new evidence
indicating a role for DYN/KOR system activity and, in particular,
activity of this neuropeptide system within the central amygdala
in regulation of binge-like alcohol drinking. These findings
implicate the DYN/KOR system as a potential therapeutic target
in treatment designed to reduce binge patterns of alcohol
drinking, thereby impeding progression to more severe forms of
alcohol addiction.
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