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Abstract

Binge drinking is the most common pattern of excessive alcohol consumption and is a significant
contributor to the development of Alcohol Use Disorder and dependence. Previous studies
demonstrated involvement of kappa opioid receptors (KOR) in binge-like drinking in mice using
the Drinking-in-the-Dark model. The current studies examined the role of KOR specifically in the
bed nucleus of the stria terminals (BNST) in binge-like alcohol consumption in male and female
mice. Direct administration of the long lasting KOR antagonist, nor-BNI, into the BNST decreased
binge-like alcohol consumption and blood alcohol concentrations in male and female C57BL/6J
mice. Similarly, direct nor-BNI administration into the BNST modestly reduced sucrose
consumption and the suppression of fluid intake was not related to reduced locomotor activity. To
further determine the role of KOR within the BNST on binge-like alcohol consumption, the KOR
agonist U50,488 was administered systemically which resulted in a robust increase in alcohol
intake. Microinjection of nor-BNI into the BNST blocked the high level of alcohol intake after
systemic U50,488 challenge reducing intake and resultant blood alcohol concentrations. Together,
these data suggest that KOR activity in the BNST contributes to binge-like alcohol consumption in
both male and female mice.
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Introduction

Binge drinking significantly contributes to the enormous economic, societal, and individual
burden of alcohol abuse (Sacks et al., 2015). Defined as the consumption of 4 drinks for
women or 5 drinks for men in about two hours, binge drinking results in a rapid elevation in
blood alcohol concentration (BAC) above the 80 mg/dL legal limit of intoxication
(Alcoholism, 2004; Centers for Disease and Prevention, 2012). Binge drinking is not only
the most common pattern of excessive drinking, but the high level of intoxication and
resultant BACs achieved positively correlates with the development of Alcohol Use Disorder
(AUD) (Addolorato et al., 2018; Jennison, 2004; McCarty et al., 2004). In preclinical models
of AUD, repeated bouts of alcohol exposure that yield BACs above 80 mg/dL have been
shown to produce negative affective-like behaviors and perpetuation of excessive alcohol
consumption in mice, rats, and non-human primates (Baker et al., 2014; Lee et al., 2015;
Lopez and Becker, 2005). Given that alcohol consumption in a binge-like manner represents
a risk factor for developing AUD, it is important to understand the neural mechanisms
underlying this pattern of drinking in order to develop effective strategies for tempering such
risky behavior. Recent attention has focused on the dynorphin/kappa opioid receptor (DYN/
KOR) system in mediating excessive drinking associated with alcohol dependence as well as
binge patterns of consumption (Anderson and Becker, 2017; Koob and Le Moal, 2008;
Walker and Koob, 2008).

Dynorphin, an opioid peptide derived from the precursor prodynorphin, acts as the
endogenous ligand for KOR (Chavkin et al., 1982; Mansour et al., 1995). KORs are Gi-
coupled receptors expressed in abundance throughout the cortex, striatum, and extended
amygdala and generally inhibit neuronal activity (Al-Hasani et al., 2015; Chavkin et al.,
1982). Signaling through the DY N/KOR system has been shown to play a role in
motivational behaviors involving reward, aversion, and stress, and the DYN/KOR system has
been implicated in the regulation of alcohol consumption (Al-Hasani et al., 2015; Anderson
and Becker, 2017; Bruchas et al., 2010). Activation of the DYN/KOR system following
chronic alcohol exposure has been associated with behaviors reflective of a negative
affective state experienced during alcohol withdrawal, and this has been suggested to
increase relapse vulnerability as well as promote excessive levels of drinking (Karkhanis et
al., 2017; Sirohi et al., 2012). In fact, KOR antagonists have garnered much interest as a
potential therapeutic intervention for the treatment of AUD (Karkhanis et al., 2017). In
support of this idea, studies have shown that systemic administration of the KOR antagonist,
nor-BNI, attenuates dependence-related escalation of alcohol consumption and alleviates
withdrawal symptomology in rats (Walker et al., 2011). These effects appear to be mediated
by blockade of KORs in the extended amygdala as direct injection of nor-BNI into the
central nucleus of the amygdala (CeA), bed nucleus of the stria terminalis (BNST), or
nucleus accumbens shell (NAcShell) reduced elevated drinking and anxiety-like behavior in
alcohol dependent animals (Erikson et al., 2018; Kissler et al., 2014; Rose et al., 2016).

While these findings strongly implicate a role for the DYN/KOR system within the extended
amygdala in alcohol dependence, recent findings suggest a more general role for KORs in
the regulation of alcohol consumption in non-dependent animals. For example, mice lacking
prodynorphin or KORs show decreased alcohol drinking and preference (Blednov et al.,
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2006; Kovacs et al., 2005; Van’t Veer et al., 2016). However, few studies have probed the
role of KORs within the context of binge drinking. The Drinking-in-the-Dark (DID)
paradigm models binge drinking in rodents by producing high levels of alcohol consumption
within a relatively short period of time such that subjects reliably achieve BACs above the
80 mg/dL threshold of intoxication (Rhodes et al., 2005; Thiele et al., 2014; Thiele and
Navarro, 2014). We previously demonstrated that systemic administration of a KOR agonist
increased, while a KOR antagonist decreased, binge-like alcohol consumption in male
C57BL/6J mice (Anderson et al., 2018a).

Since the BNST is rich in KORs and sensitive to alcohol (Burnham and Thiele, 2017; Poulin
et al., 2009), the present study examined whether manipulation of KORs in the BNST
influence binge-like alcohol consumption using the DID model. Here we show that blockade
of KORs in the BNST via direct injection of a KOR antagonist significantly reduced binge-
like alcohol consumption and blocked the ability of a systemically-administered KOR
agonist to elevate binge-drinking in male and female mice.

Methods and Materials

2.1. Animals

Male and female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) ranging from 10—
14 weeks old were singly housed and tested in a temperature and humidity controlled
AAALAC approved facility on a reverse 12-hr light/dark cycle with food and water
continuously available. For all experiments, mice were treated in accordance with both the
NIH Guide for the Care and Use of Laboratory Animals (National Research Council, 2011)
and the Institutional Animal Care and Use Committee at MUSC.

2.2. Surgical Procedures

Mice were anaesthetized with isoflurane and bilateral guide cannula (Plastics One, Inc.)
were positioned above the BNST (AP: +0.8, ML: +/- 0.75, DV: —3.6) and secured to the
skull with a light-cured resin system (Haun et al., 2018). Once inserted, microinjector tips
extended 1 mm beyond the guide to target the BNST for microinjection. After surgery, all
mice were given 2 weeks to recover prior to the start of experiments.

2.3. Alcohol Binge Drinking Procedure

After recovery from surgery, mice were habituated to handling and injection procedures by
administering daily intraperitoneal (ip.) injections of vehicle for several days before alcohol
access and then at 30 minutes prior to drinking sessions. Mice were trained to drink alcohol
in their home cage in the limited access “Drinking-in-the-Dark” (DID) procedure, as
previously described (Anderson et al., 2018a). A single bottle of alcohol (20% v/v) was
presented 3 hours into the dark cycle in place of the water bottle. Access to alcohol was for 2
hours on 3 consecutive days, and then extended for 4 hours on the 4 day. Alcohol intake
was determined for each 2-hour session and then for the 0-2 and 2—4 hour time periods
during the final (4™ day) 4-hour drinking session. An identical procedure was used for
assessing sucrose (0.5% w/v) consumption. All mice were given one 4-day cycle of binge
drinking, 3 days rest in the home cage, followed by a second 4-day binge cycle. For all

Neuropharmacology. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haun et al.

Page 4

experiments, drug challenges occurred during the second binge cycle, prior to the 4-hour
access (test) session. Average drinking across the first 3 days of the second binge cycle were
used to separate subjects evenly into drug treatment groups. Immediately after the 4-hour
test drinking session, blood samples were collected, plasma extracted, and blood alcohol
concentrations determined using an AM1 Alcohol Analyzer (Analox Instruments,
Stourbridge, UK). Separate, experimentally-naive groups of mice were used in each
experiment to ensure that a history of prior alcohol or sucrose consumption did not influence
drinking or locomotor activity.

2.4. Locomotor Activity Test

2.5. Drugs

Activity chambers (ENV-510; Med Associates) were used to assess locomotor activity as
previously described (May et al., 2015). Briefly, the open field arenas measured 27.5 cm
wide x 27.5 cm long x 20.5 cm deep. Mice were placed into the locomotor activity
apparatus 16-hours after microinjection and distance traveled (cm) was measured in 1 min
bins for 10 minutes. Additionally, cumulative time spent in the center (10 cm) of the open
field arenas was collected to assess possible pharmacological effects on anxiety-like
behavior.

The KOR antagonist nor-Binaltorphimine dihydrochloride (nor-BNI; 2.5 ug/side, Tocris)
was dissolved in 1xPBS for microinjection. The KOR agonist U50,488 (5 mg/kg; Tocris)
was dissolved in 0.9% saline. Doses of nor-BNI and U50,488 were based on previous
studies (Anderson et al., 2018a).

2.6. Microinjection Procedures

Microinjections were administered 16 hours before Day 4 of drinking during the second
binge cycle as described above. Vehicle or nor-BNI (2.5 pg/side) was delivered bilaterally
into the BNST at 0.25 uL/min for 2-min, followed by a 2-min diffusion period before
microinjector removal (Anderson et al., 2018a; Griffin et al., 2014; Haun et al., 2018).
Obdurators were replaced and mice returned to their home cage where they remained
undisturbed until the following day. For Experiment 5, saline or U50,488 (5 mg/kg) was
administered via intraperitoneal (ip) injection (10 ml/kg) 30-min prior to the 4-hour test
binge session.

2.7. Histology

At the conclusion of all experiments, mice were euthanized with urethane and transcardially
perfused with 10 mL saline followed by 10 mL of paraformaldehyde (PFA; 4%). Brains
were extracted, post fixed in 4% PFA for 24 hours and cryoprotected in sucrose (30% wt/
vol) until sectioning. Tissue was sliced in serial 40 UM sections and mounted on Permafrost
slides. The tissue was then dehydrated in alcohol and stained with Cresyl Violet for
histological verification of microinjector placement within the BNST, as previously
described (Haun et al., 2018). Only mice with verified bilateral placements in the BNST in
reference to a mouse stereotaxic atlas were included in the final analyses (Franklin and
Paxinos, 2008).
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2.8. Statistical Analysis

The primary dependent variables were alcohol intake (g/kg), BEC (mg/dL), sucrose intake
(mL/kg), and distance traveled (cm). All data were analyzed by ANOVA, with Time as a
repeated factor as necessary. Significant factor interactions were further evaluated using the
Student-Newman—Keuls (SNK) for post-hoc comparisons. Alpha was set to p< 0.05 for all
analyses.

3. Results

3.1. Experiment 1: Effect of KOR antagonist microinjection into the BNST on binge-like
alcohol consumption.

Male (N=17) and female (N= 17) mice were split evenly into drug treatment groups based
on alcohol intake averaged across the three preceding 2-hour limited-access drinking
sessions. During these three sessions, males consumed an average of 2.01 + 0.11 g/kg and
females 3.01 £ 0.10 g/kg alcohol, consistent with other reports indicating female mice
consume more alcohol than males (Finn et al., 2005; Rhodes et al., 2005; Sneddon et al.,
2019).

Alcohol intake during the test drinking session for the vehicle and KOR antagonist (nor-
BNI) treatment groups are summarized in Figure 1. As shown in Figure 1A, females
consumed more alcohol than males during the 0-2 and 2—4 hour time periods following
vehicle treatment. Further, nor-BNI strongly reduced alcohol consumption in both male and
female mice. Although ANOVA did not indicate a significant 3-way interaction (Sex x Drug
x Time; F= 0.43), there was a significant Sex x Drug interaction [F(1,30)= 6.53, p< 0.025],
as well as main effects of Sex [F(1,30)= 19.06, p< 0.001] and Drug [F(1,30)= 67.50, p<
0.001]. Subsequent post-hoc analyses showed that nor-BNI significantly reduced alcohol
intake in both male in female mice during both time periods (* p< 0.001). Also, vehicle-
treated females consumed significantly more alcohol than vehicle-treated males (* p<
0.001). Lastly, both sexes generally consumed more alcohol during the first 2-hour time
period compared to the second 2-hour time period, which was supported by a main effect of
Time [F(1,30)= 10.34, p< 0.01].

Analysis of alcohol intake during the entire 4-hour test session showed that intra-BNST
injection of nor-BNI significantly reduced alcohol consumption (Figure 1B). This was
supported by a significant Sex x Drug interaction [F(1,30)= 6.53, p< 0.025], as well as main
effects of Drug [F(1,30)= 67.50, p< 0.001] and Sex [F(1,30)= 19.06, p< 0.001]. Post-hoc
analyses showed that nor-BNI decreased alcohol intake in both sexes compared to vehicle (*
p< 0.001), and female mice consumed significantly more alcohol than males following
vehicle treatment (* p< 0.001).

At the conclusion of the 4-hour test drinking session, blood samples were collected and
blood alcohol concentrations (BACs) were assessed. Consistent with the alcohol intake data,
BACs were significantly lower in both sexes after nor-BNI treatment and, under vehicle
conditions, the higher alcohol intake in females resulted in significantly higher BACs
compared to males (Figure 1C). This was supported by 2-way ANOVA, which revealed a
Sex x Drug interaction [F(1,30)= 5.54, p< 0.025] as well as main effects of Drug [F(1,30)=
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49.64, p< 0.001] and Sex [F(1,30)= 7.15, p< 0.02]. Post hoc analyses revealed significantly
reduced BACs in male and female mice as a result of nor-BNI treatment compared to vehicle
(* p< 0.001) and higher average BACs in females compared to males receiving vehicle (* p<
0.001). Finally, a schematic representation of microinjector guide placements within the
BNST is represented in Figure 1D.

Experiment 2: Effect of KOR antagonist microinjection into the BNST on binge-like

sucrose consumption.

3.3.

Male (N= 16) and female (N= 16) mice were split into treatment groups based on average
intake across the preceding three days of 2-hour sucrose drinking. Males consumed an
average of 36.94 + 1.97 mL/kg and females consumed 47.85 + 2.22 mL/kg during these
three days prior to drug challenge. During the test session, female mice generally consumed
more sucrose than males and nor-BNI treatment produced a modest reduction in intake in
both sexes (Figure 2A). ANOVA indicated main effects of Drug [F(1,28)= 9.29, * p< 0.005]
and Sex [F(1,28)=10.47, ~ p< 0.01], but the Dug x Sex and Drug x Sex x Time interaction
terms did not achieve statistical significance (Fs< 2.2). Likewise, analysis of sucrose intake
during the entire 4-hour test session indicated that nor-BNI reduced sucrose consumption in
both sexes and females generally consumed more sucrose than males (Figure 2B). This was
supported by significant main effects of Drug [F(1,28)= 9.29, * p< 0.01] and Sex [F(1,28)=
10.47, ~ p< 0.01]. BNST microinjector placements for mice in this study are represented in
Figure 2C.

Experiment 3: Comparison of nor-BNI's effects in the BNST on alcohol and sucrose

consumption.

Because direct administration of nor-BNI into the BNST decreased consumption of both
alcohol (Figure 1) and sucrose (Figure 2), the effect size was compared by expressing data
from these 2 experiments as the percent change from vehicle (mL/kg). As can be seen in
Figure 3, intra-BNST nor-BNI injection reduced alcohol consumption to a greater extent
than sucrose. This was supported by ANOVA, which indicated a significant Solution x Drug
interaction [F(1,58)= 8.99, p< 0.005] as well as a main effect of Drug [F(1,58)= 61.45, p<
0.001] and Solution [F(1,58)= 8.50, p< 0.005]. There was no main effect of Sex or
interactions with this variable. Post-hoc analyses showed that the percent decrease in intake
after nor-BNI was significantly greater for alcohol compared to sucrose (# p< 0.001). This
suggests that the overall suppressive effect of local KOR antagonist treatment in the BNST
is more pronounced for alcohol compared to sucrose.

3.4. Experiment 4: Examination of non-specific locomotor effects of KOR antagonist
microinjection in the BNST.

A separate cohort of male (N=17) and female (N= 16) mice were used to determine if the
decrease in alcohol and sucrose consumption following intra-BNST nor-BNI microinjection
resulted from non-specific sedative effects by examining locomotor activity in an open-field
arena. While females were generally more active than males [F(1,29)= 31.40, p< 0.001],
nor-BNI infused into the BNST 16 hours prior to testing did not affect distance traveled in
either sex (Figure 4A). This was supported by the fact that ANOVA did not reveal a main
effect of Drug (F=0.03) or an interaction of Drug with Sex or Time variables. This suggests
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that the suppressive effect of nor-BNI on drinking behavior is not likely related to a general
sedative-like effect. Further, analysis of time spent in the center portion of the open field
indicated no significant main effects of Sex (F= 0.53) or Drug (F= 0.02). This suggests that
KOR blockade within the BNST did not affect anxiety-like behavior under these behavioral
testing conditions (Figure 4B). Microinjector placements within the BNST for this study are
represented in Figure 4C.

3.5. Experiment 5: Effect of systemic KOR agonist challenge on binge-like alcohol
consumption after microinjection of a KOR antagonist into the BNST.

We previously showed that systemic administration of the KOR agonist, U50,488, increased
binge-like alcohol consumption in male mice (Anderson et al., 2019). Experiment 5 was
conducted to determine whether KOR within the BNST contribute to U50,488’s ability to
increase alcohol intake in male and female mice.

Male (N= 35) and female (N= 34) mice were separated into drug treatment groups based on
average intake across the three 2-hour drinking sessions preceding testing on Day 4. During
these sessions, males consumed an average of 2.42 + 0.08 g/kg and females consumed 2.93
+ 0.12g/kg alcohol. Initial analysis indicated that there was no main effect of Sex [F(1,60)=
3.20, p=0.08] and since Sex did not interact with the other factors, data for the 4-hour test
binge session were averaged across males and females. Consistent with our previous report,
systemic administration of U50,488 robustly increased binge-like alcohol consumption
(Anderson et al., 2018a). Further, microinjection of nor-BNI into the BNST decreased
alcohol intake and blocked the ability of U50,488 to increase alcohol consumption in this
binge-drinking model (Figure 5A). ANOVA indicated a Systemic Treatment x
Microinjection x Time interaction [F(1,60)= 24.52, p< 0.001] and subsequent post hoc
analysis showed that U50,488 robustly increased alcohol intake during the first 2 hours of
the test binge session relative to vehicle (* p< 0.001). In contrast, alcohol consumption was
lower in mice treated with U50,488 compared to vehicle (* p< 0.001) during the latter half
(2-4 hour) of the binge session, an effect likely due to a ceiling effect reached in the first 2
hours of drinking. As observed in Experiment 1, nor-BNI microinjection into the BNST
significantly decreased alcohol intake compared to vehicle during both time periods of the
binge session (* p< 0.001). Further, blocking KOR in the BNST via direct injection of nor-
BNI completely blocked increased drinking following systemic administration of the KOR
agonist U50,488 during the first 2 hours of the session (+ p< 0.001).

Cumulative alcohol intake during the entire 4-hour test session is presented in Figure 5B,
also collapsed across Sex. Analysis revealed a significant Systemic Treatment x
Microinjection interaction [F(1,60)= 7.33, p= 0.009]. Post hoc tests indicated that systemic
administration of U50,488 increased alcohol intake compared to vehicle (* p< 0.01), intra-
BNST nor-BNI treatment alone reduced alcohol intake (* p< 0.001), and blocking KOR in
the BNST blocked the ability of systemic U50,488 to elevate drinking (+ p< 0.001).
Analysis of BACs determined immediately following the test binge-drinking session
indicated a significant Systemic Treatment x Microinjection interaction [F(1,60)= 16.46, p<
0.001]. Resultant BACs mirrored cumulative drinking data in that BACs were elevated in
mice treated with U50,488, reduced in mice that received nor-BNI in the BNST alone, and
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lower than U50,488 or vehicle levels in mice that received both systemic U50,488 and intra-
BNST injection of nor-BNI (ps< 0.001) (Figure 5C). Representative microinjector
placements are depicted in Figure 5D.

4. Discussion

Results from these studies show that KORs in the BNST play a role in regulating binge-like
alcohol drinking in male and female mice. Direct administration of the KOR antagonist nor-
BNI into the BNST significantly reduced alcohol consumption in the DID model. Further,
intra-BNST nor-BNI injection completely blocked the ability of a systemically administered
KOR agonist (U50,488) to increase binge-like alcohol consumption in the model. While nor-
BN injection into the BNST also reduced sucrose consumption, the magnitude of this effect
was smaller than the suppression of alcohol intake. Collectively, these data are consistent
with our earlier report showing that systemic administration of KOR drugs bi-directionally
alter alcohol consumption in the DID model (Anderson et al., 2018a) and extend those
findings to show that KOR signaling in the BNST is significantly involved in regulating
binge-like alcohol consumption.

These findings agree with several reports suggesting that KOR antagonists attenuate
excessive alcohol consumption in several rodent models, and the effects are mediated by
action within the extended amygdala (Anderson et al., 2018b; Crowley and Kash, 2015;
Koob, 2013). For example, nor-BNI was shown to decrease binge-like alcohol intake when
administered systemically, as well as via microinjection into the CeA, or as reported here,
within the BNST (Anderson et al., 2018a). The CeA is of particular relevance because it
expresses dynorphinergic (DYN+) neurons that send dense projections to the BNST (Ahrens
et al., 2018; Al-Hasani et al., 2015; Mansour et al., 1994; Marchant et al., 2007;
Normandeau et al., 2018). Chemogenetic inhibition of DYN+ neurons in the CeA decreased
binge alcohol consumption and, thus, it is possible that reduced activity of KORs within the
BNST may mediate this effect (Anderson et al., 2018a). Since there is a high degree of co-
expression of DYN and other neuropeptides in the CeA (Kim et al., 2017; McCullough et
al., 2018; Pomrenze et al., 2019a), it is possible that targeted chemogenetic inhibition of the
CeA-BNST pathway may produce its effects by also altering release of other peptides. For
example, DYN is co-expressed with CRF within the CeA and inactivation of the CeA-
BNST-CRF+ pathway decreased dependence-related drinking and anxiety-like behavior (de
Guglielmo et al., 2019; Marchant et al., 2007; Pomrenze et al., 2019b). Further, increased
anxiety-like behavior induced by CeA-BNST excitation is dependent upon KOR signaling
within the BNST, suggesting involvement of the CeA-BNST-DYN-+ circuit (Ahrens et al.,
2018). It is likely that CeA-BNST-DY N+ projections are similarly recruited during binge
drinking and influence KOR actions in the BNST. Future studies will need to selectively
target the CeA-BNST-DY N+ pathway using the DID model to more directly address this
issue. Nevertheless, while it is difficult to rule out the involvement of other neuropeptide
systems, results from the present study support the notion that KOR signaling in the BNST
contributes to regulating alcohol drinking in the DID binge model.

While KOR blockade within the BNST decreased alcohol consumption in a robust manner
(55% reduction), nor-BNI injection into the BNST also produced a modest decrease (25%
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reduction) in sucrose consumption under the same binge-drinking conditions. Interestingly,
systemic administration of nor-BNI did not affect sucrose intake in the DID model,
suggesting that KORs in the BNST may play a more prominent role in general
consummatory behavior (Anderson et al., 2018a). The DYN/KOR system is known to
influence feeding behavior, including consumption of natural (palatable) rewards (Karkhanis
et al., 2017; Nogueiras et al., 2012). However, the mechanisms and site of action for these
effects are not entirely clear. For example, neither systemic nor intracerebroventricular
(ICV) administration of nor-BNI altered sucrose or saccharine intake (Lopez et al., 2011). In
another study, ICV infusion of nor-BNI reduced feeding behavior, but targeted blockade of
KORs in the BNST did not alter responding for palatable food pellets (Le et al., 2018; Lopez
etal., 2011). Thus, it is unclear to what extent pharmacological antagonism of KORs
produce general reductions in food intake. Results from the present study suggest that
alcohol intake is more sensitive to KOR antagonism, but since only a single dose of nor-BNI
was evaluated, future studies are needed to determine whether an alcohol-selective effect
reflects a shift to the left in the dose-response function. In addition, since KOR antagonists
do not appear to influence water intake (Lindholm et al., 2001; Zhou and Kreek, 2019),
reduced binge-drinking in this study is not likely due to a general effect on fluid
consumption. Finally, it is possible that intra-BNST nor-BNI reduced alcohol and sucrose
consumption in the present study by altering their rewarding effects (Anderson and Becker,
2017; Crowley and Kash, 2015; Karkhanis et al., 2017). However, few studies have
examined the role of KOR signaling in the BNST in relation to reward processes.

Heightened anxiety is thought to promote excessive drinking and KOR antagonists have
been shown to exert anxiolytic effects (Koob, 2013; Van’t Veer and Carlezon, 2013). More
specifically, systemic administration of nor-BNI decreased anxiety-like behavior in open
field (OF) and elevated plus-maze (EPM) tests (Knoll et al., 2007; Wittmann et al., 2009).
Additionally, KOR antagonists have been shown to produce anti-anxiety effects in novelty
suppressed feeding (Carr and Lucki, 2010), fear-potentiated startle (Knoll et al., 2007), and
forced swim stress procedures (Mague et al., 2003). Also, nor-BNI administration into the
BNST attenuated ultrasonic vocalizations, physiological withdrawal scores, and alcohol
intake in rats with a history of alcohol dependence (Erikson et al., 2018). Given the
expression of KOR within the BNST, a structure known to be involved in anxiety (Kash et
al., 2015), it is reasonable to suspect that nor-BNI administration into the BNST would
result in an anxiolytic phenotype in the present studies. However, we observed no difference
in the amount of time spent in the center portion of the open field arena between vehicle and
nor-BNI treated mice. This is consistent with another report that showed a similar dose of
nor-BNI (2 ug/side) microinjected into the BNST of male mice had no effect on center time
in the OF nor in time spent in the open arm of an EPM (Ahrens et al., 2018). Thus, it is
likely that KOR activity in the BNST mediates anxiety-like behavior, but they may be
selectively recruited under specific testing conditions and/or the state of the subjects.

The present studies found, in agreement with others, that female mice generally consume
more alcohol than males, resulting in significantly greater BACs (Finn et al., 2005; Rhodes
et al., 2005; Sneddon et al., 2019). Females also exhibited greater sucrose intake and higher
levels of locomotor activity upon first introduction to an open-field arena, which others have
reported (Archer, 1975; Crabbe et al., 1999; Kaur et al., 2012; Tucker et al., 2016).
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Interestingly, no studies have directly explored sex differences in the effect of KOR
antagonists on binge-drinking. We observed a proportionately larger suppression of alcohol
intake resulting from nor-BNI microinjection in the BNST for female mice compared to
males. This finding points to potential sex differences in the ability of KOR antagonists to
modulate alcohol intake and merits further exploration including more thorough testing of
nor-BNI dosing. While sex differences were observed in alcohol consumption in Experiment
1, no significant differences were observed in Experiment 5. In the latter case, the
observation of females consuming more alcohol than males neared significance (p=0.08),
with females consuming roughly 0.5 g/kg more than males. Sex differences in alcohol intake
are not consistently observed in different models of excessive alcohol consumption and, in
this case, may be due to differences in experimental design between Experiment 1 and 5
(Hilderbrand and Lasek, 2018). Mice in Experiment 1 received a single microinjection into
the BNST prior to drinking while mice in Experiment 5 received a microinjection combined
with an ip. injection 30-min prior to the test drinking session. The more robust handling
procedure may have resulted in slightly lower intake, obscuring potential sex differences in
alcohol intake.

In contrast to KOR antagonists, sex differences in response to KOR agonists have been
reported but vary by brain region. For example, male guinea pigs exhibit greater U50,488-
induced GTP+yS activity in the cortex, claustrum, periaqueductal gray, and substantia nigra
while females show greater GTP-yS activity in the dentate gyrus and hypothalamus (Wang et
al., 2011). Females are also less sensitive than males to U50,488-induced responding for
intracranial self-stimulation suggesting sex differences in the ability of KOR to mediate
motivated behaviors, such as binge-like alcohol consumption (Russell et al., 2014). The
BNST is a sexually dimorphic region of particular interest in relation to KOR activation
given that after U50,488 administration, expression of the immediate early gene c-Fos is
greater in females than males, and sex differences in KOR mRNA expression have been
reported (Conway et al., 2019; Russell et al., 2014). In the context of binge drinking,
however, our studies indicate no sex differences in the ability of U50,488 to enhance alcohol
drinking to a high level, nor in the ability of nor-BNI to counter U50,488’s effects within the
BNST. The effect of KOR agonists to increase intake appears to be selective to alcohol
under binge conditions given that the same dose of U50,488 (5 mg/kg; ip.) does not affect
sucrose intake (Anderson et al., 2018a). Others have similarly reported no change in sucrose
consumption after challenge with the KOR agonist, Mesyl Salvinorin B (Zhou et al., 2017).
These findings support a role for KOR in the BNST in the motivation to consume alcohol in
both males and females.

Taken together, these findings point to a role for KOR within the BNST in regulating
excessive alcohol drinking. However, it remains unclear as to how DY N/KOR activity
influences drinking in the context of non-dependent binge-like alcohol consumption when
the majority of studies suggest efficacy of KOR antagonists only under conditions of alcohol
dependence. Interestingly, many neuropeptide systems associated with dependence-related
drinking also affect binge-like drinking in non-dependent subjects. For example, antagonists
targeting the CRF1 receptor (Funk et al., 2007), orexinl receptor (Lopez et al., 2016), or
KOR (Walker and Koob, 2008) all attenuate dependence-related drinking without affecting
more moderate levels of consumption in non-dependent animals. And yet, these systems are
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also engaged in and promote binge-like drinking prior to the development of dependence.
Selective antagonists targeting the CRF1 receptor (Lowery-Gionta et al., 2012), orexinl
receptor (Olney et al., 2015), or KOR (Anderson et al., 2018a) decrease binge-drinking,
effectively normalizing intake to a moderate level. Since all of these neuropeptide systems
are responsive to stress, they may become engaged under drinking-in-the-dark conditions
that engenders high levels of alcohol intake, which presents as a potent stressful event
(Anderson et al., 2018b; Koob, 2013; Rivier, 1996; Stephens and Wand, 2012). In the
context of binge drinking, the high level of alcohol intake achieved results in a rapid
elevation in BAC which may recruit the DYN/KOR system. For example, systemic
administration of alcohol at doses generating BACs only in excess of 80 mg/dL results in
increased extracellular DYN release within the nucleus accumbens (Marinelli et al., 2006).
This increase in DYN occurs during the acute effects of alcohol intoxication suggesting a
dynamic response of DYN to alcohol beyond the contribution of DYN/KOR signaling to
dysphoria experienced during withdrawal (Chavkin and Koaob, 2016). Therefore, KOR
antagonists may modulate the stress response to alcohol or anxiety associated with binge
drinking in non-dependent mice resulting in a normalization of intake to more moderate
levels. This is supported by the fact that nor-BNI has no effect on moderate alcohol
consumption in non-dependent subjects when delivered by systemic injection (Walker et al.,
2011) or into extended amygdala structures (Erikson et al., 2018; Kissler et al., 2014).

Thus, the DYN/KOR system, along with other stress-related peptides contribute to excessive
alcohol consumption, and are further recruited as bouts of binge drinking and intoxication
increase in frequency, leading to escalated and uncontrolled drinking observed in
dependence. This provides a potential prophylactic window during binge drinking to
selectively target these systems early in the trajectory of the addiction cycle to normalize
intake such that regular bouts of binging become less frequent, thereby reducing the
likelihood of escalation of intake over time.

In conclusion, the present series of studies demonstrate that targeted KOR antagonist
treatment within the BNST attenuates binge-like alcohol consumption and normalizes KOR
agonistpotentiated drinking in both male and female mice. Future studies aimed at targeting
the precise dynorphinergic circuity within the extended amygdala that contributes to activity
at KOR within the BNST will shed further light on the role the DYN/KOR system plays in
mediating excessive binge-like alcohol drinking.
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Highlights
KOR antagonist in the BNST decreased binge-like alcohol consumption.
KOR antagonist in the BNST modestly reduced binge-like sucrose consumption.

KOR antagonist in the BNST does not affect locomotor activity.

Systemic administration of a KOR agonist increased binge-like alcohol consumption.

Effect of systemic KOR agonist was blocked by KOR antagonist in the BNST.
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Fig. 1:

KOR antagonist infusion into the BNST reduces binge-like alcohol consumption. Male and
female mice received a bilateral microinjection of vehicle or the KOR antagonist, nor-BNI
(2.5 pg/side), 16 hours before a binge drinking session. A) Alcohol intake (g/kg) during the
consecutive 2-hour time periods (0-2 and 2—4 hour) in the 4-hour access session. Females
consumed more alcohol than males receiving vehicle across both timepoints (* p< 0.001).
Nor-BNI significantly reduced alcohol intake in males and females (*ps<0.001) relative to
vehicle but drinking did not differ between sexes treated with nor-BNI at either time point.
B) Cumulative alcohol intake across the 4-hour session. When treated with vehicle, females
consumed more alcohol than males (* p< 0.001). Nor-BNI reduced alcohol intake in both
males and females compared to their respective vehicle (* ps< 0.001). However, no
difference was observed between males and females receiving nor-BNI. C) Blood alcohol
concentration (BAC; mg/dL) was assessed at the end of the 4-hour session. Vehicle treated
females had greater BACs than males receiving vehicle (* p< 0.001). BACs were
significantly reduced in both male and females compared to their respective vehicle groups
(* ps< 0.001) but no difference was observed between males and females treated with nor-
BNI. D) Representative microinjector tip placements within the BNST.
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Fig. 2:

KOR antagonist infusion into the BNST reduces binge-like sucrose consumption. A)
Sucrose intake (mL/kg) during the consecutive 2-hour time periods (0-2 and 2—4 hour) in
the 4-hour access session. Females consumed more sucrose than males (* p< 0.01) and
infusion of nor-BNI into the BNST resulted in a general suppression of sucrose intake (* p=
0.005). B) Cumulative sucrose intake across the 4-hour session. Sucrose intake was greater
in females (* p< 0.01) while intake was lower in mice treated with nor-BNI compared to
vehicle across sexes (* p= 0.005). C) Representative microinjector tip placements within the
BNST.
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Fig 3:

Sugppressed intake after KOR antagonist infusion into the BNST is greater for alcohol
compared to sucrose. A) Using data collected in Experiments 1 and 2, a percent change from
vehicle calculation was made based on 4-hour intake of alcohol or sucrose for each sex. Nor-
BNI microinjection into the BNST resulted in a significant decrease compared to vehicle for
intake of alcohol and sucrose (* ps< 0.001). However, the percent change from vehicle after
nor-BNI treatment was significantly greater in mice consuming alcohol compared to those
drinking sucrose (# ps< 0.001).
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Fig. 4:

KgR antagonist infusion into the BNST does not affect locomotor activity. A) Cumulative
distance traveled (cm) after vehicle or nor-BNI microinjection into the BNST 16 hours
before open field testing. Females generally traveled a greater distance than males (* p<
0.001) but nor-BNI did not affect locomotor activity. B) Cumulative time spent (sec) in
center portion of open field arena after vehicle or nor-BNI microinjection into the BNST. C)
Representative microinjector tip placements in the BNST.
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Fig. 5:

KgR antagonist infusion into the BNST blocks elevated alcohol consumption after systemic
administration of a KOR agonist. Nor-BNI was microinjected into the BNST 16 hour prior
to the 4-hour drinking session and the KOR agonist, U50,488 (5 mg/kg; ip.) was
administered 30 min prior to drinking. Alcohol drinking data are collapsed across sex given
a nonsignificant main effect (p=0.079). A) Systemic U50,488 treatment resulted in a
significant increase in alcohol intake during the first 2 hours of drinking compared to vehicle
(*p<0.001). However, a ceiling effect was likely reached given that intake was lower in the
2-4 hour period (* p< 0.001). Microinjection of nor-BNI into the BNST resulted in
significantly lower alcohol consumption compared to vehicle (* p< 0.001) and U50,488 (+
p< 0.001) during the first 2 hours. In mice receiving nor-BNI infusion into the BNST
combined with systemic U50,488, alcohol intake was reduced compared to vehicle (* p<
0.001) and U50,488 alone (+ p< 0.001) during the first 2 hours. Drinking was also lower in
the drug combination group than vehicle during the final 2 hours of testing (*p<0.001). B) A
similar pattern of drinking was observed for cumulative intake across the 4-hour session.
U50,488 (ip.) resulted in a significant increase in alcohol intake (* p< 0.01) while nor-BNI
microinjection in the BNST decreased intake compared to vehicle (*<0.001). Intake was
significantly less than both vehicle and U50,488 in mice receiving the combined U50,488
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and nor-BNI (* p< 0.001; + p< 0.001). C) BAC was assessed at the end of the 4-hour
drinking session. Systemic U50,488 resulted in significantly greater BACs compared to
vehicle while mice treated with nor-BNI microinjection into the BNST or combined nor-
BNI and U50,488 (ip.) had lower BACs relative to vehicle (* ps< 0.001). Furthermore, mice
receiving nor-BNI in the BNST or nor-BNI and U50,488 had lower BACs compared to
U50,488 alone (+ps < 0.001). D) Representative microinjector tip placements within the
BNST.
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