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Abstract

Background: Chronic ethanol exposure reduces dopamine transmission in the nucleus accumbens, which may contribute
to the negative affective symptoms associated with ethanol withdrawal. Kappa opioid receptors have been implicated in
withdrawal-induced excessive drinking and anxiety-like behaviors and are known to inhibit dopamine release in the nucleus
accumbens. The effects of chronic ethanol exposure on kappa opioid receptor-mediated changes in dopamine transmission
at the level of the dopamine terminal and withdrawal-related behaviors were examined.

Methods: Five weeks of chronic intermittent ethanol exposure in male C57BL/6 mice were used to examine the role of kappa
opioid receptors in chronic ethanol-induced increases in ethanol intake and marble burying, a measure of anxiety/compulsive-
like behavior. Drinking and marble burying were evaluated before and after chronic intermittent ethanol exposure, with
and without kappa opioid receptor blockade by nor-binaltorphimine (10mg/kg i.p.). Functional alterations in kappa opioid
receptors were assessed using fast scan cyclic voltammetry in brain slices containing the nucleus accumbens.

Results: Chronic intermittent ethanol-exposed mice showed increased ethanol drinking and marble burying compared with
controls, which was attenuated with kappa opioid receptor blockade. Chronic intermittent ethanol-induced increases in
behavior were replicated with kappa opioid receptor activation in naive mice. Fast scan cyclic voltammetry revealed that
chronic intermittent ethanol reduced accumbal dopamine release and increased uptake rates, promoting a hypodopaminergic
state of this region. Kappa opioid receptor activation with U50,488H concentration-dependently decreased dopamine release
in both groups; however, this effect was greater in chronic intermittent ethanol-treated mice, indicating kappa opioid receptor
supersensitivity in this group.

Conclusions: These data suggest that the chronic intermittent ethanol-induced increase in ethanol intake and anxiety/
compulsive-like behaviors may be driven by greater kappa opioid receptor sensitivity and a hypodopaminergic state of the
nucleus accumbens.
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Introduction

Alcoholism is a disease of chronic relapse, consisting of
repeated bouts of excessive intake and abstinence, resulting
in withdrawal symptoms that contribute to the resumption of
heavy drinking. For example, human alcoholics report increased
anxiety (Wetterling and Junghanns, 2000) and compulsive
behaviors (Suzuki et al., 2002) during abstinence periods, which
correlate with escalated ethanol consumption (Wetterling et al.,
2006; American Psychological Association, 2013). Examination
of these symptoms in a mouse model of alcohol use disorders
showed that C57BL/6 (C57) mice exposed to ethanol vapor in a
chronic, intermittent (chronic intermittent ethanol [CIE]) pat-
tern demonstrate escalated ethanol intake during abstinence
(Griffin et al., 2009). Traditional measures of anxiety-like behav-
ior, such as the elevated plus maze and light-dark box, have
not found ethanol withdrawal-induced anxiogenic pheno-
types in C57 mice (Ghozland et al., 2005; McCool and Chappell,
2015). However, data supporting ethanol withdrawal-related
increases in nontraditional anxiety/compulsive-like behav-
iors, such as marble burying, are emerging. For example, recent
work utilizing C57 mice exposed to chronic ethanol injections
or an ethanol-containing liquid diet (Perez and DeBiasi, 2015)
showed increased marble burying during ethanol withdrawal.
Marble burying is used to model compulsive- and anxiety-like
behaviors in rodents, and pharmacotherapies for anxiety and
obsessive-compulsive disorder reduce this behavior (Nicolas
et al., 2006). Thus, marble burying may provide a useful behav-
ioral measure of ethanol withdrawal-associated negative affect
in this mouse strain.

Dopamine transmission is markedly attenuated after chronic
ethanol exposure (Karkhanis et al., 2015), which may be driv-
ing CIE-induced changes in behavior. A previous study reported
reduced dopamine terminal function in the nucleus accumbens
(NAc) after 3 cycles of CIE and 72 hours of abstinence (Karkhanis
et al., 2015), indicating a hypodopaminergic state of this region
during abstinence. The time-course of these findings is similar
to CIE-induced increases in ethanol drinking using a similar
protocol (Griffin et al., 2009), suggesting a link between attenu-
ated accumbal function and augmented ethanol intake. As the
dopamine system has been implicated as an important regula-
tor of ethanol drinking (Nealey et al., 2011) and anxiety/compul-
sive-like behaviors (Ballester-Gonzales et al., 2015), it is possible
that dysregulated dopamine transmission may underlie chronic
ethanol-induced increases in these behaviors.

Although dopamine terminal function is attenuated after
CIE, the precise mechanism(s) underlying this change are not
well understood. Dopamine transmission in the NAc is regu-
lated by a variety of receptors, including kappa opioid recep-
tors (KORs). Intra-accumbal pharmacological activation of KORs
reduces dopamine release in this region, while blockade tran-
siently increases extracellular levels of dopamine (Spanagel
et al,, 1992). Consistent with these data, administration of a KOR
agonist in naive rats (Todtenkopf et al., 2004) increases brain
reward thresholds, as measured by intra-cranial self-stimula-
tion, suggesting that KOR activation reduces mesocorticolim-
bic signaling and produces negative affect. Notably, KORs on
mesolimbic dopamine neurons mediate place aversion to KOR
agonists (Chefer et al.,, 2012), supporting a modulatory role of
KORs on mesolimbic dopamine system function that influences
hedonic state. Further, withdrawal from ethanol (Schulteis et al,,
1995) and cocaine (Chartoff et al., 2012) increases brain reward
thresholds, an effect that is blocked with KOR antagonists
(Chartoff et al., 2012). Thus, KOR blockade may attenuate the

negative reinforcing effects of ethanol by regulating dopamine
transmission.

Of interest to this particular study are data demonstrating
the utility of KORs as a potential pharmacotherapeutic target to
alleviate the symptoms of ethanol withdrawal. CIE-exposed rats
routinely demonstrate increased ethanol self-administration
after a period of abstinence compared with air-exposed controls,
an effect that is reduced to control levels with systemic (Walker
et al., 2011), intracerebroventricular (Walker and Koob, 2008), or
intra-NAc (Nealey et al.,, 2011) administration of nor-binaltor-
phimine (norBNI), a KOR-specific antagonist. As KOR manipula-
tion alters dopamine system function (Todtenkopf et al., 2004;
Zapata and Shippenberg, 2006; Chartoff et al., 2012) and KOR
blockade reduces ethanol self-administration in dependent rats
(Walker and Koob, 2008; Walker et al, 2011; Nealey et al., 2011),
it is possible that changes in KOR function and dopamine trans-
mission drive CIE-induced behavioral changes observed during
ethanol abstinence. The present study used repeated cycles of
CIE and air exposure to examine the role of KORs in ethanol con-
sumption and marble burying in C57 mice. Additionally, ex vivo
fast scan cyclic voltammetry (FSCV) in brain slices of the NAc
was used to identify CIE-induced changes in dopamine terminal
and KOR function.

Methods and Materials

Subjects

Male C57 mice (65-75 days old, Jackson Laboratories) were used
for all experiments. Mice were individually housed and main-
tained on a 12-:12-hour-light cycle (lights off at 2:00 pm) with a
red room light illuminated during the dark cycle. Mice habitu-
ated to housing conditions for 1 week before experiment start
and were provided with standard chow and water ad libitum,
unless otherwise noted. The Institutional Animal Care and
Use Committee at Wake Forest School of Medicine approved
all experimental protocols. Animals were cared for accord-
ing to National Institutes of Health guidelines in Association
for Assessment and Accreditation of Laboratory Animal Care-
accredited facilities.

CIE Exposure: Back-to-Back CIE and Back-to-Back
CIE+Drinking Protocol

Mice were exposed to ethanol vapor or room air for 4 days (16
hours of exposure, 8 hours of abstinence), followed by 72 hours
of room air exposure (one cycle). Cycles were repeated 5 times.
Mice were treated (i.p.) with a solution containing 1.6 g/kg etha-
nol (CIE) or saline (air) and 1.0 mmol pyrazole (Sigma Aldrich),
an ethanol dehydrogenase inhibitor, 30 minutes prior to inha-
lation treatment. Blood ethanol concentrations were tested
after the first and fourth inhalation exposure to ensure physi-
ologically relevant blood ethanol concentrations (Griffin et al.,
2009) (Supplementary Figure 2). The back-to-back CIE protocol
(Figure 1A) was modified (back-to-back CIE+drinking protocol,
Figure 1B) to examine CIE-induced changes in ethanol drinking.

Ethanol Drinking Tests

Animals in ethanol drinking groups underwent a 2-bottle choice
procedure that included 2 weeks of sucrose fade (Samson, 1986)
consisting of 2 days each: 10% ethanol/5% sucrose, 12%/5%,
15%/5%, 15%/2%, and 15%/1% (wt/vol), followed by 4 weeks of
access to 15% (vol/vol) ethanol. Experimental solutions were
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Figure 1. Back-to-back chronic intermittent ethanol (CIE) protocols. (A) Visual depiction of the back-to-back CIE protocol. Mice were exposed to 5 cycles of ethanol
vapor or room air (green bars). Each cycle consisted of 4 days of 16 hours of exposure (red bars), 8 hours of abstinence (dark blue bars), followed by 72 hours of room air
exposure (orange bar). (B) Visual depiction of the back-to-back CIE + drinking protocol. Mice underwent a 2-bottle choice drinking procedure (2 weeks of sucrose fade
[blue bar] followed by 4 additional weeks of access to 15% (vol/vol) ethanol [left purple bar]). Both CIE and air groups underwent 5 cycles of inhalation exposure (green
bars), and ethanol drinking was examined following all CIE exposure cycles (right purple bar).

provided for 2h/d (1:30-3:30 pm) 5d/wk and paired with an
identical bottle of water. Bottle placement was switched daily.
Mice were assigned to inhalation groups, counterbalanced
for intake. Ethanol drinking was examined for 5 days after all
cycles (Figure 1B). Separate groups of animals were injected
with norBNI (10mg/kg, i.p.; NIDA) or vehicle (injectable water) 24
hours prior to the postinhalation ethanol drinking test.

A separate group of mice was not exposed to the inhalation
treatment, but during the final (fourth) week of baseline (15%
vs water) drinking, they were injected with saline (0.1mL, i.p.)
30 minutes prior to drinking start time (1:30 pm). During the fol-
lowing several weeks, mice were injected with saline (0.1mL) on
Mondays, Wednesdays, and Fridays. In a Latin-square design,
mice were injected i.p. with 1.0, 3.0, 6.0, and 10 mg/kg U50,488 on
Tuesdays and Thursdays. Drinking data were collapsed across
saline and each dose of U50,488.

Marble Burying

Preinhalation marble burying tests occurred on the morning of
the first day of CIE cycle 1. Mice were placed in a standard poly-
carbonate cage lined with ~4cm of cob bedding (The Andersons)
for 120 minutes before the addition of 20 clean, black glass mar-
bles (14mm, Rainbow Turtle). A template was used to ensure
marble placement (Figure 4A, left). After the 30-minute testing
session, the number of marbles >75% buried was counted. Water
was provided during habituation, but both food and water were
unavailable during testing. Animals were placed into inhalation
groups counterbalanced for marbles buried during the pretest.
CIE-induced changes in marble burying were assessed 72 hours
after the fifth CIE cycle. Separate groups of mice were systemi-
cally injected with norBNI (10mg/kg) or vehicle 24 hours prior
to postinhalation testing. A separate group of mice was injected
with saline (0.1 mL) or 3.0mg/kg U50,488 30 minutes prior to test-
ing at approximately 90 minutes into their habituation session.

Ex Vivo FSCV

Ex vivo FSCV was used to characterize dopamine kinetics
in the NAc core (Karkhanis et al., 2015). Mice were sacrificed
72 hours after the fifth inhalation exposure to coincide with
behavioral testing. Mice were anesthetized with isoflurane, rap-
idly decapitated, and brains removed. Brain slices containing
the NAc (300 pm thick) were prepared with a vibrating tissue

slicer and incubated in oxygenated artificial cerebrospinal fluid
(32°C). A carbon fiber recording electrode (=50-100 pm length,
7 pM radius; Goodfellow Corporation) and a bipolar stimulat-
ing electrode (Plastics One) were placed (~100 pm apart) on
the surface of the slice. Dopamine efflux was induced with a
single, rectangular, 4.0-ms duration electrical pulse (350 pA,
monophasic, inter-stimulus interval: 180 seconds). To detect
dopamine release, a triangular waveform (-0.4 to +1.2 to -0.4V
vs silver/silver chloride, 400V/sec) was applied every 100ms to
the recording electrode. To assess the effects of inhalation treat-
ment on KOR function, the KOR agonist, U50,488 (0.01-1.0 pM,
Tocris Bioscience), was added cumulatively to artificial cerebro-
spinal fluid after baseline collections were stable. To obtain clear
current vs time plots, background current subtraction methods
were utilized. Electrode calibration was performed following
each experiment using a flow-injection system to a known con-
centration of dopamine (3.0 pM).

Data Analysis

Ethanol consumption was calculated by weighing ethanol and
water bottles before and after drinking tests. Preference was
calculated as the volume of ethanol consumed divided by total
intake (ethanol + water) consumed in each session. Marble bury-
ing was scored by visual inspection of marbles.

Demon Voltammetry and Analysis software (Yorgason et al.,
2011) was used to collect and analyze all voltammetry data.
Representative signals were analyzed before drug application
to determine dopamine release per electrical stimulation (uM)
and uptake (V_ ., uM/sec). Representative traces after drug
application were similarly analyzed. The effects of U50,488 on
dopamine release across the concentration response curve are
presented as a percent of pre-drug dopamine release.

Graphs were created and statistical tests were applied using
GraphPad Prism, Version 5. Two-way repeated measures (RM)
ANOVA was used to compare the effects of CIE exposure and
drug treatment (norBNI vs vehicle) on ethanol drinking, pref-
erence, and marble burying as well as the U50,488 concentra-
tion response curve, with drug concentration and inhalation
treatment as factors. All drinking data were collapsed across
the 5-day exposure or drug dose (saline or U50,488). When a
significant main effect was found, Bonferroni posthoc analysis
was performed. A 1-way ANOVA was used to analyze the effects
of acute U50,488 on ethanol drinking and preference. When a
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significant main effect was detected, Tukey’s posthoc analysis
was applied. Two-tailed Student’s t tests were used to reveal pre-
inhalation ethanol drinking and preference differences between
inhalation groups, the effects of CIE exposure on baseline dopa-
mine kinetics, the effect of 3.0mg/kg U50,488 on marble burying,
and U50,488 IC, .

Results

CIE Increased Ethanol Intake and Preference without
Inter-Cycle Ethanol Drinking

To confirm that the CIE exposure protocol used here increased
ethanol drinking similarly to previously used protocols, separate
groups of mice underwent a CIE +drinking protocol, (Griffin et al.,
2009) (Supplementary Figure 1). Blood ethanol concentrations
were collapsed across CIE exposure protocols and were within the
behaviorally relevant range (Griffin et al., 2009) (Supplementary
Figure 2, 204.9 + 58.47 mg/dL). Two-way ANOVA revealed a main
effect of inhalation exposure (Figure 2A, F,,,6.599, P<.05) and
time (pre- vs postinhalation exposure, F, ,,=11.16, P<.01). Poshoc
analysis confirmed similar preinhalation ethanol consumption
between groups (air: 2.53+0.33, CIE: 2.60+0.28 g/kg, P>.05), but
an increase in ethanol intake in CIE-exposed mice was observed
(P<.001). An interaction between inhalation exposure and time
was also detected (F, ,,=5.543, P<.05). As hypothesized, CIE-
exposed mice exhibited increased ethanol intake, as a percent of
preexposure intake levels, compared with controls as examined
with a 2-tailed Student’s t test (Figure 2B: air: 112.00+14.30%,

A

CIE: 180.30+13.15%, t,,=4.49, P<.01). The amount of ethanol con-
sumed on each day is depicted in Supplementary Figure 3.

Analysis of ethanol preference revealed a main effect of
inhalation treatment (Figure 2C, F, ,,=9.38, P<.05) and time (pre-
vs postinhalation, F,,,=7.03, P<.05). Augmented ethanol prefer-
ence in CIE-exposed mice compared with pre-CIE (P<.01) and
air-exposed animals (P<.01) was observed with posthoc analy-
sis levels (air: 0.81+0.02, CIE: 0.913+0.04). A 2-tailed Student’s
t test revealed increased ethanol preference in CIE-exposed
mice compared with controls when expressed as a percent of
preinhalation preference (Figure 2D: air: 103.00+4.69%, CIE:
113.30£2.30%, t,,=3.51, P<.05).

’ 11

Kor Blockade Reduced Ethanol Consumption and
Preference in CIE-Treated Mice

To examine the role of KORs in CIE-induced changes in ethanol
drinking, norBNI or vehicle was systemically administered 24
hours prior to the 5-day drinking test (Broadbear et al., 1994).
Two-way ANOVA revealed a main effect of inhalation (Figure 3A;
F, ,4=9.20, P<.01) and drug treatment (norBNI vs vehicle) on eth-
anol intake (F,,,=28.60, P<.001). An interaction between inha-
lation and druyg treatment was also found (F ,=10.01, P<.01).
Posthoc analysis confirmed a significant increase in ethanol
drinking in CIE-exposed mice treated with vehicle (4.57+0.40g/
kg, P<.001) compared with CIE-exposed mice treated with
norBNI (2.23+0.19g/kg). Ethanol drinking in norBNI treated/
CIE-exposed mice was similar to intake of norBNI-treated/air-
exposed (2.27 +0.19 g/kg, P>.05).
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Figure 2. Chronic intermittent ethanol (CIE)-exposed mice demonstrated increased ethanol consumption and preference without inter-cycle ethanol drinking tests.
(A) Preinhalation ethanol intake was similar between groups. CIE significantly augmented ethanol drinking in CIE-exposed mice compared with air-exposed control
animals and pre-CIE exposure ethanol intake. (B) Ethanol intake was significantly greater in CIE-exposed compared with air-exposed mice when expressed as a percent
of preinhalation intake. (C) CIE increased ethanol preference in CIE-exposed mice compared with air-exposed control mice and preinhalation ethanol preference. (D)
Ethanol preference was significantly greater in CIE-exposed mice compared with air-exposed animals. n (air)=6; n (CIE)=7. *P<.05; *P<.01; ***P<.001.
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Figure 3. Systemic nor-binaltorphimine (norBNI) administration reduced ethanol intake and preference chronic intermittent ethanol (CIE)-treated mice that was
replicated with kappa opioid receptor (KOR) activation. (A) CIE significantly augmented ethanol drinking compared with air-exposed control mice, which was
reduced with norBNI treatment. (B) Ethanol preference of CIE-exposed mice was significantly greater than air-exposed controls, which was reduced to control lev-
els with norBNI treatment. (A-B) n (air/vehicle) =6; n (air/norBNI)=9; n (CIE/vehicle) =7 n (CIE/norBNI) = 10. (C) U50,488 increased ethanol intake and (D) preference,
which returned to baseline at 10mg/kg. (C-D) n (saline)=14; n (1.0mg/kg U50,488)=9; n (3.0 mg/kg U50,488) = 10; n (6.0 mg/kg U50,488) =9; n (10.0mg/kg U50,488)=9.

*P<.05; "P<.01; ***P<.001.

Examination of ethanol preference after CIE/air expo-
sure revealed a main effect of norBNI treatment (Figure 3B;
F,,,=26.21,P<.001). Although no main effect of inhalation treat-
ment was detected (F ,,=1.22, P=.28), potentially reflecting a
ceiling effect due to high baseline preference, an interaction
between inhalation and drug treatment (norBNI vs vehicle) was
observed (F, ,,=11.25, P<.01). Reduced ethanol preference in CIE-
exposed mice treated with norBNI (preference ratio: 0.70+0.03)
compared with CIE-exposed vehicle-treated animals (preference
ratio: 0.92+0.015, P<.001) was found using posthoc analysis, but
norBNI-treated/CIE-exposed mice had similar preferences to air-
exposed mice treated with vehicle (preference ratio: 0.79+0.02,
P>.05) or norBNI (preference ratio: 0.76 £0.02, P>.03). The effects
of inhalation and drug treatment were maintained for the 5-day
drinking test (Supplementary Figure 3).

U50,488 Increased Ethanol Consumption and
Preference

NorBNI reduced ethanol intake in CIE-exposed animals
(Figure 3A-B), suggesting that KORs positively modulate drink-
ing. Thus, we hypothesized that KOR activation would augment
ethanol consumption and preference in naive mice. A onle-way
ANOVA revealed a significant effect of U50,488 on ethanol intake
(Figure 3C, F,,=18.86, P<.0001) and preference (Figure 3D,
F, ,c=5.903, P<:001). Tukey’s posthoc analysis revealed a signifi-
cant difference increase at the 1.0- (P<.001), 3.0- (P<.001), and
6.0- (P<.5) mg/kg doses of U50,488 in ethanol drinking compared
with saline drinking. Further, Tukey’s posthoc analysis revealed
a significant increase in ethanol preference at the 1.0- (P<.01),

3.0- (P<.05), and 6.0- (P<.5) mg/kg doses of U50,488 compared
with control (saline). In both datasets (Figure 3C-D), posthoc
analysis showed that drinking in mice given saline or the 10-mg/
kg dose of U50,488 was similar (P>.05).

CIE Increased Marble Burying Behavior

Marble burying was used to examine the effects of CIE or air
exposure on anxiety/compulsive-like behaviors. Representative
pictures of testing chambers are shown in Figure 4A: before
testing (left), after 5 cycles of air exposure (middle), and CIE
exposure (right). A 2-way RM ANOVA revealed a main effect
of time (pre- vs postinhalation; Figure 4B; F, ,,=4.69, P<.05).
Posthoc analysis showed an increase in Ymarble-burying
behavior between pre- (9.44+2.32 marbles buried) and post
(16.67+0.73 marbles buried) CIE exposure (P<.01). A signifi-
cant increase in marble burying between post-CIE and post-air
exposure inhalation groups (8.86+1.82 marbles buried, P<.05)
and an interaction between inhalation exposure and time
(F,,,=5.42, P<.05) were observed.

1,28

KOR Blockade Reduced CIE-Induced Increases in
Marble Burying

Mice were systemically injected with norBNI or vehicle 24
hours prior to the postinhalation marble-burying test. Two-
way ANOVA revealed a main effect of inhalation condition
(Figure 4C, F ,=7.35, P<.05) and drug treatment (norBNI vs
vehicle, F, ,,=21.74, P<.001) on marble burying. Posthoc analy-
sis confirmed an increase in marble burying in vehicle-treated
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CIE- vs air-exposed mice (P<.01). Additionally, marble-burying
behavior of vehicle-treated/CIE-exposed mice was greater
than that of CIE-exposed mice treated with norBNI (P<.001).
An interaction between CIE exposure and drug treatment was
detected (F,,,=8.59, P<.001). NorBNI reduced marble burying in
CIE-exposed mice (6.13+1.22 marbles buried) to norBNI-treated
air (6.43+1.60 marbles buried) and pre-CIE levels (Figure 4C;
F,,.=0.01, P=.93). Additional experiments in naive mice show
that the effects of norBNI on ethanol drinking and marble
burying are likely not attributable to changes in locomotion
(Supplementary Figure 5).

To confirm that KOR activation would also augment marble
burying, naive mice were injected with 3.0mg/kg U50,488 30
minutes prior to testing. A 2-tailed Student’s t test revealed aug-
mented marbles buried in response to U50,488 administration

(Figure 4E, saline: 12.57+0.649 marbles buried; 3.0mg/kg U50,
488: 16.00+0.723 marbles buried; t,,=3.526, P<.01).

12

CIE Attenuated Dopamine Terminal Function via
Reduced Dopamine Release and Increased Uptake

To examine changes in dopamine terminal function after
CIE exposure, ex vivo FSCV was used. Figure 5A shows repre-
sentative dopamine release and uptake traces with false color
plots (air: left; CIE: right). A 2-tailed Student’s t test revealed
decreased dopamine release (Figure 5B; air: 1.15+0.12 uM; CIE:
0.80+0.07 pM, t,=2.687, P<.05) and augmented uptake rate
(Figure 5C; air: 2.02+0.07 pM/sec; CIE: 2.42+0.17 pM/sec, t,, =2.20,
P<.05) in CIE-exposed mice vs controls.
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Figure 4. Chronic intermittent ethanol (CIE) exposure increased marble burying behavior, which was nor-binaltorphimine (norBNI)-sensitive and was replicated with
kappa opioid receptor (KOR) agonist administration. (A) Representative pictures of marble configuration: before testing (left), after 5 cycles of air (middle), and CIE (right)
exposure. (B) CIE exposure significantly augmented marble burying compared with air-exposed mice and preinhalation marble-burying behavior. (C) CIE augmented
marble burying in CIE-exposed compared with air-exposed mice, which was reduced with norBNI treatment. (D) Marble burying following norBNI treatment is similar
to preinhalation exposure marble-burying behavior. (A-D) n (air)=7; n (CIE)=9 (E) KOR activation with a 3.0-mg/kg dose of U50,488 significantly augmented marble-
burying behavior in naive mice compared with mice treated with a saline challenge. N (saline)=7; n (3.0mg/kg U50,488)=7. **P<.01; **P<.001.

A B C D

1.5 150 i -
s ® © Air = 10y |
e 2 5 08 |®CE Il
H 2 *%
g i 9 09 £ 8 <00
----- 1.2 1.0 X 82 Q 5 1004 Zoo
= i <9 8 2 g x * 2
3 -3 [0) Q> o AIr CIE
- 14 2= < 2
sec 2os 2 & g £ 504
= S £ 2 ®©
- 10 g ®© > [0 8—
I o <3 s
! Boo r 8 o 04 T T T
1. Air  CIE Air  CIE 001 003 01 03 10

Inhalation Exposure Inhalation Exposure

[U50-488] (uM)
Figure 5. Chronic intermittent ethanol (CIE) exposure attenuated accumbal dopamine terminal function and increased kappa opioid receptor (KOR) sensitivity. (A)
Representative voltammetric traces after electrical stimulation of dopamine and associated false color plots (air, left, green; CIE, right, purple). False color plots
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CIE Increases KOR Sensitivity in the NAc Core

Ex vivo FSCV was used to examine CIE-induced changes in
KOR sensitivity. Two-way RM ANOVA revealed a main effect
of CIE treatment on KOR sensitivity, suggesting increased
KOR function in CIE-exposed mice compared with controls
(Figure 5D; F ,,=5.00, P<.05). A main effect of U50,488 on
dopamine release (F,,,=80.87, P<.001) and an interaction
between inhalation treatment and U50,488 concentration
were detected (F,,,=3.22, P<.05). A reduction in the U50,488
IC,, in CIE- compared with air-exposed mice was found
(Figure 5D inset: air: 3.38+0.27 pM U50,488, CIE: 2.10+0.22 pM
U50,488, t,=3.72, P<.01).

Discussion

The present work showed that CIE-induced behavioral changes
in C57 mice were associated with augmented sensitivity of
KORs on dopamine terminals and reduced dopamine trans-
mission in the NAc. Ethanol drinking and preference were
increased following a 5-week CIE protocol that also increased
anxiety/compulsive-like marble-burying behavior. FSCV in the
NAc showed that CIE reduced dopamine release, increased
rates of dopamine uptake, and augmented the inhibitory
effects of KORs on dopamine release, promoting a hypodopa-
minergic state of the NAc. These data suggest that accumbal
hypodopaminergia may be partially driven by increased KOR
function, leading, at least in part, to the potentiation of etha-
nol intake and anxiety/compulsive-like behaviors during eth-
anol abstinence.

CIE Exposure Increased Ethanol Consumption,
Preference, and Marble-Burying Behavior

To examine the effects of CIE exposure on ethanol intake, both
ethanol consumption and preference were examined using 2 dis-
tinct CIE exposure protocols. Experiments that included 5 days
of ethanol drinking between each CIE cycle (Supplementary
Figure 1) replicated previous findings that showed escalated eth-
anol consumption with sequential bouts of CIE and abstinence
(Griffin et al., 2009). These data were similar to the abbreviated
back-to-back CIE+drinking protocol, suggesting that CIE expo-
sure alone is sufficient to increase ethanol drinking and prefer-
ence. Thus, the back-to-back CIE exposure protocol was utilized
for the remainder of the experiments.

Escalation of ethanol intake is a hallmark of chronic alco-
hol exposure that has been documented in humans (Wetterling
et al., 2006; American Psychological Association, 2013) as well as
in monkey (Grant et al., 2008), rat (Walker and Koob, 2008), and
C57 mouse (Griffin et al., 2009; present work) models of alco-
holism. Because abstinent alcoholics also report increased anxi-
ety (Wetterling and Junghanns, 2000) and compulsive behaviors
(Suzuki et al., 2002), a marble-burying assay was used to exam-
ine CIE-induced changes in anxiety/compulsive-like behaviors
in C57 mice. This task is a nontraditional test for anxiety-like
behavior and appears to measure some of the negative affec-
tive components of ethanol withdrawal, including anxiety-like
and compulsive-like behaviors (Perez and DeBiasi, 2015; Nicolas
et al., 2006). During ethanol abstinence, CIE-exposed mice exhib-
ited increased marble burying compared with air-exposed con-
trols. Since this CIE procedure also augmented ethanol drinking
and preference, it is possible that CIE-exposed mice increase
their ethanol intake to reduce the negative reinforcing effects of
CIE exposure and withdrawal.
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KOR Blockade Attenuated CIE-Induced Increases
in Ethanol Consumption, Preference, and Marble
Burying

After finding CIE-induced elevations in ethanol intake and
marble burying, the role of KORs in both behaviors was tested.
A single systemic administration of norBNI ameliorated CIE-
induced increases in ethanol consumption and preference. This
effect was maintained during the 5-day test, consistent with
reports documenting a long-lasting effect of norBNI (Kishioka
et al, 2013). Further, norBNI treatment attenuated CIE-induced
increases in marble burying. Additional work in the present
study showed that KOR activation with U50,488 increased etha-
nol drinking and preference in CIE-naive mice. Moreover, a sin-
gle dose of U50,488 increased the number of marbles buried,
showing increased anxiety/compulsive-like behavior following
KOR activation. Together, these data suggest that KORs play a
role in ethanol withdrawal-associated negative affective symp-
toms and augmented drinking and suggest that pharmacologi-
cal blockade of KORs could potentially serve a therapeutic role
in withdrawn alcoholics.

Increased anxiety/compulsive-like behavior, opioid recep-
tor signaling, and dopamine transmission following pro-
longed ethanol exposure are strikingly similar to studies
examining different sources of negative affective states. In
particular, negative affective states engendered by chronic
stress or drug exposure have been tied to elevated KOR activ-
ity. For example, symptoms of withdrawal from ethanol
(Walker et al., 2011; Nealey et al., 2011) or cocaine (Chartoff
et al., 2012), social isolation rearing (Karkhanis et al., unpub-
lished observations), social defeat stress (McLaughlin et al.,
2006), and separation of pair-bonded prairie voles (Resendez
et al., 2012) are rescued with KOR blockade. It is likely that
KOR activity may be a ubiquitous mediator of negative affect
and stress, although elevated KOR activity is a part of an
extensive stress response system that also includes elevated
levels of cortocotropin releasing factor (CRF; Britton et al.,,
2000). In fact, the CRF and KOR systems often play similar
roles in stress responses (Britton et al., 2000; Lu et al., 2003),
which has led to the hypothesis that the CRF and KOR sys-
tems are functionally linked (Van’t Veer et al., 2012).

Ethanol and Opioids

Acute ethanol administration increases both endorphin
(Olive et al., 2001) and dynorphin levels (Marinelli et al., 2006;
Lindholm et al.,, 2000), activating both mu opioid receptors
(MORs) and KORs simultaneously. This would result in oppos-
ing effects on the mesolimbic dopamine system, as MOR activa-
tion increases and KOR activation reduces accumbal dopamine
transmission (Spanagel et al., 1992, current study). Augmented
accumbal dopamine levels in response to acute ethanol are
due, in part, to increased inhibitory MOR activity on ventral teg-
mental area GABAergic interneurons, which causes a disinhi-
bition of dopaminergic neurons in this region (Bergevin et al,,
2002). Conversely, chronic ethanol exposure reduces MOR activ-
ity (Chen and Lawrence, 2000) while augmenting KOR signal-
ing (Kissler et al., 2014; Siciliano et al., 2015; present work). As
a G-protein coupled receptor, there are multiple signaling cas-
cades associated with KORs (Bruchas and Chavkin, 2010), and
changes in the function of one or more of these downstream
effectors may be driving augmented KOR function. The use of
agents that specifically target pathways downstream of KORs
(zhou et al., 2013; Lovell et al., 2015) may provide insight into
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potential intracellular signaling changes involved in altered KOR
activity after ethanol.

Increased KOR function and reduced dopamine transmis-
sion may promote an overall deficiency in reward system func-
tion (Koob et al., 2013). The neurochemical changes associated
with chronic ethanol exposure may produce negative affective
symptoms specifically by increasing KOR sensitivity and reduc-
ing dopamine system function. The present data support this
hypothesis, as reduced dopamine transmission and increased
KOR signaling are associated with augmented anxiety/compul-
sive-like behavior and ethanol intake after a period of absti-
nence and further because KOR blockade reduces CIE-induced
changes in behavior to control levels.

Currently, only one opioid receptor antagonist, naltrexone,
is approved for alcohol use disorders by the Food and Drug
Administration (Center for Substance Abuse Treatment, 2009).
Naltrexone is an antagonist of all 3 classical opioid receptors
(MOR, KOR, delta [DOR]). Because of the opposing functional
effects of MORs, DORs, and KORs, the utility of a pan-opioid
antagonist in treating alcoholics may be reduced, as inhibition of
all opioid receptors may decrease the positive reinforcing effects
of natural rewards as well as ethanol, thus decreasing compli-
ance. For example, in humans, naltrexone decreased reward-
related brain activation in response to palatable foods (Murray
et al.,, 2014) as well as overall food (Yeomans and Wright, 1991)
and sucrose (Fantino et al., 1986) intake. Additionally, naltrexone
produces an aversive state in monkeys (Williams and Woods,
1999), healthy humans, and alcoholics (Swift et al., 1994). Since
the present data show that KOR blockade is sufficient to reduce
anxiety/compulsive-like behavior and ethanol drinking in CIE-
exposed mice to nondependent levels, a KOR-specific antago-
nist may be fully efficacious at reducing relapse drinking in the
human population while sparing the positive reinforcing salience
of natural rewards (Fantino et al., 1986; Murray et al., 2014).

The Effects of CIE Exposure on Accumbal Dopamine
Transmission

Chronic ethanol exposure consistently reduces dopamine sys-
tem function. For example, previous work from our laboratory
showed that CIE exposure of mice and rats attenuates dopamine
transmission by reducing dopamine release and increasing the
rate of dopamine uptake (Budygin et al., 2007; Karkhanis et al.,
2015; current work), which is congruent with findings of reduced
limbic system function in human alcoholics compared with
control subjects (Volkow et al., 2002). These functional changes
in dopamine transmission may reflect changes in the expres-
sion levels of proteins such as dopamine transporters, tyrosine
hydroxylase, vesicular monoamine transporters, or other com-
ponents of the machinery regulating dopamine release and
reuptake. Further studies will be needed to define the under-
lying mechanisms of the functional changes documented here.

Chronic Ethanol Exposure and Dynorphin Levels

Despite consistent results across laboratories showing increased
KOR-system function after chronic ethanol exposure and the
present work demonstrating augmented KOR function at the
level of the dopamine terminal, there is controversy regarding
the status of dynorphin levels after ethanol exposure. Some
studies suggest that acute ethanol increases dynorphin in the
NAc (Lindholm et al., 2000; Marinelli et al., 2006) and that these
effects may be long-lasting (Lindholm et al., 2000). Consistent
with reduced dopamine system function following CIE, it has

been hypothesized that extended exposure to ethanol may
desensitize tryrosine receptor kinase B on D1-containing accum-
bal GABAergic medium spiny neurons (Logrip et al., 2008), one
of the postsynaptic receptors that regulate dynorphin release.
This would result in reduced dynorphin levels and supersensi-
tive KORs, as reported here. However, one manuscript demon-
strated a transient elevation of prodynorphin levels in the NAc
after chronic ethanol exposure (Przewlocka et al.,, 1997) and
another suggested that CIE exposure increased KOR sensitiv-
ity and dynorphin levels simultaneously in the central nucleus
of the amygdala (Kissler et al., 2014). These data show that the
effects of ethanol exposure and withdrawal on dynorphin levels
are time dependent, as Kissler and colleagues (2014) examined
dynorphin and KOR levels 6 hours into withdrawal in rats, while
Przewlocka et al. (1997) found elevated prodynorphin levels 24
to 48 hours after the final ethanol exposure that returned to
control levels by 96 hours (Przewlocka et al., 1997). We report
increased KOR function 72 hours into ethanol withdrawal in
mice, which may or may not coincide with augmented dynor-
phin levels. These findings suggest that the temporal profile of
dynorphin and KOR changes may be important in understand-
ing how chronic ethanol alters KOR signaling.

Conclusions

Human alcoholics report relapse to alcohol drinking in an effort
to reduce withdrawal symptoms experienced during abstinence
(Wetterling et al., 2006). As mounting evidence supports the
involvement of accumbal KORs in the development of anxiety/
compulsive-like behaviors and dependence-induced ethanol
drinking (Nealey et al., 2011; Ballester-Gonzales et al., 2015),
chronic ethanol-induced reductions in dopamine transmis-
sion and increased KOR sensitivity in the NAc may promote the
development of negative affective behavioral phenotypes asso-
ciated with ethanol withdrawal. As such, our work supports a
growing body of literature suggesting the potential utility of a
KOR-antagonist to rescue chronic ethanol-induced changes in
behavior and neurobiology.
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