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Abstract

Alcohol dependence promotes neuroadaptations in numerous brain areas, leading to
escalated drinking and enhanced relapse vulnerability. We previously developed a
mouse model of ethanol dependence and relapse drinking in which repeated cycles
of chronic intermittent ethanol (CIE) vapor exposure drive a significant escalation of
voluntary ethanol drinking. In the current study, we used this model to evaluate changes
in neuronal activity (as indexed by c-Fos expression) throughout acute and protracted
withdrawal from CIE (combined with or without a history of ethanol drinking). We ana-
lyzed c-Fos protein expression in 29 brain regions in mice sacrificed 2, 10, 26, and 74 hours
or 7 days after withdrawal from 5 cycles of CIE. Results revealed dynamic time- and brain
region-dependent changes in c-Fos activity over the time course of withdrawal from CIE
exposure, as compared with nondependent air-exposed control mice, beginning with
markedly low expression levels upon removal from the ethanol vapor chambers (2 hours),
reflecting intoxication. c-Fos expression was enhanced during acute CIE withdrawal (10
and 26 hours), followed by widespread reductions at the beginning of protracted
withdrawal (74 hours) in several brain areas. Persistent reductions in c-Fos expression
were observed during prolonged withdrawal (7 days) in prelimbic cortex, nucleus
accumbens shell, dorsomedial striatum, paraventricular nucleus of thalamus, and ventral
subiculum. A history of ethanol drinking altered acute CIE withdrawal effects and caused
widespread reductions in c-Fos that persisted during extended abstinence even without
CIE exposure. These data indicate that ethanol dependence and relapse drinking drive

long-lasting neuroadaptations in several brain regions.

Abbreviations: BLA, basolateral amygdala; CeA, central amygdala; Cg, anterior cingulate cortex; dBNST, dorsal bed nucleus of stria terminalis; dHPC1, dorsal hippocampus, CA1; DLS, dorsolateral
striatum; DMH, dorsomedial hypothalamus; DMS, dorsomedial striatum; DR, dorsal raphe; dSub, dorsal subiculum; EW, Edinger-Westphal nucleus; IL, infralimbic cortex; LC, locus coeruleus; LH,
lateral hypothalamus; LHb, lateral habenula; LOFC, lateral orbitofrontal cortex; M1, motor cortex, primary; MR, medial raphe; NAco, nucleus accumbens, core; NAsh, nucleus accumbens, shell;
NTS, nucleus tractus solitarius (A2 region); PL, prelimbic cortex; PVN, paraventricular nucleus of hypothalamus; PVT, paraventricular nucleus of thalamus; RMTg, rostromedial tegmental
nucleus; vBNST, ventral bed nucleus of stria terminalis; VP, ventral pallidum; vSub, ventral subiculum; VTA, ventral tegmental area
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1 | INTRODUCTION

Heavy alcohol drinking continues to be a serious problem in the
United States and throughout the world due to the large medical
and economic burdens placed on society. Excessive alcohol (ethanol)
consumption over time can lead to the development of dependence
and alcohol use disorder (ie, addiction), driven largely by complex
adaptations in brain reward and stress systems.!® These
neuroadaptive changes are thought to underlie the emergence of
physical symptoms and negative affect components of withdrawal
when drinking is terminated. This, in turn, is believed to drive
increased vulnerability to relapse and facilitate a shift from regulated
drinking to excessive, uncontrollable ethanol consumption.*

Animal models have played a significant role in advancing knowl-
edge of the neural mechanisms that underlie ethanol dependence
and providing valuable insights for discovering novel treatment tar-
gets.”® Many laboratories have utilized the chronic intermittent eth-
anol (CIE) model involving repeated exposure to and withdrawal
from ethanol vapor inhalation to investigate neuroadaptations asso-
ciated with dependence and elevated ethanol consumption.*?
Indeed, CIE exposure has been shown to produce escalated drinking
in mice'®'! and rats.!?® Similarly, our laboratory developed a
mouse model of ethanol dependence and relapse drinking, in which
repeated cycles of CIE exposure produce progressive increases in
voluntary ethanol drinking, as compared with nondependent air-
exposed mice.1415

The present study utilized this mouse CIE-drinking model to
examine the time course of CIE exposure/withdrawal-induced
changes in neuronal activity across a large number of brain regions.
c-Fos expression was used as an index of neuronal activity, as it
has been used previously to examine neural responses to acute

16-19

and chronic ethanol administration and drinking (reviewed by

Vilpoux et al?°). In this study, we investigated the impact of repeated
withdrawal experiences in the CIE model on c-Fos protein activity in
29 brain regions at 5 time points, including after removal from the
CIE chamber (2 hours, intoxication), acute withdrawal (10 and
26 hours), and protracted withdrawal (74 hours, 7 days). We focused
on brain regions heavily implicated in ethanol reward, withdrawal,
addiction, and learning; our analysis includes the majority of brain
areas identified as the neurocircuitry involved in acute and chronic
drug effects via a hierarchical clustering algorithm.?* Additionally,
the study design enabled evaluation of the possibility that the
opportunity to voluntarily consume ethanol (ie, relapse drinking)
might modulate CIE-related changes in neural activity. We hypothe-
sized that repeated cycles of CIE exposure would produce significant
changes in c-Fos expression throughout the brain during exposure
(intoxication) and acute withdrawal and that a history of ethanol

drinking would alter (mitigate and/or exacerbate) the effects of CIE

withdrawal. Further, we hypothesized that these effects would be
particularly robust in reward- and stress-associated areas thought

to underlie addiction.®

2 | MATERIAL AND METHODS

2.1 | Animals

Male C57BL/6J mice (10- to 12-week old) were obtained from Jack-
son Laboratories (Bar Harbor, ME) and housed in standard polycarbon-
ate cages with wood shavings in a temperature- and humidity-
controlled vivarium within an AAALAC-accredited facility. Mice were
maintained on a 12-hour modified reverse light/dark cycle (lights off
at 1200 hours) with ad libitum access to food and water. All mice were
individually housed (as adults) 1 week prior to the start of baseline
drinking and throughout the study. All experiments were in accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals
and the Institutional Animal Care and Use Committee at the Medical
University of South Carolina.

2.2 | Study design

Mice experienced 5 cycles of chronic intermittent ethanol (CIE)
vapor or air (AIR) exposure with or without limited-access drinking
tests during the intervening weeks using procedures described in
detail below. Mice were sacrificed at different withdrawal time
points according to removal from the chamber for the final CIE or
AIR exposure (Figure 1). The overall factorial design of the study
was 2 (exposure condition: AIR or CIE) x 2 (drinking condition:
DRK or no drinking) x 5 (withdrawal time point: 2, 10, 26, and
74 hours or 7 days). Additional groups of mice in the AIR + DRK
and CIE + DRK conditions were given the opportunity to return to
drinking ethanol for 4 days (Monday-Thursday) preceding sacrifice
at the 7 days CIE withdrawal time point on Friday (AIR + DRK*
and CIE + DRK*; schematic in Figure 10). Thus, a total of 22 exper-
imental groups were included in the study. Final group sizes were
n = 4 to 6 per time point within each condition.

These studies were carried out in four overlapping cohorts of ani-
mals, with the arrival of cohorts staggered across 10 weeks. Each
cohort included animals in all exposure groups (CIE, DRK) and with-
drawal time points. Withdrawal started at the same time for all animals
in a cohort, and then animals were euthanized at their assigned time
point over the week. Immunohistochemistry was carried out on 24
brains at a time, and the brains were randomly selected from the dif-
ferent groups. The sacrifices and immunohistochemistry for these four

cohorts were carried out by the same experimenter.
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FIGURE 1 Schematic of study design. Mice in the chronic intermittent ethanol (CIE) only and AIR only groups were nonmanipulated prior to
being exposed to 1-week cycles of ethanol (EtOH) vapor or AIR chambers, with no manipulation during the intervening weeks. Mice in the

drinking (DRK) conditions underwent a 2-week fading procedure followed by 4 weeks of limited-access ethanol drinking to establish a baseline
prior to ethanol vapor (CIE + DRK) or AIR (AIR + DRK) exposure. Cycles of EtOH or AIR exposure were alternated with 5-day ethanol intake tests.
Mice were sacrificed at 2, 10, 26, and 74 hours or 7 days after final exposure to either EtOH or AIR chambers. Among mice in the DRK groups
sacrificed at the 7-day time point, half were allowed to continue limited-access drinking during test 5, whereas the other half remained abstinent

(see Figure 10 for schematic of these groups)

2.3 | Chronic intermittent ethanol exposure

Ethanol vapor (or air) was delivered in Plexiglas inhalation chambers as
previously described.***> Chamber ethanol concentrations were
monitored daily, and air flow was adjusted to maintain ethanol con-
centrations within a range that yielded stable blood ethanol levels
(175-225 mg/dL). Mice were placed in inhalation chambers at
1600 hours and removed 16 hours later. Before each 16-hour expo-
sure, mice in CIE groups were administered an injection of ethanol
(1.6 g/kg) and the alcohol dehydrogenase inhibitor pyrazole
(1 mmol/kg in saline) to maintain a stable level of intoxication during
ethanol vapor exposure. Mice in AIR groups received an injection of
pyrazole before being placed in control chambers. All injections were
given at a volume of 20 mL/kg (i.p.).

2.4 | Limited-access drinking

Mice were trained to drink ethanol in the home cage under a limited-
access, two-bottle choice paradigm as previously described.}**> A
modified sucrose fading procedure was used with 15% ethanol as
the final solution and water as the alternative fluid. The 2-hour drink-
ing sessions started at 1130 hours Monday through Friday. The
amount consumed was recorded daily (+0.1 mL) and body weights
weekly. The position of ethanol and water bottles was alternated ran-

domly to avoid side preferences.

2.5 | c-Fos immunohistochemistry

Mice were sacrificed 2 hours after the withdrawal time point of inter-
est (0, 8, 24, and 72 hours or 7 days), because maximal levels of c-Fos
protein occur 1 to 3 hours after cellular activation.?? Mice were deeply
anesthetized with urethane (1.5 mg/kg, i.p.) and then transcardially
perfused with 4-mL phosphate buffer and then 20-mL 4% formalde-
hyde (formalin diluted in phosphate buffer) at a 10 mL/min flow rate.
Brains were removed, post-fixed in 4% formaldehyde overnight at
4°C, and then placed into 20% sucrose in phosphate-buffered saline
(PBS) with 0.01% sodium azide for 2 days prior to freezing. A total

of 40-um sections were cut on a cryostat and collected into PBS-azide
for storage prior to staining.

c-Fos immunohistochemistry was carried out on free-floating sec-
tions. All incubations and rinses took place at room temperature on
a shaker. Sections were rinsed in PBS three times between steps.
Sections were first placed into 0.3% H,O, for 15 minutes, followed
by blocking in 2% normal donkey serum in PBS with 0.3% triton-X
(PBST) for 1 hour and incubation in primary antibody (1:20 000 rabbit
anti-cFos, EMD-Millipore, cat# PC38) diluted in blocking solution
overnight. Sections were then incubated in 1:1000 biotinylated don-
key anti-rabbit (Jackson Immuno Research) for 1 hour and 1:1000
ABC (Vector Elite Kit, Vector Labs) for 45 minutes. The reaction was
in 0.025% 3,3'-

diaminobenzidine (DAB), 0.05% nickel ammonium sulfate, and

visualized via incubation for 10 minutes
0.015% H,0,. Sections were mounted onto Superfrost Plus slides,

dried, and coverslipped using Permount.

2.6 | Pyrazole control experiment

To determine whether c-Fos expression in this study was affected by
the pyrazole that was administered repeatedly to all groups, an addi-
tional experiment was run in which two groups of AIR-exposed mice
received either pyrazole or vehicle (n = 7-8). Mice experienced 4 cycles
of intermittent AIR exposure, with intervening weeks between expo-
sures (but no ethanol drinking), as described above. One group of mice
received an injection of pyrazole before being placed in control cham-
bers each day (similar to other AIR groups), while another group
received an injection of saline. All mice were sacrificed 2 hours after
removal from the chamber for the final AIR exposure. c-Fos immuno-
histochemistry was carried out as described above, except that a dif-
ferent version of the primary antibody was used due to availability
(1:5000 rabbit anti-cFos, EMD-Millipore, cat# ABE457).

2.7 | Image analysis

Images were captured at 10x magnification using an EVOS FL micro-
scope (Model AMF-4300; ThermoFisher). One 40-um brain section
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was used for each brain area per animal. For most brain areas, repre-
sentative images were taken of both right and left hemispheres on
the section and c-Fos counts were averaged across hemispheres, but
a single image was taken for midline structures (PVT, PVN, EW, MR,
DR). Fos-positive nuclei were counted on images using a custom auto-
mated macro written in ImageJ (NIH). After a region of interest (ROI)
was created on the image (see Table S1 and Figures 4-8 for ROl loca-
tion, shape, and size), nuclei were counted that matched criteria for
size, circularity, and intensity. The c-Fos count for each individual
ROl in each mouse (and in each hemisphere, if applicable) was divided
by the exact size of the ROI used for that c-Fos count, yielding a c-Fos
density per brain area per mouse. c-Fos densities were calculated for
0.2 mm? area (to account for differences in ROI sizes used for differ-
ent brain areas) and normalized to control AIR groups (% AIR) for each
time point (Figures 4-8) to allow easier comparisons across the data.
Raw density values (c-Fos counts per 0.2 mm? area) are provided as

supplemental information (Table S2).

2.8 | Statistical analysis

Ethanol intake values (g/kg) were collapsed across withdrawal time
point assignments and averaged across each test week. Data were
analyzed by two-way ANOVA with test week as a repeated factor.
Separate two-way ANOVAs were conducted for DRK groups that
had only four drinking test weeks (AIR + DRK and CIE + DRK) and
those that had five drinking test weeks (AIR + DRK* and CIE + DRK*,
allowed to return to drinking). Post hoc analyses included Bonferroni's
multiple comparisons to compare groups within each test week and
Sidak's multiple comparisons test to compare test weeks to baseline
within each group.

For c-Fos analyses, two-way ANOVAs were conducted to investi-
gate main effects of CIE exposure (CIE vs AIR), drinking exposure
(DRK vs no drinking), and interactions between CIE and DRK at each
time point for a given brain area (statistical values for main effects
and interactions are shown in Table S1). Separate two-way ANOVAs
were conducted for DRK groups that either returned to drinking
(AIR + DRK* and CIE + DRK*) or remained abstinent during the 7 days
of withdrawal (AIR + DRK and CIE + DRK) following the fifth exposure
cycle (statistical values are shown in the final column of Table S1). We
adjusted for the possibility of type 1 errors in the multiple c-Fos com-
parisons by controlling the false discovery rate at 15% using the
Benjamini-Hochberg procedure.?® A false discovery rate of 15% was
chosen given the exploratory nature of this study and to balance the
potential for false positives and false negatives.?*?> A comparison
was only considered significant when the P value was less than or
equal to (i/m)q, where i is the rank of the P value (when all compari-
sons are sorted according to ascending p value), m is the total number
of comparisons, and q is the false discovery rate. This resulted in sig-
nificant comparisons when P < .025. Neuman-Keuls post hoc tests
were conducted to analyze comparisons among groups when there
was a significant interaction. Significant post hoc comparisons

between groups are shown in Figures 4-8. Finally, a two-way ANOVA
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was used for the pyrazole control experiment to evaluate the effect of

pyrazole on c-Fos expression across several brain areas.

3 | RESULTS

3.1 | Ethanol drinking

For the groups given limited-access drinking, CIE-exposed mice con-
sumed more ethanol as compared with AIR control mice and as com-
pared with their own baseline intake (Figure 2). For groups that
received four test weeks of drinking (AIR + DRK and CIE + DRK), anal-
ysis revealed significant main effects of group (Fi41 = 27.78,
P < .0001) and test week (F4144 = 14.47, P < .0001), and a
Group x Test Week interaction (F 4,164 = 19.35, P < .0001). Post hoc
analyses showed significant differences between AIR and CIE groups
for tests 1 to 4 (P < .05 for tests 1-2, P < .0001 for tests 3-4), and sig-
nificantly enhanced drinking for tests 1 to 4 in the CIE group as com-
pared with baseline (P < .0001 for all test weeks). For groups that
received five test weeks of drinking (AIR + DRK* and CIE + DRK*),
analysis revealed significant main effects of group (F17 = 5.60,
P =.0498) and test week (F 535 = 9.78, P < .0001), and a trend for a
Group x Test Week interaction (P = .0653).

3.2 | c-Fos expression

Representative images in Figure 3 show c-Fos expression in several
brain regions for animals exposed to AIR or CIE only and sacrificed at
different withdrawal time points. Figures 4-8 show average levels of
c-Fos expression at each withdrawal time point normalized to that of
the AIR group (raw c-Fos counts and statistical values are shown in

Tables S1 to S2). To assess brain-wide changes in neuronal activity

Limited-access drinking

51 AIR+DRK
}****

= -@- CIE+DRK
N 44
)
4
3 4]
[¢]
X
]
£ 24
2
g 1 Limited-access drinking + return to drinking
w AIR+DRK* b

0 -O- CIE+DRK*

Baseline 1 2 3 4 5

Test

FIGURE 2 Average daily ethanol consumption for drinking groups
across test weeks. CIE-exposed mice that received four test weeks
of drinking (CIE + DRK, n = 21) consumed significantly more ethanol
than AIR-exposed mice (AIR + DRK, n = 22) across test weeks

P < .0001). CIE-exposed mice that received five test weeks of
drinking (CIE + DRK*, n = 4) consumed significantly more ethanol than
AlR-exposed mice (AIR + DRK*, n = 5) across test weeks (P = .0498)
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Time points for sacrifice after withdrawal from chamber

2 hours

10 hours

26 hours 74 hours 7 days

AIR
Prelimbic
prefrontal ) )
cortex
CIE
AIR
Nucleus
accumbens
CIE
AIR
Dorsal
hippocampus
CA1
CIE
AIR
Central
amygdala

CIE

FIGURE 3 Representative images of c-Fos expression for AIR- and ClE-exposed mice at all withdrawal time points (2, 10, 26, and
74 hours or 7 days) in prelimbic prefrontal cortex, nucleus accumbens, dorsal hippocampus CA1, and central amygdala. Scale bar on first

image = 200 um

during different stages of ethanol withdrawal, Figures 9 and 10 show
mouse brain sagittal sections with heat maps color-coded to reflect sig-
nificant increases and decreases in c-Fos expression according to P
values.

3.3 | Cortical areas (LOFC, PL, IL, Cg, M1)

c-Fos was significantly reduced upon removal from CIE exposure
(2-hour withdrawal) in all cortical regions analyzed (significant main

effect of CIE; Figures 4 and 9), including lateral orbitofrontal cortex
(LOFC), prelimbic cortex (PL), infralimbic cortex (IL), anterior cingulate
cortex (Cg), and primary motor cortex (M1). Analyses revealed a main
effect for DRK in PL and Cg, and a significant CIE x DRK interaction in
Cg. The CIE + DRK group showed nonsignificant elevations in c-Fos in
several cortical areas during acute withdrawal (10 and 26 hours). In PL,
there was a significant main effect for CIE at most withdrawal time
points, with c-Fos expression elevated at 26-hour withdrawal but
reduced at 74-hour and 7-day withdrawal. IL expression was similar
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Withdrawal time point

FIGURE 4 c-Fos expression in cortical areas following various
withdrawal time points. Significant main effects for chronic
intermittent ethanol (CIE), ethanol drinking (DRK), and interactions
(CIE x DRK) are shown for each time point (P < .05, "P < .01,
P < .001, ""P < .0001); significant post hoc comparisons are
represented by letters above a given bar indicating to which other
bar a significant difference was observed (eg, A = first bar,

B = second bar)

to PL, with a significant increase at 10 hours and significant decrease
at 74-hour withdrawal.

3.4 | Striatum (NAco, NAsh, DMS, DLS) and ventral
pallidum

As seen in cortical areas, c-Fos was significantly reduced at 2-hour
withdrawal in all areas, including ventral pallidum (VP), ventral striatal
subregions (nucleus accumbens core [NAco] and shell [NAsh]), and

dorsal striatal subregions (dorsomedial striatum [DMS] and
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FIGURE 5 c-Fos expression in striatal areas and ventral pallidum
following various withdrawal time points. Significant main effects
for chronic intermittent ethanol (CIE), ethanol drinking (DRK), and
interactions (CIE x DRK) are shown for each time point (P < .05,
P < .01, P < .001, P < .0001); significant post hoc comparisons
are represented by letters above a given bar indicating to which
other bar a significant difference was observed (eg, A = first bar,

B = second bar)

dorsolateral striatum [DLS]) (Figures 5 and 9). All striatal regions
showed a significant main effect of DRK at 2-hour withdrawal, with
NAco, NAsh, and DLS also showing significant CIE x DRK interactions.
Post hoc analyses revealed that all groups were significantly different
from the control AIR group. c-Fos expression was significantly ele-
vated at 10- and 26-hour withdrawal in CIE groups in NAco and NAsh
and elevated at 10-hour withdrawal in VP. By 74-hour withdrawal,
DMS, DLS, and VP showed significant reductions in CIE groups. At
7-day withdrawal, significant CIE-induced reductions in c-Fos expres-
sion were observed in NAsh and DMS.
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FIGURE 6 c-Fos expression in bed nucleus of stria terminalis,

amygdala, and paraventricular thalamus following various withdrawal
time points. Significant main effects for chronic intermittent ethanol
(CIE), ethanol drinking (DRK), and interactions (CIE x DRK) are shown

for each time point (P < .05, "P < .01, P < .001, "P < .0001);

significant post hoc comparisons are represented by letters above a
given bar indicating to which other bar a significant difference was
observed (eg, A = first bar, B = second bar)

3.5 | Bed nucleus of Stria terminalis (ABNST, vBNST),
amygdala (CeA, BLA), and thalamus (PVT)

c-Fos was significantly reduced at 2-hour withdrawal from CIE in ven-
tral bed nucleus of stria terminalis (vBNST), basolateral amygdala
(BLA), and paraventricular nucleus of thalamus (PVT); however, there
was no change from AIR control in dorsal BNST (dBNST) or central
amygdala (CeA) at this same time point (Figures 6 and 9). In addition

7 of 15

to the CIE-induced suppression of c-Fos at 2-hour withdrawal in
BLA, reduced c-Fos was also observed in AIR-exposed mice with a his-
tory of drinking (significant main effect of DRK, significant CIE x DRK
interaction). There was a significant effect for CIE and significant inter-
action for CIE x DRK in vBNST at 10-hour withdrawal, with the CIE
only group (but not the CIE + DRK group) showing elevated c-Fos.
At 26-hour withdrawal from CIE, dBNST, vBNST, CeA, and PVT
showed significant increases in c-Fos, despite no changes in dBNST
and CeA at 2 or 10-hour withdrawal. At 74 hours, BLA and PVT
showed significant reductions for CIE, whereas dBNST showed signif-
icant reductions for DRK. c-Fos was significantly reduced for CIE at
7 days in PVT.

3.6 | Hypothalamus (PVN, LH, DMH), lateral
habenula (LHb), and hippocampus (dHPC1, dSub, vSub)

c-Fos expression was significantly reduced at 2-hour withdrawal from
CIE in all areas of hypothalamus (paraventricular nucleus [PVN], lateral
hypothalamus [LH], dorsomedial hypothalamus [DMH]), and hippo-
campus (dorsal hippocampus CA1 [dHPC1], dorsal subiculum [dSub],
ventral subiculum [vSub]) and was reduced (but not significantly) in
lateral habenula (LHb) (Figures 7 and 9). vSub showed significant main
effects for DRK. At 10-hour withdrawal, c-Fos was significantly
increased in PVN, LHb, and dHPC1, with a significant interaction for
CIE x DRK in PVN. Among CIE-exposed mice at 26-hour withdrawal,
significant elevations in c-Fos were observed in DMH and LHb.
c-Fos was significantly reduced for CIE at 74 hours in dHPC1 and at
7 days in vSub.

37 |
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Brainstem nuclei (VTA, EW, RMTg, MR, DR, LC,

At 2-hour withdrawal, c-Fos was significantly reduced in CIE groups in
ventral tegmental area (VTA), rostromedial tegmental nucleus (RMTg),
dorsal raphe (DR), and locus coeruleus (LC) and was reduced (but not
significantly) in median raphe (MR) and nucleus tractus solitarius
(NTS; A2 region) (Figures 8 and 9). No change was observed in
Edinger-Westphal nucleus (EW). There were no significant differences
found in these brainstem areas at 10-hour withdrawal. At 26-hour
withdrawal, c-Fos was significantly elevated in RMTg and LC among
ClE-exposed mice. At 74-hour withdrawal from CIE, c-Fos was signif-
icantly reduced in EW, and there was a significant CIE x DRK interac-
tion in MR, with post hoc analyses showing that a history of ethanol
consumption resulted in elevated c-Fos in the AIR group and reduced
c-Fos in the CIE group. There were no significant changes in c-Fos

expression at 7-day withdrawal in these brainstem nuclei.

3.8 | Brain-wide changes associated with a return to
drinking

The heat map in Figure 10 shows how a return to drinking ethanol for
4 days following the fifth exposure cycle (AIR + DRK* and CIE + DRK*)
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altered c-Fos expression, as compared with mice that remained absti- before sacrifice. Animals given the opportunity to drink after the fifth
nent from drinking in the final week of the study (AIR + DRK and CIE exposure showed significantly reduced c-Fos in subregions of pre-
CIE + DRK). In these mice, the last drinking session occurred the day frontal cortex (LOFC, PL, Cg), striatum (NAco, NAsh, DMS),
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FIGURE 9 Heat density maps showing
significant main effects for CIE on c-Fos
protein expression in each brain area at various
sacrifice time points after withdrawal. Brain
areas are color-coded according to valence of
change (as compared with AIR control) and
level of statistical P value. Significant
interactions with drinking (CIE x DRK) are also
indicated for each brain area

7 days
withdrawal
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hypothalamus (DMH, LH), BLA, and vSub (significant main effect of
return to drinking; Table S1).

PL, NAsh, and vSub showed significant interactions between CIE
and return to drinking, and post hoc analyses revealed that c-Fos
expression was significantly reduced in all groups as compared to
the AIR + DRK (abstinence) group. In addition, the AIR + DRK* (return
to drinking) group was significantly reduced compared to the
CIE + DRK (abstinence) group for PL and NAsh but significantly
enhanced for vSub.

3.9 | Pyrazole effects

Finally, to determine whether c-Fos expression was affected by
repeated pyrazole administration, we ran two additional groups of
AIR-exposed mice that received either pyrazole or vehicle injections
daily prior to exposure to AIR chambers. c-Fos expression was not dif-
ferent between pyrazole- and vehicle-treated mice in representative
areas, including PL, IL, M1, NAsh, DMS, dBNST, vBNST, CeA, BLA,
PVT, vSub, and dSub (Figure 11). A two-way ANOVA revealed a signif-
icant main effect for brain area (F 11139 = 12.43, P < .0001) but no dif-

ference in c-Fos expression between groups (P = .47).

B AIR + pyrazole
3 AIR + vehicle

£ 150
N
2
5 100
o
[}
£ 50
S
0pL M1 DMS  vBNST  BLA vSub
IL NAsh  dBNST  CeA PVN dSub
FIGURE 11 c-Fos expression in several brain areas following 2-hour

withdrawal from chamber in AIR-exposed mice that received either
repeated pyrazole or vehicle injections

CIE + DRK*), while others remained abstinent
from drinking (AIR + DRK and CIE + DRK). B,
Heat density map showing significant main
effects for return to drinking on c-Fos protein
expression in each brain area. Brain areas are
color-coded according to valence of change
(as compared with abstinent animals) and level
of statistical P value. Significant interactions
with CIE (CIE x return to drinking) are also
indicated for each brain area
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DISCUSSION

A number of significant findings emerge in this comprehensive anal-
ysis of brain regional and time-dependent changes in c-Fos expres-
sion related to ethanol dependence (CIE model) and relapse
drinking. c-Fos protein expression was markedly reduced following
CIE exposure and intoxication in the majority of brain regions ana-
lyzed (mice sacrificed 2 hour after withdrawal; Figure 9). In contrast,
increases in c-Fos expression were evident during acute withdrawal
(10 and 26 hours) following CIE exposure, particularly in brain
regions associated with negative affect. This was followed by wide-
spread reductions throughout the brain at the beginning of
protracted withdrawal (74 hours). Finally, we observed persistent
reductions in c-Fos expression in PL, NAsh, DMS, PVT, and vSub
during prolonged withdrawal (7 days). A history of ethanol drinking
appeared to exacerbate acute CIE withdrawal-related c-Fos changes
and caused widespread reductions in c-Fos that persisted during
extended abstinence even without CIE exposure (Figure 10). We
found that three brain regions (PL, NAsh, and PVT) were highly
responsive to CIE at the majority of withdrawal time points and that
PL and NAsh were also responsive to relapse drinking during
withdrawal.

The present study was aimed at identifying different brain regions
involved in CIE exposure and withdrawal and determining broad
effects across withdrawal that spanned acute and more protracted
time points. A comprehensive set of studies like this involves potential
caveats such as small sample size and a large number of comparisons.
The small sample size prevented meaningful correlation analyses
between c-Fos and drinking. We controlled for multiple-comparison
testing by setting a false discovery rate of 15% to balance the poten-
tial of false positives and false negatives in this exploratory study.
Another limitation of this study is that we analyzed one section per
animal per brain area. As some areas are quite large, it may be that
areas outside our region of interest may be different. Of note, this
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study was designed as an initial broad survey describing general neural
activity changes across multiple conditions and brain regions. No
doubt, follow-up studies will be necessary to further interrogate iden-
tified brain regions in more detail and investigate possible sex

differences.

4.1 | Time-dependent changes in c-Fos activity
following CIE exposure and withdrawal

Widespread reductions in c-Fos protein expression were observed in
ClE-exposed mice at 2-hour withdrawal (ie, intoxication), when mice
were at the end of the final CIE exposure cycle and blood ethanol
levels were approximately 200 mg% (Figure 9). In the majority of brain
regions analyzed (26 out of 29), c-Fos activity was reduced below 50%
of control values, including nonsignificant reductions in LHb, MR, and
NTS (Figures 4-8). c-Fos was reduced below 20% of control values in
all cortical and striatal areas, and in VP, BLA, vSub, VTA, and DR. Nota-
bly, c-Fos activity was essentially quiescent (less than 5% of controls)
in LOFC, dHPC1, and dSub. In contrast to these findings, previous
studies have reported increased c-Fos in several of these brain areas
following acute ethanol injections or ethanol drinking, although a his-
tory of ethanol vapor exposure resulted in decreased injection-

119.2627 (reviewed by?°). These opposing observations

induced c-Fos
can likely be attributed to differences in ethanol dose, route of admin-
istration, and duration of exposure. Interestingly, the only brain
regions analyzed in the current study that showed resistance to CIE
exposure were dBNST, CeA, and EW, with c-Fos activity similar to
AIR controls in these brain areas. This finding suggests that these brain
regions may exhibit tolerance to chronic ethanol-induced reductions in
brain activity. However, evaluation of c-Fos changes after fewer CIE
exposure cycles (eg, 1 to 2 cycles) than used in the current study
would be required to test this possibility. Previous data showing
increased drinking-induced c-Fos in EW following 40 ethanol self-
administration sessions in rats may indicate that drinking and vapor
exposure differentially affect EW activity.?® A potential caveat to the
current study is that all animals received daily pyrazole injections prior
to entry into the vapor chambers (including AIR controls), and this may
have affected c-Fos expression; however, a control experiment
revealed no differences in c-Fos expression in AIR-exposed mice given
either repeated pyrazole or vehicle injections (Figure 11). Results from
the present study demonstrate that chronic ethanol (CIE) exposure has
a general depressant effect on neuronal activity in most brain areas,
although the magnitude of this effect varies according to brain region.

In contrast, once ethanol was cleared from the body (10- and 26-
hour withdrawal), c-Fos activity increased in many brain regions as
compared with controls, likely reflecting hyperexcitability during acute
withdrawal (Figure 9). Consistent with these findings, previous studies
have reported brain-wide increases in c-Fos during acute withdrawal
(2-12 hours) from continuous ethanol vapor exposure in rats, ethanol
diet in rats, or a single ethanol injection in mice.2?"33 Further, AFosB
expression was increased in striatal areas and OFC during acute with-

drawal (18 hours) from ethanol drinking in rats.3* Previous studies
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have reported increases in evoked firing or c-Fos expression in vBNST

and DR neurons at 24-hour CIE withdrawal.®>%7

Interestingly,
26-hour withdrawal is the only time point when c-Fos activity was
altered in dBNST and CeA in the current study. It is well-established
that acute ethanol withdrawal produces a constellation of signs and
symptoms reflective of hyperexcitability as well as general malaise
and anxiety.2384° Accordingly, we found that c-Fos was elevated at
this time point in several areas implicated in negative affect and stress
reactivity, including vBNST, CeA, PVT, DMH, LHb, RMTg, and LC.
Given that this study evaluated multiple withdrawal time points, it is
important to note that circadian differences may have influenced
c-Fos expression at the 10-hour time point. Although the other time
points used for analysis were at the same phase of the circadian
rhythm, the 10-hour time point is critical because it corresponds with
peak withdrawal based on prior observations with handling-induced
convulsions.*® This potential circadian influence should be somewhat
mitigated in the current data set because c-Fos expression was nor-
malized to the corresponding control AIR group.

Following the increase in c-Fos expression observed during acute
withdrawal, widespread reductions in c-Fos activity occurred once
again during the more protracted phase of withdrawal (Figure 9).
Despite reductions in c-Fos expression, previous studies have
reported enhanced extracellular glutamate, evoked firing, spike
timing-dependent synaptic plasticity, and morphological adaptations
in dendritic spines in the NA and PL of ethanol-dependent mice at this
withdrawal time point, suggesting that these functional changes
reflect homeostatic adaptations that oppose reductions in neural
activity.**® Overall, at 74-hour withdrawal, c-Fos was reduced in
the current study in several dopaminergic targets, including medial
prefrontal cortex, striatum, and BLA. Reductions in these areas might
be due to the dampened dopaminergic tone during ethanol withdrawal
that has been previously characterized.***” Finally, at the longest CIE
withdrawal time point analyzed (7 days), significant reductions in c-Fos
activity persisted in PL, NAsh, DMS, PVT, and vSub. Changes in these
areas might be particularly relevant to anxiety and other negative
affective symptoms commonly observed even following prolonged
abstinence from chronic ethanol exposure. Time-course studies are
critical to understanding the full spectrum of alcohol withdrawal
effects, and this is emphasized by recent work showing changes in
dopaminergic tone throughout acute withdrawal, extended with-

drawal, and long-term abstinence.*”

4.2 | Interactions between CIE exposure/withdrawal
and relapse drinking

A history of ethanol drinking often caused long-lasting changes in
c-Fos activity even without CIE exposure. Voluntary drinking
increased over time in dependent mice, while it remained relatively
stable in AIR-exposed nondependent mice (Figure 2). Analysis of
c-Fos activity at 2-hour withdrawal revealed a significant CIE x DRK
interaction in Cg, NAco, NAsh, DLS, and BLA (Figure 9), which was
attributed to significantly decreased c-Fos activity in the AIR + DRK
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group as compared with the AIR control condition. Since AIR + DRK
mice were abstinent from ethanol for 7 days (bottle access was
suspended during inhalation treatment), this suggests that a history
of drinking alone (without CIE) can produce persistent neural adapta-
tions in several brain areas. This is supported by the observation that
some areas showed a significant main effect for DRK at 2 hours with-
out an interaction with CIE, including PL, DMS, and vSub. Interest-
ingly, during acute withdrawal (10 hours), a history of drinking
ameliorated acute withdrawal effects in vVBNST and PVN. No signifi-
cant CIE x DRK interactions were observed during 7 days protracted
withdrawal.

Mice allowed to resume drinking ethanol during the week following
the fifth exposure cycle (CIE + DRK* and AIR + DRK* groups) showed
significant reductions in c-Fos expression in several areas, as compared
with mice with a history of drinking but denied access during this test
week (Figure 10). Significant reductions in c-Fos activity were observed
in prefrontal cortex, striatum, hypothalamus, BLA, and vSub in both CIE
and AIR mice, indicating that c-Fos reductions were related to recent
drinking (~21 hours prior to sacrifice) regardless of CIE exposure. The
fact that c-Fos expression was reduced throughout the brain ~21 hours
after voluntary drinking but enhanced 26 hours after CIE exposure high-
lights differences in neuronal activity related to intensity of intoxication
produced by these ethanol exposures. Further, the profile of brain areas
that was affected by drinking was different than 26-hour CIE with-
drawal. Significant interactions between a return to drinking and CIE
were observed in several brain areas, which were often traced to reduc-
tions in c-Fos after resuming drinking regardless of exposure to AIR or
CIE, whereas abstinent animals had reduced c-Fos only with a history
of CIE. Finally, when these data are considered together with results
from CIE withdrawal alone, they reveal that PL and NAsh are unique
in showing altered c-Fos activity following CIE exposure, during acute
and protracted withdrawal from CIE, and in response to the opportunity

to return to drinking.

4.3 | Persistent changes in extended amygdala,
prefrontal cortex, and PVT

The transition to dependence and addiction is believed to manifest as
a function of dysregulated reward and stress circuitry within the
extended amygdala, including NAsh, vBNST, and CeA. In the current
study, we found long-lasting reduced activity in NAsh, but not vBNST
and CeA, at 7-day withdrawal. We also observed long-lasting reduc-
tions in vSub, and a recent study showed that projections from vSub
to NAsh play an important role in context-induced reinstatement of

t.*8 Across all time points, we found

alcohol seeking after punishmen
VBNST to be more reactive than dBNST, as has been reported previ-
ously in DBA/2J mice.®” Although previous studies have shown func-
tional adaptations in extended amygdala at 48-hour withdrawal from
CIE exposure,*’ in the current study and paradigm, we found that
c-Fos activity in CeA was generally unaffected by CIE exposure or
withdrawal, aside from increased activity at 26-hour withdrawal.

Neither BLA nor CeA showed significant changes in c-Fos expression
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during early acute withdrawal (10 hours), which corresponds with pre-
vious observations for amygdala in this mouse strain.>® Further, sev-
eral groups have reported blunted reactivity in CeA following
repeated exposure to high doses of ethanol in rats and mice.2%°!
Nevertheless, CeA plays an important role in ethanol drinking, as
c-Fos in CeA increased during acute withdrawal (4-24 hours) from
limited-access drinking, c-Fos expression in CeA correlated with drink-
ing levels, and Daun02-induced inactivation of CeA neuronal ensem-
bles reversed escalation of drinking in dependent rats.>?>>* Although
we found long-lasting changes in baseline c-Fos activity in NAsh, but
not VBNST and CeA, at 7-day withdrawal, it may be the case that
neuroadaptations in all of these areas would be revealed upon expo-
sure to a salient stimulus, such as stress, ethanol-associated cues, or
an ethanol priming dose.

3Reduced activity in prefrontal cortex, including PL, has been
associated with compulsivity and behavioral inflexibility in addic-
tion.>>>® In the current study, PL was very sensitive to CIE and
showed alterations in c-Fos at several withdrawal time points,
including persisting reductions at 7-day withdrawal. Reduced activity
in PL may play a key role in the cognitive deficits that have been
reported after prolonged withdrawal from chronic ethanol in mice
and rats.*>>” PL plays an important role in the acquisition of goal-
directed behavior, while DMS (which also showed long-lasting
reductions at 7-day withdrawal) is necessary for the expression of
goal-directed behavior.”®>° Therefore, reduced activity in both PL
and DMS during CIE withdrawal may drive enhanced formation of
habitual behavior and reduced behavioral flexibility. Indeed, we have
previously found that CIE exposure produces a bias toward habit-
like behavior, with CIE-exposed mice exhibiting decreased sensitivity
to lithium chloride devaluation of ethanol as compared with nonde-
pendent mice.°

Finally, reduced activity in PVT after prolonged withdrawal
(7 days) may contribute to changes in motivated behavior, and
reduced activity in both PL and PVT may actually enhance reward-
seeking behavior.®* PVT has been implicated in both appetitive and
aversive behaviors.®?** PVT is connected to many limbic structures,
with efferent projections to NAsh, BNST, BLA, and CeA, and affer-
ents from medial prefrontal cortex, hypothalamus, periaqueductal
gray, and innervation from monoamine systems, corticotropin-
releasing factor, and orexin.®2%* The posterior PVT, in particular,
plays a role in behavioral responses to acute and chronic stressors,%?
including opiate withdrawal.?> PVT is also involved in drug seeking
and reinstatement for cocaine and ethanol,°®®? and the anterior
PVT regulates ethanol drinking.m’71 Therefore, dynamic changes in
c-Fos activity in PVT, NAsh, and PL related to CIE withdrawal and
relapse drinking might stem from adaptations in reward- and

stress-associated brain areas.

5 | CONCLUSIONS

Our data indicate that neuronal activity, indexed by c-Fos expression,

changes dramatically in numerous brain regions in response to CIE
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exposure and throughout the course of acute and protracted with-
drawal. A history of voluntary ethanol drinking interacts with CIE
exposure to influence neuronal activity in several brain areas. We
found persistent adaptations in c-Fos expression at 7-day withdrawal
in PL, NAsh, DMS, PVT, and vSub. Although the majority of areas ana-
lyzed showed no differences in baseline c-Fos expression at this
prolonged withdrawal time point, it is possible that one or more areas
would show either enhanced or blunted reactivity upon exposure to a
challenge or salient stimulus, such as stress or ethanol-associated
cues. In addition, it may be the case that evaluation of AFosB
expression would reveal long-lasting cellular adaptations to ethanol

dependence and relapse drinking,347%73

which may not be reflected
in c-Fos expression due to potential habituation of this immediate
early gene. Future studies may explore these possibilities and may also
investigate the specific cell phenotypes associated with the observed
c-Fos changes in different brain areas as well as the necessity of
c-Fos-expressing neurons to drinking behavior using activity-
dependent ablation of neuronal ensembles.>?”# Collectively, our find-
ings provide new knowledge of the neuroadaptations that occur in a
well-established model of ethanol dependence and relapse drinking
and point to new avenues of investigation for a deeper understanding
of the neurobiology of alcohol use disorder.
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