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Abstract

Glucagon-like peptide 1 (GLP-1) analogues have been commercialized for the management of type 2 diabetes. Recent stud-
ies have underscored GLP-1’s role as a modulator of alcohol-related behavior. However, the role of the GLP-1 analogue
liraglutide on alcohol-withdrawal responses have not been fully elucidated. Liraglutide binds to the G-protein-coupled
receptor and activates an adenylyl cyclase and the associated classic growth factor signaling pathway, which acts growth
factor-like and neuroprotective properties. The underlying neurobiological mechanisms of liraglutide on alcohol withdrawal
remains unknown. This study endeavored to explore the effects of liraglutide on the emotion and memory ability of alcohol-
withdrawal mice, and synaptic morphology in the medial prefrontal cortex (mPFC) and the hippocampus (HP), and thus
affects the relapse-like drinking of alcohol-withdrawal mice. The alcohol-withdrawal group was reintroduced to a 20% v/v
alcohol and water through the two-bottle choice for four consecutive days, a period referred to as alcohol re-drinking. Male
C57BL/6J mice were exposed to a regimen of 20% alcohol and water for a duration of 6 weeks. This regimen established
the two-bottle choice model of alcohol exposure. Learning capabilities, memory proficiency, and anxiety-like behavior were
evaluated using the Morris water maze, open field, and elevated plus maze paradigms. Furthermore, synaptic morphology and
the levels of synaptic transport-related proteins were assessed via Golgi staining and Western Blot analysis after a two-week
alcohol deprivation period. Alcohol re-drinking of alcohol-withdrawal mice was also evaluated using a two-bottle choice
paradigm. Our findings indicate that liraglutide can substantially decrease alcohol consumption and preference (p <0.05)
in the alcohol group and enhance learning and memory performance (p <0.01), as well as alleviate anxiety-like behavior
(p <0.01) of alcohol-withdrawal mice. Alcohol consumption led to a reduction in dendritic spine density in the mPFC and
HP, which was restored to normal levels by liraglutide (p < 0.001). Furthermore, liraglutide was found to augment the levels
of synaptic transport-related proteins in mice subjected to alcohol withdrawal (p < 0.01). The study findings corroborate that
liraglutide has the potential to mitigate alcohol consumption and ameliorate the memory impairments and anxiety induced
by alcohol withdrawal. The therapeutic efficacy of liraglutide might be attributed to its role in counteracting synapse loss in
the mPFC and HP regions and thus prevented relapse-like drinking in alcohol-withdrawal mice.
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Alcohol use disorder (AUD) is a chronic and relapsing
cerebral disorder characterized by compulsive alcohol
usage, pervasive negative emotional states, and recurrent
episodes of relapse following withdrawal [1]. The World
Department of Physiology and Neurobiology, School Health Organization (WHO) reports that excessive alcohol
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ally per annum [2]. Alcohol consumption has been linked to
more than 200 diseases and injuries, including mental disor-
ders, liver and cardiovascular diseases, as well as accidental
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with alcohol withdrawal, often precipitates relapses [4, 5].
Frequently, patients self-medicate for anxiety and depres-
sion with alcohol, thereby escalating the risk of AUD, while
withdrawal from alcohol can also precipitate anxiety and
depression [6].

AUD significantly impacts the structural, functional,
and neurochemical aspects of the brain, particularly the
reward circuit regions such as the ventral tegmental area
(VTA), nucleus accumbens (NAc), medial prefrontal cor-
tex (mPFC), and the hippocampus (HP) [7-10]. These
regions are instrumental in the development and perpetu-
ation of addiction [11, 12]. Chronic alcohol exposure can
engender neurotoxic effects, impair synaptic plasticity, and
lead to neuronal death by necrosis and apoptosis [13]. Thus,
improving synaptic plasticity to protect neuronal circuits and
connectivity may be a potential treatment strategy for AUD.
The potential effects of alcohol withdrawal on synaptic mor-
phology and transmission in the HP and mPFC and their
subsequent impact on the learning and memory abilities in
alcohol mice warrant further investigation.

In view of patients’ differential response to treatments, a
universal treatment consensus for AUD is yet to be estab-
lished. Interestingly, recent studies have spotlighted the
modulatory role of glucagon-like peptide-1 (GLP-1) in alco-
hol reinforcement, thereby presenting it as a novel approach
to AUD treatment [14, 15]. The GLP-1 receptor is expressed
on neurons and found in most areas of the brain in mice,
indicating that GLP-1 plays a key signalling role [16, 17].
The GLP-1 receptor agonist Exendin-4 has demonstrated a
reduction in alcohol intake in both mice [13, 18, 19] and sev-
eral rat models [20-22] and it has been shown to affect the
propensity for alcohol relapse in mice [23]. Findings from
a randomized controlled trial on GLP-1 receptor agonists in
AUD patients have provided invaluable insights into their
potential as a novel treatment target for addiction [24].Lira-
glutide, a commercially available GLP-1 analogue, is used
for the treatment of type II diabetes mellitus [25]. Our prior
research has revealed liraglutide’s neuroprotective effects in
mouse models of Alzheimer’s disease, by way of preserv-
ing memory formation and synaptic plasticity, safeguarding
mitochondrial activity, and mitigating chronic inflammation
in the brain [26-28]. A phase II clinical trial featuring lira-
glutide for Alzheimer’s disease patients (NCT01843075)
manifested neuroprotective effects and enhancements in cog-
nition and brain volume, as detected by MRI scans [29-31].
Moreover, a phase II clinical trial exhibited clear neuropro-
tection in patients with Parkinson’s disease (NCT02953665)
[32], and a pilot study reported improvements in patients
with mood disorders [33, 34]. While GLP-1 analogues have
been found to reduce alcohol consumption in mice and rats
[18, 22, 35], the effects of liraglutide on alcohol-withdrawal
responses remain to be defined. Liraglutide binds to the G-
protein-coupled GLP-1 receptor and activates the associated
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classic growth factor signaling pathway, which acts growth
factor-like and neuroprotective properties [36]. Additionally,
the underlying neurobiological mechanisms of liraglutide on
alcohol withdrawal in the HP and mPFC remains unknown.

In the current study, we employed a two-bottle choice
paradigm to evaluate the effects of liraglutide on alcohol
consumption and preference. The locomotive, emotional,
learning, and memory capabilities of alcohol-withdrawal
mice were assessed using the open field, elevated plus maze
and water maze paradigms to determine the impact of lira-
glutide on alcohol-mediated behavior. Subsequently, synap-
tic loss and the levels of synaptic transport-related proteins
were examined by Golgi staining and Western Blot analysis
in the HP and mPFC of alcohol-withdrawal mice to evaluate
the effects of liraglutide on synaptic morphological plastic-
ity. We hypothesize that liraglutide would reduce anxiety-
like behavior, augment learning and memory capabilities
of alcohol-withdrawal mice, and normalize synaptic loss,
which thus prevented relapse-like drinking in alcohol-with-
drawal mice.

Materials and Methods
Animals

Male C57BL/6J mice, aged between 8 and 10 weeks, were
procured from the Henan Laboratory Animal Center. All
mice were kept under standardized conditions of tempera-
ture (22 = 3°), relative humidity (40-60%), and a 12-hour
light/dark cycle, with unrestricted access to purified tap
water and food. All experimental protocols and procedures
involving animals adhered to the guidelines set by the Henan
Animal Research Ethics Committee. Prior to the commence-
ment of experiments, mice were acclimated to the two-bottle
choice paradigm in the animal facility for at least one week,
during which time all mice had constant access to two water
bottles without treatment.

Alcohol Drinking Paradigm

A two-bottle choice alcohol-drinking paradigm was utilized
to induce voluntary consumption of considerable volumes
of alcohol, as previously described [37, 38]. As depicted in
Fig. 1, all mice were acclimated for one week in the animal
facility, during which time they had constant access to two
water bottles. Subsequently, mice were provided unrestricted
access to one water bottle and one 20% alcohol bottle over
three 24-hour sessions per week (on Mondays, Wednesdays,
and Fridays) for a duration of 6 weeks. For the drinking
experiments, alcohol was diluted in purified tap water to a
final concentration of 20%. To negate any positional bias, the
location of the two bottles was alternated daily. At all other
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Fig. 1

Schematic illustration of the two-bottle choice alcohol-drinking paradigm. This alcohol-drinking paradigm include 3 stages: alcohol

exposure (6 weeks), alcohol withdrawal (2 weeks), return to alcohol drinking (4 days)

times, two water bottles were provided. After a withdrawal
period of two weeks, mice were given access to one water
bottle and one 20% alcohol bottle again for four days. See
Fig. 1.

Experimental Designs

Experiment 1: The C57BL/6 male mice (n= 12 mice/group)
were randomly assigned to four groups: Control group
(n=12), Liraglutide group (Lira, n=12), Alcohol group
(n=12), and Alcohol + Lira group (n=12). In the control
and Lira groups, both bottles were consistently filled with
purified tap water for 6 weeks. In the Alcohol and Alco-
hol +Lira groups, one bottle contained water and the other
20% v/v alcohol, accessible on an intermittent schedule over
the 6 weeks. Liquid intake and body weight of the mice were
recorded following each 24-hour alcohol access period. Lira-
glutide was dissolved in sterile isotonic saline (0.9% NaCl)
and injected intraperitoneally once daily (50 nmol/kg). This
dose was selected from pilot testing in our lab as well as
previously published reports [39, 40]. Saline or liraglutide
were administered during the 5th to 6th week of alcohol
exposure. See Fig. 2A.

Experiment 2: The C57BL/6 male mice (n=12 mice/
group) were randomly assigned to four groups: Control
group (n=12), Liraglutide group (n=12), Alcohol group
(n=24), and Alcohol + Lira group (n=24). In the control
and Lira groups, both bottles were consistently filled with
purified tap water for 6 weeks. In the Alcohol and Alco-
hol + Lira groups, one bottle contained water and the other
20% v/v alcohol, accessible on an intermittent schedule over
the 6 weeks. After 6 weeks of intermittent access to alcohol,
all alcohol mice (Alcohol group and Alcohol + Lira group
mice, n=24) underwent a two-week alcohol deprivation
period. Subsequently, half of the alcohol mice (Alcohol
group and Alcohol + Lira group mice, n=12)were reintro-
duced to a 20% v/v alcohol or water through the two-bottle
choice for four consecutive days, a period referred to as alco-
hol re-drinking (see Fig. 3A), and all the remaining mice
were subjected to behavioral test and then histological test.

Saline or Liraglutide were administered from alcohol with-
drawal until sacrifice.

Liquid intake and body weight of the mice were recorded
following each 24-hour alcohol access period. A Morris
water maze test was conducted to evaluate learning and
long-term memory following a two-week alcohol depriva-
tion period. On the last day of the water maze test, the mice
were also subjected to open-field and elevated plus maze
tests to assess anxiety-like behavior. At the conclusion of the
behavioral protocol, mice were anesthetized deeply with iso-
flurane, and the brain structures implicated in memory and
emotion (HP and mPFC regions) were evenly excised post-
decapitation for Golgi staining and Western Blot analysis.

Behavioral Tests
Open-Field Test (OFT)

The open-field test was conducted in alignment with pre-
viously established methods [41]. The testing apparatus
consisted of a polyvinyl chloride enclosure measuring
42x42x42 cm. During the test, each mouse was gently
introduced into the enclosure. A software-based system
(SMART?3.0.05) initiated tracking and recorded the mouse’s
movement for a span of 10 min. Following each trial, the
apparatus was sanitized with a 75% ethanol solution to elim-
inate any residual scent from the previous subject.

Elevated Plus Maze (EPM)

The elevated plus maze test implemented as per earlier
descriptions [42]. The maze, composed of polyvinyl chlo-
ride, consisted of a central area (10 X 10 cm), two open arms
(50% 10 cm each), and two closed arms (50 % 10 cm each).
Mice were gently placed in the central area of the maze,
facing a closed arm. The software system (SMART?3.0.05)
initiated recording of the mouse’s movements over a dura-
tion of 5 min. Similar to the open-field test, the maze was
cleaned with a 75% ethanol solution after each mouse to
prevent scent-based bias.
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Fig.2 Liraglutide reduced alcohol consumption and preference.
A Scheme of the experimental procedure; BTotal fluid consump-
tion of mice in each group(Two-way RM ANOVA, interaction:
Fis51:748=0.6728, P=0.8283, Group: F; 44y=0.02591, P=0.8744); C
Body weight of mice in each group(Two-way RM ANOVA, interac-
tion: Fs; 745=1.731, P=0.0043, Group: F; 44,=1.630, P=0.1961);
D Alcohol solution consumption of the alcohol group and alco-
hol +Lira group(Two-way RM ANOVA, interaction: F 7 374=2.282,

Morris Water Maze (MWM)
The Morris Water Maze was conducted according to a pre-

viously established method [43]. The Morris Water Maze
apparatus comprises a circular pool, 150 cm in diameter and
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P=0.0027, Group: F(,,22)=6.570, P=0.0177,); E Alcohol preference
of alcohol group and alcohol+Lira group(Two-way RM ANOVA,
interaction:  F(y;374=1.465, P=0.1060, Group: F,=7.409,
P=0.0140); F Alcohol solution consumption of the alcohol group
and alcohol + Lira group on Friday of the 5th and 6th week; G Alco-
hol preference of alcohol group and alcohol + Lira group on Friday of
the 5th and 6th week. Data are presented as the Mean + S.E.M. n=12
for each group. *P <0.05 compared with the Alcohol group

60 cm high, filled with water maintained at a temperature of
25 +2°. Within the pool is a small escape platform with a
diameter of 10 cm. The testing protocol included an initial
spatial training phase (acquisition phase) and a probe trial
(recall phase). From day 1 to 5, each mouse was trained from
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Fig.3 Liraglutide prevented relapse-like drinking in mice. A Scheme interaction:  F.45,=0.3951, P=0.8116, Group: F,)=4.039,

of the experimental procedure; B Total fluid consumption of mice in
each group (Two-way RM ANOVA, interaction: Fs0,=0.2937,
P=0.8813, Group: Fg44=0.07828, P=0.7823); C Body weight
of mice in each group (Two-way RM ANOVA, interaction:
F15.110=3.053, P=0.0538, Group: Fg4y=10.75, P=0.0034); D
Alcohol consumption of mice in re-drinking(Two-way RM ANOVA,

the same quadrant of 4 possible directions. If a mouse failed
to locate the escape platform within 60 s, it was guided to
the platform and allowed to remain there for 30 s. A video
tracking system and software system (SMART?3.0.05)
recorded escape latency and total swimming distance within
the 60-second timeframe. On the sixth day, with the escape
platform removed, mice were placed into the quadrant oppo-
site to where the platform had previously been concealed.
Their duration in the target quadrant and the number of times
they crossed the previous platform location within 60 s were
recorded.

Methods of Tissue Sampling and Euthanasia in Mice

Following the completion of behavioral tests, mice were
anesthetized via an intraperitoneal injection of urethane (1.5

P=0.0375); E Alcohol preference of mice in re-drinking (Two-
way RM ANOVA, interaction: F.g¢ =0.4985, P=0.7689, Group:
F(1.22)=5.1283, P=0.0156). Data are presented as the Mean+S.E.M.
n=12 for each group. *P <0.05, **P <0.01 compared with the Alco-
hol group

g/kg). Post-anesthesia, mice were rapidly immobilized on an
operating table, and their chests were surgically opened. A
0.9% saline solution (40 ml) was administered via the left
ventricle. Subsequently, the hippocampus (HP) and medial
prefrontal cortex (mPFC) regions were swiftly excised post-
decapitation for subsequent experimental analysis.

Golgi Staining and Spine Morphology Analysis

Golgi staining was conducted following the prescribed steps
outlined by the manufacturer (FD Rapid GolgiStain™ Kit,
USA). Brain tissue samples were submerged in the impreg-
nation solution provided in the Rapid GolgiStain kit. The
samples were sectioned into 100 pm slices and placed on
glass slides for microscopic examination as per the man-
ufacturer’s directions. The prepared slices underwent a
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dehydration process via a series of ethanol baths at con-
centrations of 50%, 75%, 95%, and 100% for 4 min at each
concentration. Post-dehydration, the tissue samples were
clarified in xylene before image acquisition using an Olym-
pus Eclipse microscope.

Synapse densities were quantified utilizing the Golgi
staining method. The total count of dendritic spines on a
specified segment of dendrites was performed under 100x
magnification. The resulting value was then divided by the
length of the dendrite segment to derive the dendritic spine
density. Three brain slices of tissue were assessed per animal
and the average value of the three slices was taken for statis-
tical analysis. The investigator conducting the counting was
blinded to the treatment conditions of the mice.

Western Blot

Tissue samples were pulverized using an ultrasonic cell dis-
rupter in ice-cold radioimmunoprecipitation assay (RIPA)
buffer supplemented with a protease inhibitor mixture. Sub-
sequently, samples were homogenized and centrifuged at
12,000xg for 10 min at 4 °C. The resulting supernatants
were collected, and protein concentrations were determined
using a BCA protein assay kit. Denatured protein (30 pg
loading) was subjected to SDS-PAGE, and transferred onto
PVDF membranes. The membranes were then blocked with
5% BSA in TBST and then cropped according to the MW
marker to remove irrelevant sections of the membrane. The
cropped membranes then were incubated with different
primary antibodies (p-GluA1, 1:1000, Abcam, ab109464;
GluAl, 1:1000, Abcam, ab109450; vGluT1,1:1000, Abcam,
ab227805, Synaptophysin, 1:500, ABclonal, A6344; PSD95,
1:500, ABclonal, A0131; B-actin, 1:10000, ABclonal,
AC026) overnight at 4 °C. After incubation with Goat anti-
Rabbit HRP-conjugated secondary antibodies (goat anti-
rabbit, 1:5000, Abcam, ab6721; goat anti-mouse, 1:5000,
Abcam, ab6789), the membranes were developed using
the ECL-Plus detection kit (GE Healthcare Bio-Sciences,
USA). The exposure time was set automatically by iBright
CL750 (Thermo Scientific). Brain tissue proteins extracted
from each mouse were determined with each antibody three
times and the averages were taken for statistical analysis.

Statistics

All statistical analysis was conducted using GraphPad
Prism 8.0 software. Anderson-Darling normality test and
Levene’s Test for Homogeneity of Variances was used to
validate the data prior to performing analysis of variance
(ANOVA). All statistical data were tested for normality and
homogeneity of variance. Data of alcohol consumption had
one main treatment condition (Drug) and one repeated fac-
tor (Time), thus two-way ANOVA tests (Drugx Time) and
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independent sample t-test (drug) were conducted respec-
tively. MWM data in experiment 2 had one main treatment
condition (Alcohol or Drug) and one repeated factor (Train-
ing days), thus two-way RM ANOVAs and Tukey’s post-hoc
test were conducted when appropriate. The remaining data
had one main treatment condition (Alcohol or Drug), which
were analyzed by one-way ANOVA followed by the recom-
mended post-hoc test (Tukey’s). Data results were reported
as Mean + SEM, and a p-value less than 0.05 was considered
to indicate a statistically significant difference.

Results

Liraglutide Reduced Alcohol Consumption
and Preference in Mice

We utilized a two-bottle choice paradigm to assess the
impact of liraglutide on alcohol consumption and prefer-
ence in mice. Figure 2 depicts the alcohol consumption and
preference in the alcohol and Alcohol + Lira groups. There
was no significant difference in total fluid consumption
and body weight between the groups (Fig. 2BC). After 6
weeks of exposure, the mice showed a significant increase
in alcohol consumption and alcohol preference after 6 weeks
of alcohol exposure (Fig. 2DE). Alcohol consumption on
Friday of the 5th and 6th week in alcoholic mice was also
analyzed. The liraglutide-treated mice exhibited a decrease
in alcohol consumption and preference on Friday of the 6th
week compared to the alcohol-only group (Fig. 2FG).

Liraglutide Prevented Relapse-Like Drinking in Mice

After 6 weeks of intermittent access to alcohol, mice were
deprived of alcohol for 2 weeks. The alcohol withdrawal
model could be used to reflect relapse-like drinking. Fol-
lowing a two-week withdrawal period, the mice were rein-
troduced to a 20% v/v alcohol or tap water through the two-
bottle choice for four consecutive days, a period referred to
as alcohol re-drinking. No significant interaction was evident
in total liquid intake (Fig. 3B), body weight (Fig. 3C), alco-
hol consumption (Fig. 3D) and alcohol preference (Fig. 3E).
However, mice receiving liraglutide treatment demonstrated
reduced body weight, alcohol consumption, and preference
compared to the alcohol group.

Liraglutide Improves Anxiety and Memory
Impairments Induced by Alcohol Withdrawal

Open-Field Test

The open-field test result showed that there were signifi-
cant differences among groups in the percent of distance
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in central areas after alcohol withdrawal. Compared to the
control group, the percentage of distance covered in cen-
tral areas in the alcohol group diminished after withdrawal.
Notably, liraglutide treatment significantly increased this
percentage relative to vehicle injection in the alcohol group
(Fig. 4C), indicating an increase in exploratory activity.
There was no significant difference among groups in the
total distance travelled in the open field after withdrawal
(Fig. 4B).

Elevated Plus Maze
Figure 5 illustrates the findings from the EPM. Significant
variations among groups were noted in the percentage of

distance and time spent in open arms after alcohol with-
drawal. Compared to the control group, both the percentage

A

of distance and time spent in open arms by the alcohol group
was reduced. Conversely, liraglutide treatment significantly
augmented the percentage of distance and time in open arms
compared to the alcohol group (Fig. 5CD). There was no
significant difference among groups in the total distance
travelled in the open arm and closed arm after withdrawal
(Fig. 5B). a finding that aligns with results from the open-
field test.

Morris Water Maze (MWM)

In the location-based navigation test, the escape latency in
each group showed a decreasing trend after alcohol with-
drawal (Fig. 6B). Compared to the control group, the alcohol
group demonstrated a significant increase in escape latency
in the alcohol group increased significantly. However,
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Fig.4 Liraglutide improved anxiety-like behavior in alcohol with-
drawal mice. A Movement trajectory plots of mice in each group
after withdrawal. B Total distance statistics in each group after
withdrawal (One-way ANOVA, F; 35=2.506, P=0.0745). C Cen-
tral distance statistics in each group after withdrawal (One-way

ANOVA, F(3,36)=5.252, P=0.0041; Control vs. Alcohol, P=0.029;
Alcohol vs. Alcohol+Lira, P=0.031); Data are presented as the
Mean +S.E.M. n=10 for each group. *P <0.05 compared with con-
trol group; #P <0.05 compared with Alcohol group
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Fig.5 Liraglutide alleviated anxiety-like behavior in alcohol with-
drawal mice. A Movement trajectory plots of mice in each group after
withdrawal; B Total distance travelled in each group after withdrawal
(One-way ANOVA, F;35=0.3340, P=0.8008); C Percentage of
distance travelled in open arms after withdrawal (One-way ANOVA,
Fg. 36)=3.282, P=0.0318; Control vs. Alcohol, P=0.0043; Alcohol

liraglutide treatment markedly reduced the escape latency
compared to the alcohol group. The spatial exploration track
diagram for each group on the sixth day revealed that there
were significant differences among groups in the number of
target crossings and the time in target quadrant after alcohol
withdrawal (Fig. 6ACD). Compared to the control group, the
number of target crossings and the time in target quadrant in
the alcohol group was significantly decreased, In contrast,
liraglutide treatment substantially increased the number of
target crossings and the time in target quadrant compared to
the alcohol group (Fig. 6CD).

Liraglutide Modulates Synaptic Density
in Alcohol-Withdrawal Mice

Synaptic plasticity encompasses modifications to synaptic
morphology, reflected by dendritic spine density, and altera-
tions to synaptic transmission. To identify changes in spine
morphology in the mPFC and HP following a two-week
withdrawal period, we utilized Golgi staining. A signifi-
cant difference was observed between the groups. Dendritic
spine density in the alcohol group declined in comparison
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vs. Alcohol +Lira, P=0.0089).; D Percentage of time spent in open
arms after withdrawal(One-way ANOVA, F(3$36)=5.162, P=0.0045;
Control vs. Alcohol, P=0.0015; Alcohol vs. Alcohol+Lira,
P=0.0383). Data are presented as the Mean+S.E.M. n=10 for
each group. **P<0.01 compared with control group; #P<0.05,
##P <0.01 compared with alcohol group

to the control group in both the mPFC (Fig. 7AB) and HP
(Fig. 7CD). Furthermore, liraglutide treatment markedly
elevated the dendritic spine density relative to the alcohol
group (Fig. 7BD).

Liraglutide Modulates Synaptic Protein Expression
Levels in Alcohol-Withdrawal Mice

To probe the influence of liraglutide on proteins associ-
ated with synaptic transport in alcohol-withdrawal mice,
we assessed the expression of synapse-related proteins
p-GluAl, GluAl, vGluT1, SYN and PSD95 in the mPFC
(Fig. 8A) and HP (Fig. 9A) regions of mice after alcohol
withdrawal. Total GluA1 protein expression in the alcohol
group in did not significantly deviate from the control group,
but the expression of p-GluA1 decreased. Liraglutide treat-
ment increased the expression of p-GluA1 compared to the
alcohol group (Fig. 8B).

Significant differences were observed among groups in
the expression of VGIuT1, SYN and PSD-95. The alcohol-
only group post-withdrawal demonstrated lower expres-
sion of VGIuT1, SYN and PSD-95 compared to the control
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Fig.6 Liraglutide improved spatial learning and memory abilities
in alcohol withdrawal mice. A Movement trajectory plots of mice in
each group after withdrawal; B Escape latency in each groups after
withdrawal (Two-way RM ANOVA, interaction: Fs;¢g4)=3.521,
P<0.001, Group: F;34=18.89, P<0.001); C Target crossing in
each groups after withdrawal (One-way ANOVA, F;35=10.45,
P<0.001; Control vs. Alcohol, P=0.0042; Alcohol vs. Alco-

group. Conversely, liraglutide treatment in the alcohol group
led to elevated the expression of VGIuT1, SYN and PSD-95
compared to the alcohol only group (Fig. 8C-E).

To further scrutinize the impact of liraglutide on synaptic
protein expression in the HP regions of mice post-alcohol
withdrawal, Western blotting was employed to determine the
expression levels of p-GluA1l, vGluT1, GluA1, SYN, and
PSD-95. Significant differences were found among groups in
the expression of p-GluA1, vGluT1, SYN, and PSD-95. The
expression levels of p-GluA1l, vGIuT1, SYN, and PSD-95 in
the alcohol group were substantially reduced compared to
the control mice. On the other hand, liraglutide treatment led
to significant elevations in the expression levels of p-GluAl,
vGluT1, SYN, and PSD-95 compared to the alcohol group
(Fig. 9B-E).

Discussion

This investigation illuminates a pivotal function of GLP-1
signalling in a murine model of alcohol consumption and
subsequent resumption of alcohol intake following alcohol
withdrawal. Specifically, we showed that systemic liraglutide
administration mitigates the return to alcohol drinking and
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hol+Lira, P=0.0172); D Time in target quadrant in each groups
after withdrawal(One-way ANOVA, F(3,36)=9.55, P <0.001; Control
vs. Alcohol, P=0.0014; Alcohol vs. Alcohol+Lira, P=0.0242).
Data are presented as the Mean+S.E.M. n=10 for each group.
*P<0.05 compared with control group; #P <0.05 compared with
alcohol group

anxiety-like behavior, memory impairments, and synapse
loss in male mice following alcohol withdrawal. Our rodent
findings are consistent with experimental and clinical stud-
ies that showed GLP-1 analogue liraglutide could reduce
alcohol consumption [14, 44]. These studies indicate that
clinically available GLP-1 receptor agonists deserve to be
tested as potential treatments of AUD. Our study extended
to the significant role of GLP-1 receptors in an animal model
of alcohol withdrawal and relapse drinking.

The free-choice bottle model represents a non-invasive,
straightforward experimental design for self-administration,
mimicking human alcohol consumption patterns [45]. We
observed that liraglutide attenuated both alcohol consump-
tion and preference in mice, without influencing overall fluid
intake during the experimental period. A notable finding of
this study is the enduring reduction in alcohol consumption
and preference by liraglutide following a two-week with-
drawal period, implying a potentially sustained regulatory
process. Previous research has noted a reduction in alcohol
intake following acute pharmacological activation of the
GLP-1 receptor using Exendin-4 in a two-bottle selection
experiment [38]. Exendin-4 and liraglutide have also been
found to decrease alcohol intake in vervet monkeys [46], fur-
ther suggesting that GLP-1 receptor activation in the brain
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Fig.7 Liraglutide increased the spine densities of neurons in alco-
hol-withdrawal mice. A Examples of Golgi-stained neurons in
mPFC of each group mice after withdrawal; B Liraglutide increased
dendritic spine density in the mPFC neurons of alcohol-withdrawal
mice(One-way ANOVA, Fa. 20)=7.96, P=0.0049; Control vs. Alco-
hol, P=0.0273; Alcohol vs. Alcohol +Lira, P=0.0411); C Exam-
ples of Golgi-stained neurons in HP of each group mice after with-

inhibits alcohol consumption in rodents and non-human
primates.

Consistent alcohol intoxication invariably impairs learn-
ing and memory processes, mediated by specific neural
circuits [47]. Evidence indicates that initial exposure to
alcohol may augment hippocampal function, thereby con-
tributing to addiction development. In accordance with the
self-administration hypothesis, withdrawal from alcohol
results in deficits in learning and memory [48, 49]. Our
study discovered that liraglutide ameliorated learning and
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drawal; D Liraglutide increased dendritic spine density in the HP
neurons of alcohol- exposure mice(One-way ANOVA, F 3 5, =10.08,
P=0.0013; Control vs. Alcohol, P<0.001; Alcohol vs. Alco-
hol+Lira, P=0.0091). Data are presented as the Mean+S.E.M.
n=6 for each group. *P<0.05, ***P <0.001 compared with control
group; #P <0.05, ##P <0.01 compared with the alcohol group

memory impairments caused by alcohol withdrawal in mice
exposed to alcohol. Observations from human adolescent
studies indicate that heavy alcohol consumption corre-
lates with poorer cognitive function across a wide range of
neuropsychological assessments, encompassing learning,
memory, attention, executive functioning, and impulsivity
[50]. We also examined the anxiety-like behavior in mice
exposed to alcohol. Alcohol dependence often leads to anxi-
ety and depression-like behaviors, particularly in newborns
and adolescents [51]. Our findings clearly demonstrate the
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Fig.8 Liraglutide modulates protein expression levels involved in
synaptic transmission in mPFC in alcohol-withdrawal mice. A West-
ern blot showing the protein levels of p-GluAl, GluAl, vGluTlI,
SYN, PSD-95 in mPFC of mice in all groups after withdrawal; B
Statistical results of p-GluAl protein expression in mPFC after
withdrawal(One-way ANOVA, F(3‘20)=11.26, P<0.001; Control
vs. Alcohol, P=0.0068; Alcohol vs. Alcohol+Lira, P=0.0323);
C Statistical results of vGluT1 protein expression in mPFC after
withdrawal(One-way ANOVA, F(3,20)=8.328, P=0.0011; Control
vs. Alcohol, P=0.0245; Alcohol vs. Alcohol+Lira, P=0.0197);

ameliorative effect of liraglutide on alcohol-induced anxi-
ety. Our findings clearly demonstrate the ameliorative effect
of liraglutide on alcohol-induced anxiety., thus suggesting
that GLP-1 receptor activation may modulate alcohol-related
behaviors by influencing reward circuits. To this point, the
engagement of the amygdala, hypothalamus, medial prefron-
tal cortex, and hippocampus in reward behavior has been
documented [52, 53]. Our findings reveal a significant dimi-
nution in the expression levels of synaptic proteins in the
mPFC and HP regions during withdrawal in mice exposed
to alcohol.

In the central nervous system, AMPA receptors com-
prise functional tetramers formed from diverse combi-
nations of four subunits (GluA1-4), with GluA1 being
the predominant subunit in neuronal synaptic and extra-
synaptic AMPA receptors [54, 55]. The amplification of
GluAl expression and its phosphorylation are commonly
proposed mechanisms for drug action in the study of Alz-
heimer’s disease, depression, and addiction. An increase in

D Statistical results of SYN protein expression in mPFC after
withdrawal(One-way ANOVA, F;,,,=10.63, P<0.001; Control
vs. Alcohol, P=0.0002; Alcohol vs. Alcohol+Lira, P=0.0152);
E Statistical results of PSD-95 protein expression in mPFC after
withdrawal(One-way ANOVA, F; 55, =13,62, P<0.0001; Control vs.
Alcohol, P=0.0311; Alcohol vs. Alcohol+Lira, P=0.0267). Data
are presented as the Mean+S.E.M. n=6 for each group. *P <0.05,
*#*P <0.01, compared with control group; #P <0.05 compared with
the alcohol only group

the phosphorylation of the GluA1 receptor appears to be a
counteractive mechanism against the pathophysiological fea-
tures of Alzheimer’s disease and depression [56]. Our study
found that, while the total protein expression of GluA1 in the
alcohol group remained unchanged compared to the control
group, the expression of p-GluA1 diminished. Liraglutide
treatment elevated p-GluA1 levels compared to those in the
alcohol-only group, suggesting normalization of synaptic
transmission.

Synaptophysin, which is expressed extensively in all
nerve terminals, especially at the presynaptic membrane,
is widely recognized as a crucial marker of synaptogenesis
and synaptic plasticity. PSD-95, a synaptic protein, serves to
stabilize dendritic spines at the postsynaptic membrane [57].
We noted significant disparities in the expression of SYN
and PSD-95 among groups; however, liraglutide treatment
led to increased expression of SYN and PSD-95 compared
to the alcohol group. Furthermore, we quantified the relative
expression level of VGIuT1 in the mPFC and HP regions
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Fig.9 Liraglutide modulates proteins involved in synaptic transmis-
sion in HP in alcohol-withdrawal mice. A Western blot showing the
protein levels of p-GluAl, GluAl, SYN, PSD-95 in HP of mice in
all groups after withdrawal. B Statistical results of p-GluA1l protein
expression in HP after withdrawal(One-way ANOVA, F; 5, =11.08,
P<0.001; Control vs. Alcohol, P<0.0001; Alcohol vs. Alco-
hol+Lira, P=0.0414); C Statistical results of vGIuT1 protein
expression in HP after withdrawal(One-way ANOVA, F; 5, =10.87,
P <0.001; Control vs. Alcohol, P<0.001; Alcohol vs. Alcohol + Lira,

post alcohol withdrawal and found that liraglutide treatment
heightened VGIuT1 expression compared to the alcohol
group. VGIuT1 plays a crucial role in central nervous system
learning and memory, primarily by influencing synaptic Glu
transport and long-term potentiation. Reduction of VGIuT1
expression in the hippocampus can instigate changes in
dendritic structure, thereby reducing synaptic connectiv-
ity, leading to neurofibrillary lesions and impairments in
learning and memory [58]. To corroborate these findings,
we assessed dendritic spine density using Golgi staining.
We observed a reduction in dendritic spine density in mice
exposed to alcohol, which was ameliorated by liraglutide
treatment. These findings further substantiate the deleteri-
ous impact of alcohol on synaptic numbers and function in
mice and the therapeutic potential of liraglutide in treating
AUD. Previous studies have highlighted the protective effect
of chronic treatment with GLP-1 receptor agonists on syn-
apses in various disease models [59]. Our study augments
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P=0.0301); D Statistical results of SYN protein expression in HP
after withdrawal(One-way ANOVA, F; 5, =12.82, P<0.0001; Con-
trol vs. Alcohol, P<0.001; Alcohol vs. Alcohol+ Lira, P=0.0056);
E Statistical results of PSD-95 protein expression in HP after
withdrawal(One-way ANOVA, F; 55, =11.73, P<0.001; Control vs.
Alcohol, P<0.001; Alcohol vs. Alcohol + Lira, P=0.0347). Data are
presented as the Mean+S.E.M. n=6 for each group. ***P <0.001,
*#%%¥P <(0.0001 compared with control group; #P <0.05 compared
with alcohol group

this body of research by demonstrating that alcohol-induced
synaptic damage can be mitigated by liraglutide.

Sex differences may play a critical role in modulating
how chronic alcohol use impacts the brain and thus causes
the development of AUD [60]. Male animals show a more
pronounced display of negative behaviors and neuroactiv-
ity after alcohol withdrawal compared to female animals
[61, 62]. However, Women with AUD experience higher
risks of developing cancers, alcohol-related liver injury,
and cardiovascular disease compared to men with AUD
despite comparable levels of drinking [63—65]. The role of
gonadal steroid hormones in regulating multiple functions
in the brain may partly explain the sex differences in the
development of AUD [66-68]. This topic is worthy of fur-
ther assessment in the future, as our study only included
male mice. Additionally, animal models have advanced from
only modeling self-administration of alcohol, which on its
own does not necessarily model AUD characteristics, to
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more sophisticated behavioral models that capture addic-
tion-related aspects, such as alcohol seeking, compulsive
intake, dependence, and relapse [69]. The chronic intermit-
tent access to ethanol vapor (CIE) model, which has predic-
tive and construct validity to induce ethanol dependence in
animals is available, too. Further studies in these models
are warranted to enhance our knowledge of how liraglutide
affects alcoholism.

In conclusion, our findings suggest that liraglutide can
mitigate alcohol consumption and ameliorate learning and
anxiety in mice exposed to alcohol. The therapeutic effect
of liraglutide may be achieved by safeguarding synapses
and enhancing synaptic transmission in the mPFC and HP
regions. These results provide a foundation and an innova-
tive research avenue for future investigations into the effects
and mechanisms of AUD, as well as potential novel pharma-
ceutical interventions for this disorder.
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