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Abstract

Multiple behavioral parameters are associated with vulnerability to alcohol de-
pendence, but the contribution of such factors as cognitive flexibility and sex
differences still require further clarification. Our goal was to assess how sex
differences mediate relationships between cognitive flexibility, affective state,
hierarchy and ethanol preference before and after chronic intermittent ethanol
(CIE) exposure in Wistar rats. The results of our study revealed sex-dependent
changes in ethanol preference and locomotor activity throughout the time.
Anxiety levels were sex-dependently affected by ethanol exposure with a dra-
matic decrease in ethanol-exposed females. Similarly, striatal tyrosine hydroxy-
lase expression was affected by CIE in a sex-dependent manner, with ethanol-
exposed females having higher expression than males. Baseline cognitive flex-
ibility was better in rats with higher locomotor activity and lower anxiety levels
but did not correlate with ethanol preference in rats. Taken together, these
results are important for understanding sex-dependent alterations in brain and
behavior induced by alcohol. This provides important insights into understand-
ing sex differences in the risk for mental disorders.

Keywords: chronic intermittent ethanol exposure, ethanol preference, alcohol,
sex differences, anxiety, cognitive flexibility, tyrosine hydroxylase, striatum, rat.

Introduction

Substance use disorders are a major public health concern, with alcohol abuse
and dependence aftecting about 8 % of the world’s population, causing significant
social problems and financial costs. Given the clear relationship between alcohol
consumption and its adverse effects, identifying its determinants, including so-
cial, demographic, genetic and other determinants, is an important task. These
factors interact with each other to determine consumption patterns and negative
consequences associated with alcohol (Collins, 2016). Although increasing atten-
tion has been paid in recent decades to understanding the neurobiological under-
pinnings of abuse and improving the pharmacological treatments for some addic-
tions, prevention and treatment methods remain limited. Research is needed to
understand the processes responsible for the development of ethanol preference
and alcohol dependence.

Cognitive flexibility, the ability to adjust behavior in the face of changing
circumstances, is impaired in many psychiatric and neurological disorders. In the
context of addiction, cognitive flexibility may be associated with the transition
from recreational to compulsive drug use. While drugs produce strong pleasur-
able effects that lead to initial use, at some point these pleasurable effects are bal-
anced and overwhelmed by the negative effects of addiction (Koob and Volkow,
2010). Therefore, people with higher cognitive flexibility can be expected to stop
using drugs when the negative effects outweigh the positive effects.
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Research shows that a significant number of sub-
stance addicts have severe cognitive deficits; neurocog-
nitive deficits in chronic alcohol use are also well docu-
mented and include impairments in memory, visuospa-
tial processing, problem solving, and executive function
(Glass et al., 2009). Studies in people suffering from
alcohol dependence have shown that certain cognitive
areas, in particular the executive functions regulated by
the prefrontal cortex (PFC), are impaired in the early
stages of abstinence and then slowly recover with pro-
longed abstinence. Alcohol abusers show lower scores
in response inhibition and cognitive flexibility (Bickel
et al., 2012). Chronic intermittent exposure to ethanol
has previously been shown to impair cognitive flexibility
in mice. These changes correlate with changes in N-me-
thyl-D-aspartate receptor (NMDAR) function, causing
impairment of synaptic plasticity in PFC (Kroener et al.,
2012). In particular, the orbitofrontal cortex may be par-
ticularly sensitive to alcohol and play a role in alcohol-
related cognitive impairment.

Sex differences may play a critical role in modu-
lating how alcohol use impacts the brain to cause the
development of alcohol use disorder (AUD). On the
behavioral level, female rats show more appetitive ap-
proach to obtain the alcohol reward, consuming more
alcohol relative to body weight and engaging in higher
levels of cue-mediated alcohol-seeking behaviors com-
pared to males (Aguirre et al., 2020; Flores-Bonilla and
Richardson, 2020). Female, but not male, mice exhibit
compulsive-like ethanol seeking in a modified condi-
tioned place preference paradigm in which a previously
ethanol-paired chamber is also associated with a foot
shock (Xie, Buck, Bryant, and Baker, 2019). Further, this
compulsive-like ethanol seeking that persists despite an
aversive experience was attenuated in females with a his-
tory of chronic ethanol exposure (Xie, Buck, Bryant, and
Baker, 2019), suggesting that chronic ethanol exposure
enhanced sensitivity to aversive experiences in females.

On anatomical level, the anterior cingulate cortex is
more negatively impacted by alcohol drinking in adoles-
cent male rodents and young men compared to adolescent
female rodents and young women. Also, binge drinking
is associated with lower cortical volume and thickness in
adolescent boys. On the other hand, alcohol impairs cell
proliferation and reduces the number of granule neurons
in the dentate gyrus of the hippocampus to a greater ex-
tent in females (Flores-Bonilla and Richardson, 2020).
Recent transcriptional studies suggest that some sex dif-
ferences of ethanol consumption may be due to female-
dependent remodeling of the primary cilium (Hitzemann
et al.,, 2022). Sex-specific binding of alcohol to choline
carriers in hippocampus of male adolescent rats can con-
tribute to the inhibition of acetylcholine synthesis and to
neurotoxic effects of alcohol specifically in young males
(Kristofikova, Platilova, and Klaschka, 2003).

The effects of gonadal hormones may provide an in-
sight into the molecular mechanisms underlying sex dif-
ferences in the rewarding properties of alcohol. Alcohol
increased excitation of ventral tegmental area dopamine
neurons in brain slices from mice of all hormonal condi-
tions, but the effects were most robust when estradiol lev-
els were moderate or high, which enhanced the reward-
ing effects of alcohol. Male rats and mice show a more
pronounced display of negative affective-like behaviors
and neural activity after withdrawal from chronic alco-
hol exposure compared to females. Alterations in gluta-
mate signaling from the stria terminalis projecting into
the basolateral amygdala are thought to mediate these
behavioral differences. Men in particular exhibit higher
levels of alcohol craving than women do, and cravings
are associated with an increased activity in the striatum
in men, but not in women. Like humans, male rodents
appear more susceptible to relapse than females (Flores-
Bonilla and Richardson, 2020). Many sex differences were
found in the glutamatergic receptor expression. For ex-
ample, female, but not male rats exhibit increased expres-
sion of the NR1 subunit of the NMDA receptor in the
cerebral cortex as early as 3 days following exposure to a
liquid diet containing ethanol. In contrast, males exhibit
an increase in NR1 subunit expression in the hippocam-
pus. Ethanol withdrawn female rats exhibit a significant
increase in NR1 in the cerebral cortex and hypothalamus
compared to male rats and control females. NR2B expres-
sion increases in the cortex of ethanol-withdrawn female,
but not male rats (Giacometti and Barker, 2020).

In humans, there is some evidence of increased al-
cohol intake in females during the premenstrual stage of
the menstrual cycle and increased withdrawal during the
luteal phase. In rodents, progesterone decreases drug-
seeking behavior and estradiol increases drug-seeking
behavior. The decreased alcohol withdrawal response
in females appears to be directly linked to the presence
of progesterone and its metabolites in females and their
actions on GABAergic neurotransmission, since they
have higher CRF and dynorphin responses (Becker and
Koob, 2016).

Speaking about the intersection of alcohol use,
anxiety and sex differences, women exhibit greater sen-
sitivity to stress-induced alcohol craving than men (Gi-
acometti and Barker, 2020). Adolescent girls are more
likely than boys to report drinking alcohol to alleviate
stress, social isolation, and psychological distress. Simi-
larly, female mice are more sensitive to the anxiolytic
effects of experimenter-administered alcohol compared
to males (Flores-Bonilla and Richardson, 2020). Women
show higher rates of both depression and anxiety than
men among those with alcoholic cardiomyopathy. De-
pression and anxiety could stem from alcohol use or
be a factor that promotes it, further highlighting the
complex interaction between sex and other factors that
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drive and sustain alcohol use (Zachry, Johnson, and
Calipari, 2019). Alcohol consumption has been found
to differentially modulate oscillatory states in basolat-
eral amygdala in male and female mice, a process that
involves 0-GABAARs, the expression of which depends
on ovarian hormones (DiLeo, Antonoudiou, and Magu-
ire, 2022). BNST CRF neurons could also be the source
of high extrahypothalamic CRF tone that predispose
females to the co-expression of alcohol use and anxiety
disorders (Pleil and Skelly, 2018).

Both clinical and preclinical studies demonstrate
heightened susceptibility to stress-induced drinking in
females. As reviewed by Mineur et al. (2022), several
mechanisms may contribute to estrogen effects on alco-
hol consumption. Estrogen heightens ethanol sensitivity
of dopamine neurons, with higher response of dopamine
neurons to ethanol in ovariectomized mice following es-
tradiol replacement. Also, stress-related increase in GA-
BAergic transmission may occur in CeA in females and
males through different mechanisms. Unlike male neu-
rons, cells from female rats displayed reduced sensitivity
to alcohol’s inhibitory effects, and there are sex differences
in the response of amygdala subnuclei to corticosterone
which may promote sex differences in stress-induced al-
cohol intake (Logrip, Oleata, and Roberto, 2017).

Many researchers have focused on the basics of cog-
nitive flexibility, but few have used in vivo methods to as-
sess neuronal activity, especially in models of alcohol use
disorders. Using patch clamp electrophysiology, W.Hu
et al. have shown that chronic ethanol use increases pre-
synaptic neurotransmitter release and enhances the post-
synaptic function of the N-methyl-D-aspartate receptor
in the medial PFC (Hu, Morris, Carrasco, and Kroener,
2015). S.Kroener used a mouse model of chronic inter-
mittent ethanol exposure (CIE) to study how it alters
plasticity in the medial PFC and showed that there was
an increase in the NMDA/AMPA ratio in excitatory post-
synaptic currents in layer V pyramidal neurons and al-
tered expression of long-term potentiation. The authors
demonstrated impairments in the executive function that
may be associated with changes in synaptic plasticity in
the medial PFC (Kroener et al., 2012).

Anxiety and stress disorders are highly associated
with alcohol abuse, suggesting the possibility of common
pathophysiological mechanisms or associated dysfunc-
tion of neural networks. There are conflicting data on the
effect of chronic ethanol exposure on the basal function
of the cortico-limbic areas of the brain; both excessive
activation of the amygdala in alcohol-dependent rats and
humans due to a loss of downstream modulation of PFC
has been demonstrated, as well as an inverse effect in a
mouse study (a decrease in central amygdala activity and
an increase in PFC excitation) (Pleil et al., 2015).

The question of the relationship between a social rank
and cognitive status in rats has been little studied. High

working memory scores at 9-11 weeks of age, when so-
cial hierarchy is being formed, have been shown to predict
higher social status in the future; later, after a period of per-
manent residence in social conditions, the working memo-
ry of dominant and subdominant animals decreases, while
the subordinate, on the contrary, increases and begins to
exceed the performance of dominant rats (Jaafari Suha,
Hosseinmardi, and Janahmadi, 2022). There is evidence
that the social rank does not affect alcohol preference
(Scott, Tjernstrom, and Roman, 2020), but the authors of
this article did not use forced drinking (only provided al-
cohol and water of choice for 3 days a week for 4 weeks).
Thus, multiple parameters are associated with vul-
nerability to alcohol dependence, but the contribution
of such factors as cognitive flexibility and sex differences
still require further clarification. Our goal was to assess
how the sex differences mediate relationships between
cognitive flexibility, hierarchy and ethanol preference be-
fore and after chronic intermittent ethanol exposure. Ad-
ditionally, we aimed to determine the effects of ethanol
exposure protocol on striatal expression of tyrosine hy-
droxylase (TH) and its possible role in the sex differences.

Materials and methods
Animals

20 male and 20 female Wistar rats were obtained from
the the I.M.Sechenov Institute of Evolutionary Physi-
ology and Biochemistry breeding facility and housed
on a 12 h light/dark cycle with ad libitum access to wa-
ter and chow under standard laboratory conditions
(545 x 395 x 200 mm cages with sawdust shavings, relative
humidity of 60-70 % and a temperature of 23 +2°C). Rats
were pair-housed 3 weeks before the start and all through-
out the experiments. Experiments were performed dur-
ing the light phase. Although there is some evidence of es-
trous phase-dependent ethanol intake (Becker and Koob,
2016), several recent papers demonstrated that individual
variations between animals are much more important
than estrous state (Levy et al., 2023; Lovick and Zangros-
si, 2021). Because of this and also the long-term ethanol
treatment that greatly surpassed estrous cycle length, we
did not track the estrous state of females. 3 male and 3 fe-
male control rats for histological analysis were kept in the
same conditions in the animal facility, but were not sub-
jected to any behavioral experiments.

Experimental design

At the beginning of the experiment, 13-week-old rats
were subjected to behavioral testing in the elevated plus
maze and then in the Morris water maze with the rever-
sal learning. After a two-bottle ethanol preference test,
chronic intermittent ethanol treatment was started in half
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of the animals. After 3 weeks, two-bottle test was per-
formed again to assess the level of ethanol preference, and
rats were retested in the elevated plus maze and then in
the Morris water maze. After decapitation of the animals,
nucleus accumbens was isolated to assess the levels of ty-
rosine hydroxylase. As an additional control group for be-
havioral manipulations, we used 3 male and 3 female rats
to analyze their tyrosine hydroxylase levels.

Chronic intermittent ethanol (CIE) treatment

Rats were exposed to a CIE exposure regimen consist-
ing of 10 doses of 5 g/kg ethanol (35% v/v in saline at
18.12 mL/kg) or isovolumetric saline administered by
intragastric gavage using a 2-days-on, 2-days-off inter-
mittent schedule for 20 days followed by a 20-day wash-
out period (Risher et al., 2013).

Behavioral tests

To assess the level of anxiety, the elevated plus maze
(EPM) test was used (Walf and Frye, 2007). The maze
consists of a cross-shaped platform raised 1 m above the
floor level with a central area of 10 x 10 cm and four arms
with a length of 50 and a width of 10 cm each. While two
arms are open, the other two are closed with high side
walls. The animal was placed in the center of the maze,
and the time spent in the center, open and closed arms
of the maze, as well as the length of the path traveled in
different compartments were recorded for 3 minutes.
Spatial navigation and cognitive flexibility were
assessed using the Morris water maze (MWM) (Mene-
zes et al.,, 2020). The maze consisted of a white circular
pool 2 m in diameter divided into four equal quadrants
with four visual stimuli hanging on the walls to provide
spatial cues. A white circular escape platform 12 cm in
diameter was placed 2 cm beneath the surface of the
22-24°C water colored opaque with powdered non-fat
milk in a specific quadrant. The swimming path of the
animals was recorded using a video camera mounted
above the center of the pool and analyzed using a video
tracking and analysis system (Microsoft LifeCam HD-
3000 camera, Bandicam software, custom tracking app).
Training was carried out during 5 successive days, 8 tri-
als per day. A different starting location was used on
each trial, which consisted of a swim followed by a 30 s
platform sit. Any rat that did not find the platform with-
in 60 s was guided to it by the experimenter. 24 h after
the last training session rats were submitted to eight 60 s
reversal training trials, in which the platform was placed
in the opposite quadrant of the pool. This procedure re-
quires cognitive flexibility from the animals, since they
need to learn that the platform is moved to a different
place. Cognitive flexibility/memory retention was evalu-
ated in a probe test carried out 24 h after the last reversal

trial. Escape latencies were averaged across the trials of
each day.

Food competition test adapted from Costa, Moita,
and Marquez (2021) was performed in the home-cage
of non-food restricted pairs of animals. Before the test,
rats were habituated to chocolate-flavored pellets for
4 days to reduce neophobic responses to the food. Food
competition in a social context was performed for two
consecutive days. Rats had access to 10 pellets for 2 min,
and after a 1-min inter-trial interval 10 new pellets were
delivered. The procedure was repeated for 5 trials and a
total session of 15 min and 50 pellets. Rats which con-
sumed more pellets were considered dominant.

To assess the level of ethanol preference, a two-
bottle test was carried out. Rats had access to tap water
and a 10 % alcohol solution for 10 min. Total intake of
ethanol solution and water was measured. Ethanol pref-
erence was calculated as a ratio of ethanol consumption
volume to the total volume of consumed liquids.

Histology

Expression of tyrosine hydroxylase enzyme in dopami-
nergic neurons of nucleus accumbens was assessed in
randomly chosen rats (4 CIE+ males, 4 CIE+ females,
3 control males and 4 control females). Fixed brains
were cut on a cryostat (Leica CM-1520, Germany) in
20 um coronal slices. 6 slices per animal were analyzed.
Sections were incubated in primary anti-TH antibod-
ies (1:1500, Sigma, USA), and the secondary antibody
was goat anti-mouse IgG conjugated with biotin (1:600,
VectorLabs, UK). Images were obtained using a slide-
scanning Carl Zeiss Imager Al microscope (Germany)
with an integrated Axiocam 712 video camera and Zen
3.4 (blue edition) software. Tyrosine hydroxylase optical
density was quantified in arbitrary units using Image ]
program (NIH, USA).

Statistical analysis

Data were analyzed using Prism 9 (GraphPad Software,
San Diego, CA). The definition of statistical significance
was P<0.05. To assess the interaction of factors, a 2- or
3-way repeated measures ANOVA, or linear mixed ef-
fects modeling for histological data was used. If a sig-
nificant interaction was detected, Sidak’s multiple com-
parisons test was used, because it assumes independent
comparisons and has more power than the Bonferroni
method. All statistical tests were two-tailed tests.

Results

A 3-way repeated-measures ANOVA revealed that there
was no statistically significant interaction between the ef-
fects of sex, time point and ethanol exposure on the ethanol
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preference measured using the two-bottle test, but it was
significantly affected by sex and time point (Suppl. Figu-
re, A; Sex x Time point x Ethanol exposure: F (1, 35) =
0.5917, P=0.4469; Sex x Time point: F (1, 35) = 14.76,
P=0.0005; Sex: F (1, 35) = 8.584, P=0.0059; Time point:
F (1, 35) = 11.85, P=0.0015). After combining CIE ex-
posure and control groups, Sex x Time point interaction
was found to be significant at F (1, 37) = 15.50, P=0.0004
(Suppl. Figure, A; 2-way repeated-measures ANOVA),
Sex: F (1, 37) = 8.266, P=0.0067, Time point: F (1, 37) =
12.21, P=0.0013. Post-hoc Sidak’s multiple comparisons
test revealed that the change in ethanol preference was sig-
nificant for the female group of rats (P <0.0001). During
the two-bottle test, female mice consumed 0.56+0.35 ml
of ethanol during the initial test, and males consumed
0.71+0.47 ml. The second time, ethanol consumption was
at 0.84+1.07 for the female CIE group and 0.32+0.10 for
control females, and 0.78+0.94 for the male CIE group
and 0.77 +£0.61 ml for control males.

The distance traveled in the EPM changed simi-
larly, with sex and time interaction effect significant at
F (1, 37) = 22.93, P<0.0001; Sex: F (1, 37) = 10.23, P =
0.0028; Time point: F (1, 37) = 14.63, P=0.0005 (Suppl.
Figure, B). Females’ locomotor activity significantly de-
creased with time (p <0.0001).

Ethanol exposure significantly affected an anxiety
measure of the EPM test, time spent in the open arms
(Suppl. Figure, C; 3-way repeated measures ANOVA,
Time point x Ethanol exposure: F (1, 35) = 4.683,
P=0.0374). Sex also affected the change in anxiety (it
decreased only in females; Sex x Time point: F (1, 35) =
13.80, P=0.0007), as well as sex (F (1, 35) = 4.561,
P=0.0398) and time (F (1, 35) = 7.034, P=0.0119) in-
dependently. Multiple comparisons showed significant
differences between ethanol exposed females before and
after CIE procedure (P=0.004), control groups of rats
of different sex at the 2" time point (P =0.004), control
males and ethanol exposed females at the 2"¢ time point
(P=0.001), and ethanol exposed females before CIE and
control females at the 27 time point (P=0.007).

There were no sex differences in the learning in the
Morris water maze (Suppl. Figure, D; 2-way repeated
measures ANOVA, Training day x Sex: F (2, 76) = 0.311,
P=0.7333), and the performance significantly improved
towards training day 3 (main effects analysis, Training
day: F (2, 76) = 124, P<0.0001). Results of a cognitive
flexibility test showed only differences between the two
time points, pointing towards successful learning and
memory in the reversal task (Suppl. Figure, E, 3-way
repeated measures ANOVA, Sex x Time point x Etha-
nol exposure: F (1, 35) = 1.032, P=0.3165; Time point:
F (1, 35) = 17.68, P=0.0002). No significant differences
were found for rats with different social ranks.

Spearman’s correlation coefficient was used to as-
sess the relationships between behavioral variables.

These correlation analyses included the data from mice
from all groups used in this study. Baseline cognitive
flexibility was better in rats with higher locomotor activ-
ity and lower anxiety levels (escape latency during the
reversal x distance traveled: r=-0.433, p=0.005; escape
latency during the reversal x time spent in open arms:
r=-0.465, p=0.002). Rats with higher baseline etha-
nol preference had higher locomotor activity (r=0.333,
p=0.036). Also, higher velocity was correlated with
more time spent in the open arms of the EPM (test 1:
r=0.469, p=0.002; test 2: r=0.372, p=0.020).

Striatal TH+ fibre density was affected by CIE in a
sex-dependent manner, with ethanol-exposed females
having higher expression than males (Suppl. Figure, F,
linear mixed effects model, Sex x Ethanol exposure x
Subject: F (1, 21) = 1.334, P=0.174). Sex x Ethanol ex-
posure interaction was significant at F (1, 5) = 3.608,
P=0.005 (sex main effect: F (1, 1) = 5.977, P=0.016,
ethanol exposure: F (1, 2) = 0.274, P=0.761; subject:
F(1,17) = 1.186, P=0.289).

Discussion

The present experiment examined the relationship be-
tween ethanol preference, CIE exposure, cognitive flexi-
bility and affective state. The results of our study revealed
sex-dependent changes in ethanol preference and loco-
motor activity throughout the time. Females had higher
ethanol preference during the initial contact with etha-
nol in the two-bottle test, as shown before in the condi-
tions of a free-choice access to alcohol and water (Juarez
and Barrios de Tomasi, 1999) and during operant self-
administration (Sneddon, Ramsey Thomas, and Radke,
2020). This could be due to estradiol-dependent increase
in excitation of ventral tegmental area dopamine neu-
rons which enhances the rewarding effects of alcohol in
females (Flores-Bonilla and Richardson, 2020). Faster
novelty habituation in females could also contribute to
those differences (Hughes, 1990). Anxiety levels were
sex-dependently affected by ethanol exposure with a
significant decrease in ethanol-exposed females. Similar
sex differences were shown by Healey et al. (2022) af-
ter adolescent intermittent ethanol exposure, which in-
creased EPM open arm time in females but not in male
Sprague Dawley rats. At the same time, Long Evans rats
of all sexes demonstrated an increase in anxiety-like
behaviors in the successive alleys test but not the EPM
(Bach et al., 2021), so this effect may be strain- and test-
dependent. To avoid any effects of a repeated assessment
of behavior in an elevated plus maze, we performed
the test only twice with a recommended time lag lon-
ger than 28 days (Schneider, Ho, Spanagel, and Pawlak,
2011), and had a control group of mice which were not
exposed to CIE (Schrader, Taylor, Lowery-Gionta, and
Moore, 2018).
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The results of this study showed that rats successfully
performed in the cognitive flexibility test, but it was not
correlated with the initial or post-CIE ethanol preference.
While recently it has been shown in C57BL/6] mice that
individual variability in behavioral flexibility predicts fu-
ture alcohol intake (Rodberg and Vazey, 2022), Wistar
rats may be less suitable model animals to study this re-
lationship. No effect of ethanol exposure on the ethanol
preference means that adult Wistar rats were resistant to
this regimen that has been successfully used to induce be-
havioral changes and pharmacokinetic tolerance to etha-
nol in Sprague Dawley rats (Risher et al., 2013).

In the experiments on rhesus monkeys, it was
shown that lower levels of cognitive flexibility correlate
with higher later alcohol consumption under conditions
of free choice (Shnitko, Gonzales and Grant, 2019). Our
goal was to attempt to confirm the presence of this re-
lationship in rats, including assessing the dynamics of
ethanol preference after a period of forced drinking.
Previously, our research showed that rats after a chronic
ethanol exposure demonstrated a delayed search for a
platform during learning (Filatova et al., 2022). In the
current study, rats were trained before CIE and demon-
strated successful learning and performance in the re-
versal task independent of the CIE exposure.

The nucleus accumbens (NAc) is a major part of the
ventral striatum that plays an important role in mediat-
ing emotional and motivation processing, and modulat-
ing reward. Ethanol activates the projections from the
ventral tegmental area to NAc and induces striatal do-
pamine release, which is crucial for alcohol reinforce-
ment, and dopamine D2 receptors in the dorsolateral
striatum are involved in alcohol seeking with the reduc-
tion of their levels demonstrated after long-term alcohol
drinking (Feltmann et al., 2018). Striatal TH-expressing
GABAergic interneurons (THINs) exert widespread
GABAergic inhibition onto direct and indirect spiny
neurons throughout the striatum, and deliver dopamine
to the cerebrospinal fluid via projections to the lateral
ventricles (Xenias, Ibafiez-Sandoval, Kods, and Tepper,
2015). Ibanez-Sandoval et al. (2015) showed that striatal
THINs may play a role during the acquisition of associa-
tive learning. They are implicated in sex differences since
THINs also express G-protein coupled estrogen recep-
tors that affect morphogenesis of striatal neurons in the
perinatal period, which leads to sexual differentiation of
the striatum, and in adults, striatal GABAergic neurons
express estrogen and progesterone receptor genes that
control the release of dopamine (Cao, Willett, Dorris,
and Meitzen, 2018; Troshev et al., 2022). In line with
those data about sex differences, we found sex-depen-
dent CIE-induced changes in striatal TH+ fibre density.
Overall, our results suggest that CIE induces behavioral
and neurochemical alterations in a sex-dependent man-
ner in rats. Future studies that look into the factors that

play a role in initiation and maintenance of alcohol mis-
use will hopefully lead to the development of specialized
treatment for women with AUD.
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