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Abstract

Aims: Alcohol use disorder (AUD) is linked to hyperactivity of brain stress systems, leading to

withdrawal states which drive relapse. AUD differs among the sexes, as men are more likely to

have AUD than women, but women progress from casual use to binge and heavy alcohol use

more quickly and are more likely to relapse into repetitive episodes of heavy drinking. In alcohol

dependence animal models of AUD, the central amygdala (CeA) functions as a hub of stress

and anxiety processing and gamma-Aminobutyric acid (GABA)ergic signaling within the CeA is

involved in dependence-induced increases in alcohol consumption. We have shown dysregulation

of CeA GABAergic synaptic signaling in alcohol dependence animal models, but previous studies

have exclusively used males.

Methods: Here, we used whole-cell patch clamp electrophysiology to examine basal CeA GABAer-

gic spontaneous inhibitory postsynaptic currents (sIPSC) and the effects of acute alcohol in both

naïve and alcohol dependent rats of both sexes.

Results: We found that sIPSC kinetics differ between females and males, as well as between naïve

and alcohol-dependent animals, with naïve females having the fastest current kinetics. Additionally,

we find differences in baseline current kinetics across estrous cycle stages. In contrast to the

increase in sIPSC frequency routinely found in males, acute alcohol (11–88 mM) had no effect on

sIPSCs in naïve females, however the highest concentration of alcohol increased sIPSC frequency

in dependent females.

Conclusion: These results provide important insight into sex differences in CeA neuronal function

and dysregulation with alcohol dependence and highlight the need for sex-specific considerations

in the development of effective AUD treatment.

INTRODUCTION

Alcohol use disorder (AUD; APA, 2013), is a chronically relapsing dis-
ease characterized by a loss of control over seeking and consumption
of alcohol. Lifetime prevalence of AUD is high (29.1%) but affects
greater numbers of men (36% prevalence) than women (22.7%
prevalence; Grant et al., 2015). Sex differences in prevalence are

also seen with other psychiatric disorders, including stress disorders
and anxiety disorders (Kushner et al., 2000). Specifically, women
are more likely to have a stress or anxiety disorder than men, and
men are more likely to have AUD than women (Cover et al., 2014).
However, even at lower levels of consumption, women have a higher
likelihood of adverse health consequences from alcohol, such as
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liver disease, cardiomyopathy, brain damage and breast cancer (Erol
and Karpyak, 2015; Agabio et al., 2016; Roerecke et al., 2019).
Additionally, alcohol use by women has been increasing recently,
especially among younger individuals, and as some studies suggest
women may progress to binge drinking and heavy alcohol use more
rapidly, the sex difference in AUD incidence rates is shrinking (Diehl
et al., 2007; Keyes et al., 2011; Dawson et al., 2015; White et al.,
2015; Slade et al., 2016).

Alcohol dependence is inexorably linked to stress and altered
functioning of brain stress systems. Chronic alcohol use recruits these
systems, eventually leading to withdrawal symptoms when abstinent
from alcohol. The relief of these withdrawal symptoms drives further
drinking and is characteristic of dependence (Koob and Le Moal,
2005). One brain region that functions as a hub of stress and anxiety
processing is the central nucleus of the amygdala (CeA), and gamma-
Aminobutyric acid (GABA)ergic signaling within the CeA is involved
in the regulation of alcohol consumption (Roberto et al., 2021). In
male animals, we have found CeA dysregulation is a hallmark of
alcohol dependence across species (Roberto et al., 2004; Nie et al.,
2009; Roberto et al., 2010; Herman et al., 2016; Augier et al., 2018;
Jimenez et al., 2019; Tunstall et al., 2019; Khom et al., 2020a;
Khom et al., 2020b). CeA GABA transmission is enhanced in alcohol
dependence, and we have previously shown the importance of this
elevated GABA transmission in dependence-induced alcohol drinking
(Roberto et al., 2003, 2004, 2010). However, sex differences exist in
response to both alcohol and stress (Shansky, 2015; Wellman et al.,
2018; Steinman et al., 2020), and to our knowledge no one has
investigated CeA alterations induced by alcohol dependence in female
animals.

In this study, we used whole-cell patch clamp electrophysiology
in an ex vivo CeA slice preparation to compare basal GABAergic
spontaneous inhibitory postsynaptic currents (sIPSC) in naïve and
alcohol dependent rats of both sexes. Further, we examined the effects
of acutely applied alcohol in naïve and alcohol dependent female CeA
slices, and compared them with the enhanced GABA transmission
seen in the CeA of naïve and dependent male rats.

MATERIALS AND METHODS

Animals

Female (n = 44) and male (n = 32) Sprague Dawley rats (Charles
River, Raleigh, NC) weighed on average 263 ± 5.6 g and 424 ± 15.3 g,
respectively, at time of sacrifice. Estrous cycle was not selected for
and determined by vaginal lavage only at time of sacrifice to limit
the stressful or reproductive effects of vaginocervical stimulation
(Logrip et al., 2016; Kirson et al., 2018). All rats were housed in
a temperature- and humidity-controlled room on a 12-h light/dark
cycle with food and water available ad libitum. Alcohol dependent
rats (average blood alcohol level 213.8 ± 20.1 mg/dl at time of
sacrifice) were generated by exposure to alcohol vapor daily (14-
h alcohol vapor; 10-h air vapor) for 5–7 weeks (Gilpin et al., 2008;
Gilpin et al., 2011). All procedures and care were conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were reviewed and approved
by the Institutional Animal Care and Use Committee of The Scripps
Research Institute.

Electrophysiology

Preparation of acute brain slices and electrophysiological recordings
were performed as previously described (Roberto et al., 2010; Stein-
man et al., 2020). Briefly, coronal CeA slices (300 μm) were prepared

from anesthetized rats in an ice-cold high-sucrose cutting solution
(sucrose 206 mM; KCl 2.5 mM; CaCl2 0.5 mM; MgCl2 7 mM;
NaH2PO4 1.2 mM; NaHCO3 26 mM; glucose 5 mM and HEPES
5 mM). Slices were incubated in superfused (flow rate of 2–4 ml/min)
95% O2/5% CO2 equilibrated artificial cerebrospinal fluid (aCSF;
NaCl 130 mM; KCl 3.5 mM; NaH2PO4 1.25 mM; MgSO4·7H2O
1.5 mM; CaCl2 2.0 mM; NaHCO3 24 mM and glucose 10 mM).
Whole-cell patch-clamp recordings of GABAergic sIPSCs were per-
formed in neurons from the medial subdivision of the CeA clamped
at −60 mV (n = 169 neurons). Patch pipettes (3–6 MΩ) were filled
with an internal solution composed of the following (in mM): 145
KCl, 0.5 EGTA, 2 MgCl2, 10 HEPES, 2 Mg-ATP and 0.2 Na-GTP. For
animal variability, each experimental group contained neurons from a
minimum of 3–4 rats. GABAergic activity was pharmacologically iso-
lated with 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 μM), DL-
2-amino-5-phosphonovalerate (DL-AP5, 30 μM) and CGP 55845A
(1 μM). In all experiments, cells with a series resistance > 25 MΩ

were excluded from analysis, and series resistance was continuously
monitored during gap-free recording with a 10 mV pulse. Cells in
which series resistance changed >25% during the experiment were
excluded from analysis. Data were analyzed using Mini Analysis
(Synaptosoft Inc., Fort Lee, NJ) with 3-min bins of gap-free recording.
All drugs were applied by bath superfusion.

Drugs

CGP 55845A, DL-AP5 and DNQX were obtained from Tocris
(Ellisville, MO). Ethanol was purchased from Remet (La Mirada,
CA). Drugs were added to the aCSF from stock solutions to obtain
known concentrations in the superfusate.

Statistical analysis

Data are presented as mean ± SEM, and n refers to the number of
cells. The criterion for statistical significance was P < 0.05. Statis-
tical analyses were performed in Prism 7 (GraphPad Software, La
Jolla, CA). Data were analyzed with two-way analysis of variance
(ANOVA; Treatment Group × Sex or Treatment Group × Cycle)
followed by Bonferroni post hoc comparisons or one-sample t-test
as appropriate.

RESULTS

We recorded GABAergic sIPSCs from neurons (n = 175) in the
medial subdivision of the CeA of both female and male naïve
and alcohol dependent rats, using the whole-cell patch clamp
configuration. We first examined baseline sIPSC group differences
(Fig. 1) where in general, changes in the frequency of currents
reflect altered presynaptic neurotransmitter release, changes in
current kinetics reflect alterations in postsynaptic GABAA receptor
sensitivity and changes in current amplitudes can be a mix of
pre- and postsynaptic changes (De Koninck and Mody, 1994; Otis
et al., 1994). We did not find a significant main effect of sex or
alcohol treatment group for baseline sIPSC frequency (Fig. 1C), but
there was a Sex X Group interaction effect (two-way ANOVA;
F1,171 = 6.62, P < 0.05). This effect was driven by a significant
elevation in sIPSC frequency in dependent males compared with
naïve males (Bonferroni; t171 = 2.30, P < 0.05), indicating increased
presynaptic GABA release in dependent males but not females. We
found no significant differences between female and male, naive
and dependent CeA neurons in baseline sIPSC amplitude (Fig. 1D).
Females had significantly faster sIPSC rise time (two-way ANOVA;
Sex: F1,171 = 9.72, P < 0.01; Fig. 1E) than males, and naïve animals
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Fig. 1. Female CeA spontaneous GABAergic transmission has faster postsynaptic kinetics. (A, B) Representative GABAA-mediated sIPSCs of CeA neurons from

naive and dependent female (A) and male (B) rats. (C) There is no main sex difference and no significant difference between female naïve and dependent CeA

baseline sIPSC frequency. However, dependent male baseline sIPSC frequency (1.95 ± 0.22 Hz) is significantly higher than naïve male (1.28 ± 0.15 Hz). (D) There

are no significant differences between female and male naïve and dependent CeA baseline sIPSC amplitude. (E) Female naïve CeA baseline sIPSC rise time

(2.25 ± 0.05 ms) is significantly lower than male naïve (2.60 ± 0.08 ms) and female (2.61 ± 0.06 ms) and male dependent (2.64 ± 0.06 ms) rise times. (F) Females

have faster sIPSC decay time (naïve, 6.37 ± 0.34 ms; dependent, 7.39 ± 0.39 ms) than males (naïve, 7.43 ± 0.38 ms; dependent, 8.51 ± 0.41 ms) and naïve animals

have faster decay time than alcohol dependent animals. n = 34–49 neurons per group. ∗Significant difference (P < 0.05).

had significantly faster sIPSC rise time (two-way ANOVA; Group:
F1,171 = 10.64, P < 0.01; Fig. 1E) than dependent animals. Addi-
tionally, a significant Sex X Group interaction effect (F1,171 = 7.09,

P < 0.01) found that naïve females had significantly faster sIPSC rise
time than dependent females (Bonferroni; t171 = 4.41, P = 0.0001),
and naïve (Bonferroni; t171 = 3.95, P < 0.001) and dependent males
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Fig. 2. CeA GABAergic transmission postsynaptic kinetics are estrous cycle dependent and affected by alcohol dependence. There are no significant differences

in naïve and dependent female baseline sIPSC frequency (A), amplitude (B) or decay time (D) regardless of estrous cycle. (C) Female CeA baseline sIPSC rise

time is dependent on estrous cycle and alcohol dependence. Estrus naïve female CeA sIPSC rise time (2.55 ± 0.09 ms) is significantly slower than proestrus

(2.14 ± 0.08 ms) or metestrus/diestrus (2.12 ± 0.08 ms) naïve females. Alcohol dependence induces a slower sIPSC rise time in metestrus/diestrus females

(2.68 ± 0.07 ms) compared with naïve females in the same stage of the estrous cycle. n = 3–32 neurons per group. ∗Significant difference (P < 0.05).

(Bonferroni; t171 = 4.75, P < 0.0001). Females also had significantly
faster decay times (two-way ANOVA; Sex: F1,171 = 8.01, P < 0.01;
Fig. 1F) than males, and naïve animals had significantly faster decay
times (two-way ANOVA; Group: F1,171 = 7.37, P < 0.01; Fig. 1F)
than dependent animals. These sIPSC kinetic differences indicate
CeA postsynaptic GABAA receptor sex differences as well as changes
induced by alcohol dependence.

We next re-examined the female naïve and dependent baseline
sIPSC characteristics grouped according to estrous cycle stage of the
animal on the day of recording. A chi-square test of independence
showed no significant association between alcohol treatment and
estrous cycle stage, χ2 (3, N = 40) = 5.01, P > 0.05. For examination
of sIPSC characteristics, we combined metestrus and diestrus neurons
into a single group (Kirson et al., 2018). We found no significant
differences between estrous cycle stage of naïve and dependent
females for sIPSC frequency (Fig. 2A), amplitude (Fig. 2B) or decay
time (Fig. 2D). However, sIPSC rise time was significantly different
between estrous cycle stages (two-way ANOVA; Cycle: F2,86 = 3.30,
P < 0.05; Fig. 2C) and naive and dependent (two-way ANOVA;
Group: F1,86 = 7.50, P < 0.01; Fig. 2C) female rats. Additionally,

a significant Estrous Cycle X Group interaction effect (F2,86 = 3.46,
P < 0.05) found that estrus females had significantly slower sIPSC
rise time than proestrus (Bonferroni; t86 = 3.34, P < 0.05) or
metestrus/diestrus females (Bonferroni; t86 = 3.37, P < 0.05), and
diestrus dependent females had significantly slower sIPSC rise time
than diestrus naïve females (Bonferroni; t86 = 5.25, P < 0.0001).

We then investigated the effects of acute alcohol on sIPSCs
in female and male naïve and dependent CeA neurons. For male
animals, acute ethanol application increases CeA GABA signaling
(Roberto et al., 2003, 2010; Varodayan et al., 2017; Tunstall et al.,
2019; Khom et al., 2020a). Thus, as expected, acute alcohol (44 mM)
significantly increased sIPSC frequency to 135.3 ± 4.5% of baseline
in naïve (t9 = 7.79, P < 0.0001) and 133.2 ± 10.7% of baseline in
dependent (t12 = 3.11, P < 0.01) males, indicating increased presy-
naptic GABA release (Fig. 3B and C). However, acute alcohol had no
effect on sIPSC frequency in either naïve (96.9 ± 8.9% of baseline)
or dependent (104 ± 6.9% of baseline) females (Fig. 3A and C). A
two-way ANOVA of Sex and Treatment Group found a significant
difference in the effect of acute alcohol between males and females
(Sex: F1,42 = 15.73, P < 0.001; Fig. 3C), but no effect of alcohol



Alcohol and Alcoholism, 2021, Vol. 56, No. 5 585

Fig. 3. Female CeA spontaneous GABAergic transmission is insensitive to an effective concentration of acute alcohol in males. (A, B) Representative GABAA-

mediated sIPSCs of CeA neurons from naive and dependent female (A) and male (B) rats at baseline, and with subsequent acute application of alcohol (ethanol;

44 mM). (C) Acute alcohol has different effects on female and male CeA sIPSC frequency regardless of alcohol treatment history. As previously shown, acute

alcohol increases CeA sIPSC frequency in naïve (135.3 ± 4.5% of baseline) and dependent (133.2 ± 10.7% of baseline) males. However, acute alcohol has no effect

on sIPSC frequency in naïve (96.9 ± 8.9% of baseline) or dependent (104 ± 6.9% of baseline) females. There are no significant effects of acute alcohol on female

and male naïve and dependent CeA sIPSC amplitude (D), rise time (E) or decay time (F). n = 9–14 neurons per group. ∗Significant difference (P < 0.05).

treatment or interaction. As expected, acute 44-mM alcohol had no
effect on sIPSC amplitude (Fig. 3D), rise time (Fig. 3E) or decay time
(Fig. 3F) of female or male, naïve and dependent rats.

Finally, we examined increasing concentrations of acute alcohol
to determine whether the lack of effect on presynaptic GABA release
in females was due to a shift in alcohol sensitivity. In males, we found
44 and 66-mM alcohol significantly increased sIPSC frequency in
both naïve (44: t9 = 7.79, P < 0.0001; 66: t4 = 3.42, P < 0.05) and
dependent (44: t12 = 3.11, P < 0.01; 66: t4 = 3.31, P < 0.05) animals,
whereas 88-mM alcohol only increased sIPSC frequency in naïve
(t5 = 6.27, P < 0.01) males (Fig. 4A and C). Lower concentrations of
alcohol (11 and 22 mM) were ineffective in naïve and dependent
males (Fig. 4C). Alcohol did not affect sIPSC frequency at any tested
concentration in naïve females (Fig. 4B), however, 88-mM alcohol
(the highest tested concentration) significantly increased sIPSC fre-
quency in female dependents (t7 = 3.22, P < 0.05; Fig. 4A and B).
These data suggest that dependence generates a mild sensitivity to
acute alcohol induced GABA release in the CeA of females.

DISCUSSION

The goal of this study was to characterize sex differences in CeA
inhibitory synaptic transmission of naïve and alcohol dependent rats,
and any sexually dimorphic effects of acute alcohol on inhibitory
control of these CeA neurons. Here, we report similar presynaptic
GABAergic input on CeA neurons between naïve female and male
rats, but faster postsynaptic GABAA receptor current kinetics (rise

and decay time) in female rats. Additionally, alcohol dependence
induces increased GABAergic input on CeA neurons of male but not
female rats, and a slowing of postsynaptic GABAA receptor current
kinetics in CeA neurons of both sexes. We examined the female
data for any differences based on estrous cycle and found that in
naïve females, sIPSC rise time is higher in CeA neurons from estrus
females. This indicates the faster rise time in naïve females is primarily
due to those in proestrus and metestrus/diestrus, and the increased
rise time with alcohol dependence is due to alterations in GABAA
receptor functioning in these estrous cycle stages. As we did not
select for estrous cycle and pooled metestrus and diestrus data, group
size appears heavily shifted to a higher occurrence of low hormone
estrous cycle stages in dependent females (n = 8 cells, proestrus; n = 3
cells, estrus; n = 32 cells and metestrus/diestrus), but we do not find
a significant difference in the distribution of estrous cycle stage on
day of recording between naïve and dependent females. Acute and
chronic alcohol administration disrupts the normal estrous cycling of
rats, resulting in low levels of hormones consistent with a persistent
diestrus-like state (Eskay et al., 1981; Rettori et al., 1987; Alfonso
et al., 1993; LaPaglia et al., 1997; Emanuele et al., 2002). However,
the sIPSC rise times in dependent females are dissimilar to naïve
females in both the lowest hormone state (metestrus/diestrus) and the
highest hormone state (proestrus).

Importantly, the progesterone derivative allopregnanolone is a
potent positive allosteric modulator of the GABAA receptor, and
changing progesterone levels could play a role in the estrous cycle
dependent GABAA receptor kinetics seen here (Callachan et al.,
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Fig. 4. Alcohol dependent female CeA GABAergic transmission is only sen-

sitive to high concentrations of alcohol. (A) Representative GABAA-mediated

sIPSCs of CeA neurons from dependent female and male rats at baseline, and

with subsequent acute application of a high concentration of alcohol (ethanol,

88 mM). (B) Acute alcohol at varying concentrations (ethanol; 11, 22, 44, 66

and 88 mM) has no effect on naïve female CeA sIPSC frequency. However, in

dependent females, 88-mM alcohol increased sIPSC frequency (141 ± 12.74%

of baseline). (C) Moderate acute alcohol concentrations increased CeA sIPSC

frequency in both naïve (44: 135.3 ± 4.52% of baseline; 66: 122.9 ± 6.7% of

baseline) and dependent (44: 133.2 ± 10.67% of baseline; 66: 141 ± 12.4% of

baseline) males. However, 88-mM alcohol only increased sIPSC frequency

in naïve males (150.9 ± 8.1% of baseline), with a lack of effect in dependent

males (107.6 ± 7.3% of baseline). Lower concentrations of alcohol (11 and

22 mM) had no effect on sIPSC frequency in naïve or dependent males.

n = 4–14 neurons per group. ∗Significant difference (P < 0.05).

1987; Smith et al., 2007). During proestrus, peak estradiol levels
lead to increasing levels of progesterone, and subsequently allo-
pregnanolone, that fall to low levels during estrus and remain low
throughout metestrus and diestrus (Staley and Scharfman, 2005).

One effect of the low levels of these hormones during late diestrus
is upregulation of the allopregnanolone sensitive α4 and δ GABAA
receptor subunits in multiple brain regions (Smith et al., 2007;
Lovick, 2012). However, GABAA receptors containing these subunits
are extrasynaptic and responsible for tonic inhibition (Smith et al.,
2007; Herman et al., 2016), and unlikely to be responsible for the
estrous cycle dependent kinetics of the fast phasic GABA transmis-
sion examined here. Future studies may need to monitor estrous
cycle more closely throughout the chronic alcohol exposure to fully
characterize estrous cycling dysregulation and identify changes to
GABAergic signaling at any inflection points.

In this study, acute alcohol increases presynaptic GABA release
on naïve and alcohol dependent male CeA neurons, an effect we
consistently see in male rodents (Roberto et al., 2003, 2004; Gilpin
et al., 2011; Varodayan et al., 2017; Tunstall et al., 2019). However,
acute alcohol had no effect on presynaptic GABA release in naïve
female CeA, and in dependent females, only increased GABA at
the highest alcohol concentration tested (88 mM), approximately
equivalent to a 0.4% blood alcohol level. Sex differences in stress-
related signaling may underlie the lack of effect of alcohol in female
CeA neurons. Corticotropin releasing factor (CRF), a major stress-
related neuromodulator, is released in response to stress, and CRF
increases GABA release in the CeA of male rats (Roberto et al., 2010).
CeA CRF signaling is upregulated in male alcohol dependent rats, and
the acute alcohol induced increase in CeA GABA release seen in these
rats is mediated by the CRF system (Roberto et al., 2010; Varodayan
et al., 2017). In rodents, sex differences in response to CRF have been
identified at the neuron, brain region and circuit levels (Bangasser
et al., 2010; Salvatore et al., 2018; Wellman et al., 2018), and a
recent study found sex differences in response to exogenous CRF and
a lack of effect of alcohol in females in CRF receptor 1 expressing
neurons in the CeA of mice (Agoglia et al., 2020). In addition, we
have previously reported on sex differences in the interactions of
alcohol and other stress-related neuromodulator systems on synaptic
transmission at CeA glutamatergic synapses (Logrip et al., 2016;
Kirson et al., 2018). Although stress-related systems and alcohol
dependence are linked, it is unclear what adaptation has occurred
in dependent females to induce the presynaptic GABA release seen
with acute alcohol, or why the sensitivity to alcohol is so vastly
different from the dependent males. Interestingly, 88-mM alcohol did
not increase GABA release in dependent males. We have previously
found that acute alcohol has an inverted U-shaped concentration
response curve on CeA GABA (Roberto et al., 2003, 2004), so the
most parsimonious explanation of this lack of effect is a left shift in
this curve due to the already elevated GABA with alcohol dependence.
Specific estrous cycle stage may also play a role in the disparate effect
of acute alcohol between the sexes. However, in this study we did not
have adequate representation of all cycle stages for each experiment.
Future studies into whether the CRF system or other stress-related or
sex steroid hormone-related mechanisms are involved in the effects
of alcohol in female dependents is warranted.

To our knowledge, this is the first electrophysiological study
to examine sex differences in CeA GABAergic activity and alcohol
effects in alcohol dependent rats. In general, GABAergic signaling in
female CeA was largely insensitive to alcohol, perhaps suggesting an
alternative circuit may be primarily responsible for sex differences
in drinking behaviors compared with males. However, the increased
sensitivity of CeA to alcohol in the dependent females suggests that
some of the adverse neural consequences of AUD in women may
derive from this now compromised GABAergic circuitry, similar to
the hallmark of alcohol dependence we observe in male animal
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models. Due to the intersection of stress- and alcohol dependence-
related signaling, the CeA is a continuing region of interest for
understanding sex differences in AUD and stress related disorders.
Examination of other aspects of CeA GABA signaling, such as tonic
conductances, as well as further identification of specific modulatory
systems involved in these sex and estrous cycle differences will be
important for the development of more targeted treatments for AUD.
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