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A B S T R A C T   

Impairments in the function of the hypothalamic-pituitary-adrenal (HPA) axis and enhanced glucocorticoid re-
ceptor (GR) activity in the central amygdala (CeA) are critical mechanisms in the pathogenesis of alcohol use 
disorder (AUD). The GR antagonist mifepristone attenuates craving in AUD patients, alcohol consumption in 
AUD models, and decreases CeA γ-aminobutyric acid (GABA) transmission in alcohol-dependent rats. Previous 
studies suggest elevated GR activity in the CeA of male alcohol-preferring Marchigian-Sardinian (msP) rats, but 
its contribution to heightened CeA GABA transmission driving their characteristic post-dependent phenotype is 
largely unknown. 

We determined Nr3c1 (the gene encoding GR) gene transcription in the CeA in male and female msP and 
Wistar rats using in situ hybridization and studied acute effects of mifepristone (10 μM) and its interaction with 
ethanol (44 mM) on pharmacologically isolated spontaneous inhibitory postsynaptic currents (sIPSCs) and 
electrically evoked inhibitory postsynaptic potentials (eIPSPs) in the CeA using ex vivo slice electrophysiology. 

Female rats of both genotypes expressed more CeA GRs than males, suggesting a sexually dimorphic GR 
regulation of CeA activity. Mifepristone reduced sIPSC frequencies (GABA release) and eIPSP amplitudes in msP 
rats of both sexes, but not in their Wistar counterparts; however, it did not prevent acute ethanol-induced in-
crease in CeA GABA transmission in male rats. 

In msP rats, GR regulates CeA GABAergic signaling under basal conditions, indicative of intrinsically active 
GR. Thus, enhanced GR function in the CeA represents a key mechanism contributing to maladaptive behaviors 
associated with AUD.   

1. Introduction 

Alcohol use disorder (AUD) is a chronic, relapsing disease (Carvalho 
et al., 2019; Heilig et al., 2021; Koob, 2021) that is characterized by a 
compulsion to seek and consume alcohol, accompanied by both the loss 
of control over intake and the emergence of negative affect when access 

to alcohol is not possible (Koob, 2015; Koob and Schulkin, 2019). 
Importantly, 5.3% of all deaths, translating to approximately 3 million 
premature deaths per year, are caused by harmful alcohol consumption 
(Glantz et al., 2020). 

Dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis is an 
integral mechanism in the transition to, and maintenance of, AUD. 
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Consequently, the corticotropin-releasing factor (CRF)/CRF1 receptor 
system (Koob, 2021, 2022) and further downstream systems, such as 
glucocorticoids and their congener receptors (i.e., glucocorticoid re-
ceptors [GRs] and mineralocorticoid receptors [MRs] (Meijer et al., 
2022) have potential as therapeutic targets for the treatment of AUD. 
Recent studies identified elevations of GR phosphorylation, which is 
indicative of enhanced GR function, in the central nucleus of the 
amygdala (CeA) of alcohol-dependent rats (Vendruscolo et al., 2015). 
The CeA is a critical brain region processing negative emotional states 
that are associated with AUD (Roberto et al., 2021). The GR antagonist 
mifepristone and more selective GR modulators (e.g., CORT113176, 
CORT118335, CORT122928, and CORT125134) decreased alcohol 
consumption in alcohol-dependent and in genetically selected alcohol 
preferring rats (Benvenuti et al., 2021; McGinn et al., 2021; Vendruscolo 
et al., 2012, 2015). Mifepristone also prevented stress-induced rein-
statement of ethanol seeking in nondependent rats (Simms et al., 2012) 
and importantly reduced cue-induced craving and alcohol consumption 
in AUD patients (Vendruscolo et al., 2015). At the synaptic level, we 
reported that mifepristone and CORT118335 decreased CeA γ-amino-
butyric acid (GABA) transmission more efficiently in male 
alcohol-dependent rats than in alcohol-naive controls (Khom et al., 
2022), indicating GR recruitment in response to the stress that is asso-
ciated with chronic intermittent alcohol exposure (CIE) and withdrawal 
(Koob, 2022; Koob and Schulkin, 2019). 

Unlike in rodent models in which alcohol dependence is induced (e. 
g., by CIE), genetically selected Marchigian-Sardinian alcohol-preferring 
(msP) rats consume large amounts of ethanol, and they exhibit innately 
high levels of anxiety-like, stress-like, and depression-like symptoms. A 
causal role has been attributed to polymorphisms of the Crhr1 gene 
(Borruto et al., 2021; Ciccocioppo et al., 2006; Cippitelli et al., 2015; 
Hansson et al., 2006). A common phenomenon that is observed in 
alcohol dependence, induced by chronic intermittent ethanol con-
sumption, across species, including rats (Khom et al., 2020a, 2020b, 
2022; Roberto et al., 2004; Varodayan et al., 2017), mice (Herman et al., 
2016a; Patel et al., 2021), macaques (Patel et al., 2022), and humans 
(Augier et al., 2018), is the elevated activity of CeA GABAergic synapses. 
Indeed, CeA GABAergic (Herman et al., 2013) and glutamatergic (Her-
man et al., 2016b; Natividad et al., 2017, p. 201) transmission in male 
msP rats is elevated compared to Wistar rats. Additionally, in msP rats, 
CeA CRF1 receptor sensitivity to CRF, accompanied by higher levels of 
phosphorylated GRs [indicative of more pronounced GR control over 
CeA activity (Natividad et al., 2021)], mimics features of a 
post-dependent phenotype. Moreover, behavioral studies show that se-
lective GR antagonism reduces alcohol self-administration in female but 
not in male msP rats (Benvenuti et al., 2021) suggesting sex differences 
in response to GR antagonism. These findings prompted us to further 
investigate the role of GRs in regulating CeA GABAergic activity in male 
and female msP rats compared with their non genetically-selected 
Wistar counterparts. We employed in situ hybridization (ISH) to inves-
tigate CeA GR gene expression (Nr3c1) and its colocalization with either 
GABAergic or glutamatergic neurons. We used mifepristone as a phar-
macological tool to dissect potential differences in the GR regulation of 
CeA GABA transmission in msP vs. Wistar rats using ex vivo slice 
electrophysiology. 

2. Materials and methods 

2.1. Animals 

All procedures were approved by the Scripps Research Institutional 
Animal Care and Use Committee (protocol no. 09-0006). All animal 
experiments were conducted in accordance with guidelines of the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory 
Animals, and the results are reported according to ARRIVE guidelines. 
All efforts were made to minimize animal suffering and reduce the 
number of animals used. 

We used 65 adult (22 male msP, 14 female msP, 18 male Wistar, 11 
female Wistar) rats. Wistar rats were either purchased from Charles 
River (Raleigh, NC, USA), weighing 225–250 g upon arrival, or taken 
from our breeding colony at Scripps Research. msP rats were taken from 
our breeding colony at Scripps Research. All rats were group-housed 
(2–3/cage) in standard plastic cages in a temperature- and humidity- 
controlled room under a reverse 12 h/12 h light/dark cycle with ad 
libitum access to food and water. Females were allowed to freely cycle. 

2.2. Chronic ethanol vapor inhalation 

We used the standard chronic intermittent ethanol exposure (CIE) 
paradigm at Scripps Research to induce alcohol dependence in eight 
male Wistar rats in two separate cohorts. The animals were daily 
exposed to ethanol vapor in their home cages (14 h vapor on/10 h vapor 
off) for 5–7 weeks (Khom et al., 2020a; Roberto et al., 2004; Varodayan 
et al., 2022). We determined blood alcohol levels (BALs) from tail vein 
blood samples 1–2 times weekly. Average BALs from all animals were 
223 ± 29 mg/dl. 

2.3. In situ hybridization 

A total of 12 rats (n = 3/sex and genotype; 2 CeA sections from each 
rat) were deeply anesthetized with 3–5% isoflurane and decapitated. 
Brains were rapidly removed, flash frozen in prechilled isopentane on 
dry ice, and stored at − 80 ◦C. Brains were sliced on a cryostat in 20 μm- 
thick sections. The sections were mounted on SuperFrost Plus slides 
(Fisher Scientific, catalog no. 1255015) and stored at − 80 ◦C for further 
processing. We then performed ISH using the RNAscope fluorescent 
multiplex kit (ACD, catalog no. 320850), including a target retrieval 
protocol under RNase-free conditions as outlined in the manufacturer’s 
manual (ACD, catalog no. 320513 and 320293). The slides were fixed in 
cold phosphate-buffered saline/Z-fix (Anathec, catalog no. 6480) for 15 
min at 4 ◦C and then dehydrated at room temperature in 50%, 70%, and 
100% ethanol for 5 min at each concentration. After pretreatment, 
protease IV (ACD, catalog no. 322336) was applied to the slides for 30 
min at room temperature. The slides were incubated with the following 
probes: Nr3c1 (ACD, catalog no. 466991-C1; encoding GR), Slc17a7 
(ACD, catalog no. 317001-C2; encoding vesicular glutamate transporter 
type 1 [Vglut1]), and Gad2 (ACD, catalog no. 435801-C3; encoding 
glutamate decarboxylase) for 2 h at 40 ◦C. A negative control (ACD, 
catalog no. 320871) was run in tandem. We amplified the signal to 
detect RNA transcripts for a total of 90 min at 40 ◦C according to the 
manufacturer’s instructions. Finally, the slides were mounted with 
DAPI-containing Vectashield (Fisher Scientific, catalog no. 
NC9029229). 

2.4. Imaging and analysis 

We took multiple (6) images from each CeA at similar bregma points 
to control for variation using a Zeiss LSM 780 laser scanning confocal 
microscope (40 × oil immersion, 1024 × 1024, tile scanning of CeA 5 μm 
z-stacks) and kept all microscope settings the same between the exper-
iments during image acquisition. Analysis and quantification were per-
formed as previously described (Khom et al., 2020b; Varodayan et al., 
2022). Briefly, we identified and counted nuclei in the CeA based on 
their DAPI staining using Fiji. Nuclei were considered positive for the 
probe if the corresponding fluorescent signal was present after back-
ground (negative control) subtraction. The percentage of positive nuclei 
for labeled cells was calculated. Next, the percentage of Nr3c1+ nuclei 
that expressed the marker of interest was determined by dividing the 
number of co-labeled nuclei by the total number of Nr3c1+ nuclei. 

2.5. Ex vivo slice electrophysiology 

We prepared brain slices and performed electrophysiological 
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recordings as previously described (Demoret et al., 2020; Khom et al., 
2021; Roberto et al., 2004, 2010; Steinman et al., 2021; Suárez et al., 
2020; Varodayan et al., 2018). We decapitated deeply anesthetized rats 
(3–5% isoflurane anesthesia) and quickly removed their brains in 
ice-cold oxygenated cutting solution (composition: 206 mM sucrose, 2.5 
mM KCl, 0.5 mM CaCl2, 7 mM MgCl2, 1.2 mM NaH2PO4, 26 mM 
NaHCO3, 5 mM glucose, and 5 mM HEPES). We cut 300–400 μm thick 
coronal slices that contained the medial subdivision of the CeA using a 
Leica VT 1000S or Leica VT 12000S. Notably, dependent rats were 
euthanized in the last hour of their daily ethanol vapor exposure and 
were still intoxicated at the time of euthanasia. However, we did not 
supplement any solution (slicing, incubation, or bath solution) with 
ethanol; thus, the slices underwent acute in vitro ethanol withdrawal 
(1–8 h; (Khom et al., 2022; Khom et al., 2020a; Khom et al., 2020b; 
Kirson et al., 2021; Varodayan et al., 2022). 

2.5.1. Intracellular recordings of evoked responses 
CeA slices were incubated in an interface configuration for 15–20 

min and then completely submerged and continuously superfused (flow 
rate of 2–4 ml/min) with 95% O2/5% CO2 equilibrated artificial cere-
brospinal fluid (aCSF) of the following composition: 130 mM NaCl, 3.5 
mM KCl, 1.25 mM NaH2PO4, 1.5 mM MgSO4•7H2O, 2.0 mM CaCl2, 24 
mM NaHCO3, and 10 mM glucose. We recorded from 56 CeA (medial 
subdivision) neurons using sharp micropipettes that were filled with 3M 
KCl in discontinuous current-clamp mode (Roberto et al., 2004, 2010), 
holding them near their resting membrane potential (− 82.4 ± 0.8 mV). 
We acquired data with an Axoclamp-2A amplifier (Molecular Devices, 
Foster City, CA, USA) and stored them for offline analysis using pClamp 
10.2 software (Molecular Devices, Foster City, CA, USA). Hyper-
polarizing and depolarizing current steps (200 pA increments, 750 ms 
duration) were applied to generate I–V curves to assess cellular health. 
Recordings were obtained randomly from all neuronal cell types that are 
commonly found in the CeA. We evoked GABAA receptor-mediated 
inhibitory postsynaptic potentials (eIPSPs) by stimulating locally 
within the CeA through a bipolar stimulating electrode and superfusing 
the slices with aCSF that contained blockers of glutamate-mediated 
synaptic transmission (20 μM 6,7-dinitroquinoxaline-2,3-dione 
[DNQX] and 30 μM DL-2-amino-5-phosphonovalerate [DL-AP-5]) and 
GABAB receptors (1 μM CGP55845A). To determine synaptic response 
parameters for each cell, we performed an input/output (I/O) protocol 
(Roberto et al., 2003, 2004, 2010) that consisted of a range of five 
current stimulations (50–250 nA, 0.125 Hz), starting at the minimum 
current that was required to elicit an IPSP up to the strength that is 
required to elicit the maximum subthreshold amplitude. These stimulus 
strengths were maintained throughout the entire duration of the 
experiment. We examined paired-pulse facilitation (PPF) in each neuron 
using paired stimuli at 100 ms interstimulus intervals (Roberto et al., 
2004). The stimulus strength was adjusted such that the amplitude of the 
first eIPSP was ~50% of the maximal amplitude that was determined by 
the I/O protocol. PPF was calculated as the amplitude of the second 
eIPSP over the first eIPSP. Drug-induced changes in the PPF generally 
reflect presynaptic effects, such that an increase in the PPF suggests a 
decrease in neurotransmitter (e.g., GABA) release (Roberto et al., 2004). 
All measures were taken before drug superfusion (control) and during 
drug superfusion. 

2.5.2. Patch clamp recordings 
We recorded from 88 neurons from the medial subdivision of the CeA 

using the whole-cell voltage clamp configuration as previously 
described (Khom et al., 2020a, 2021; Varodayan et al., 2018). We 
visualized neurons using infrared differential interference contrast op-
tics and either 40 × or 60 × water-immersion objectives (Olympus 
BX51WI) and charge-coupled device cameras (EXi Aqua, QImaging). We 
recorded in gap-free acquisition mode with a 20 kHz sampling rate and 
10 kHz low-pass filtering using a MultiClamp700B amplifier, Digidata 
1440A, and pClamp 10 software (MolecularDevices). 

We pulled patch pipettes (average resistance, 3–5 MΩ) from boro-
silicate glass (King Precision) and filled them with a KCl-based internal 
solution that was composed of 135 mM KCl, 5 mM EGTA, 5 mM MgCl2, 
10 mM HEPES, 2 mM Mg-ATP, and 0.2 mM Na-GTP (pH 7.2–7.4, 
adjusted with 1M KOH, 290–300 mOsm). All neurons were held at − 60 
mV during the entire recording, and pharmacologically isolated action 
potential-dependent GABAA receptor-mediated spontaneous post-
synaptic inhibitory currents (sIPSCs) were isolated by adding antago-
nists of glutamate-mediated transmission and GABAB receptors to the 
bath solution as described above. Data were derived from neurons with 
access resistance (Ra) ≤ 15 MΩ and a maximum change of Ra ≤ 20% 
during the recording as monitored by 10 mV pulses that were applied 
approximately every 1 min. 

2.6. Drugs 

Mifepristone was purchased from Cayman Chemical (Ann Arbor, MI, 
USA). Ethanol was obtained from Remet (La Mirada, CA, USA). All other 
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). We 
prepared stock solutions of DL-AP-5 and CGP55845A in distilled water. 
DNQX and mifepristone were dissolved in 100% dimethylsulfoxide. All 
drugs, including ethanol, were added to the bath solution to achieve the 
indicated concentrations. 

2.7. Data and statistical analysis 

Data throughout the manuscript are presented as the mean ± stan-
dard error of the mean (SEM) of either raw values or normalized data. 
Sample sizes are based on experience from our laboratory for similar 
studies. All datasets were derived from ≥3 rats from each sex and ge-
notype and are indicated for each experiment in the figure legend; n 
denotes the total number of recorded cells. Data were pooled per ge-
notype and sex but not by estrous cycle stage. To avoid pseudo- 
replication by collecting multiple recordings from one individual ani-
mal, we set a cutoff ≤3 data points for all datasets from single animals. 
The criterion for statistical significance for all experiments was set to p 
< 0.05. We used a two-way analysis of variance (ANOVA) to determine 
statistically significant changes in the Nr3c1 expression with sex and 
genotype as factors shown in Fig. 1. sIPSC characteristics were deter-
mined in Mini Analysis 5.1 software (Synaptosoft, Leonia, NJ, USA). 
sIPSCs with amplitudes >5 pA were counted, and each event was visu-
ally confirmed. We analyzed sIPSC frequencies, amplitudes, rise and 
decay times combining them in 3-min bins, except for baseline for which 
we used 3–5 min bins. Intracellular recordings were analyzed using 
Clampfit 10.2 software (Molecular Devices). We used Prism 9.5 software 
(GraphPad Software, San Diego, CA, USA) to plot the results and 
perform the statistical analysis. For the electrophysiological data, we 
used the Kolmogorov-Smirnov test to probe for a Gaussian data distri-
bution, one-sample t-tests to determine per se effects of drugs (percent 
changes from baseline), two-tailed unpaired t-tests to compare two in-
dependent groups, and two-way ANOVAs to test for differences between 
multiple groups, with sex and genotype as factors, followed by the Tukey 
post hoc test when appropriate. 

3. Results 

3.1. Female CeA neurons express more Nr3c1 compared with males 

We first performed ISH using RNAscope technology to determine 
potential sex- and genotype-dependent differences in CeA GR (Nr3c1) 
expression and its co-localization with glutamic acid decarboxylase 
(GAD2) as a marker for GABAergic neurons and vesicular glutamate 
transporter subtype 1 (Slc17a7) as a marker for glutamatergic neurons 
(Wolfe et al., 2019). As shown in Fig. 1A and B, the majority of CeA cells 
in both genotypes and sexes expressed GAD2, which is consistent with 
the primarily GABAergic composition of the CeA. Notably, the two-way 
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ANOVA identified a main effect of genotype on GAD2 expression (F1,20 
= 5.352, p = 0.0315) but no main effect of sex (F1,20 = 1.373, p =
0.2551) and no sex × genotype interaction (F1,20 = 1.20, p = 0.1178), 
suggesting that the CeA in msP rats comprises more GABAergic neurons 
compared with their Wistar counterparts (Fig. 1A). We also found a 
main effect of sex on Slc17a7 expression (F1,20 = 11.80, p = 0.0026) but 
no effect of genotype (F1,20 = 0.5616, p = 0.4623) and no sex × genotype 
interaction (F1,8 = 1.010, p = 0.3270), suggesting that females have 
more glutamatergic neurons than males, regardless of genotype 
(Fig. 1C). Likewise, the two-way ANOVA revealed a significant main 
effect of sex on Nr3c1 expression (F1,20 = 47.55, p < 0.0001) but no main 
effect of genotype (F1,20 = 0.8345, p = 0.3719) and no sex × genotype 
interaction (F1,20 = 0.3007, p = 0.5895), indicating overall broader GR 
expression in the female CeA (Fig. 1D). 

Importantly, the vast majority (75–85%) of Nr3c1 puncta were 
detected on GAD2-positive neurons. The two-way ANOVA did not 
identify any main effects of sex (F1,20 = 0.1875, p = 0.6695) or genotype 
(F1,20 = 3.541, p = 0.0745) or a sex × genotype interaction (F1,20 =

2.310, p = 0.1442), supporting a critical role for GRs in the regulation of 
CeA GABA activity in both genotypes and sexes (Fig. 1E). Notably, we 
found a significant main effect of genotype (F1,20 = 0.141, p = 0.0067) 
on Nr3c1 co-expression with Slc17a7, suggesting potentially more pro-
nounced GR control of glutamatergic activity in msP rats (Fig. 1F), but 
no main effect of sex (F1,20 = 0.0524, p = 0.8212) and no sex × genotype 
interaction (F1,20 = 1.034, p = 0.3214). 

3.2. Both sex and genotype shape the activity of CeA GABAergic synapses 

Previous studies reported elevated GABA signaling in the CeA in 
male msP rats (Herman et al., 2013) to a similar extent as in 
alcohol-dependent rats (Roberto et al., 2004). Specifically, both 

electrically evoked GABA transmission and vesicular GABA release in 
male msP rats are significantly enhanced compared with their male 
Wistar counterparts (Herman et al., 2013). To our knowledge, sex dif-
ferences in CeA GABA signaling in msP and Wistar rats have not been 
previously studied. In the present study, we recorded action-potential 
dependent sIPSCs reflecting synaptic network activity and evoked 
IPSPs from the medial subdivision of the CeA, the major output of the 
amygdala, in both sexes of both genotypes. We found significant dif-
ferences in baseline action potential-dependent pre- and postsynaptic 
GABA signaling between both genotypes and sexes (Table 1). Specif-
ically, the two-way ANOVA of sIPSC frequencies revealed a significant 
genotype × sex interaction (F1,80 = 4.42, p = 0.0387), with no main 
effect of genotype (F1,80 = 1.450, p = 0.2321) or sex (F1,80 = 0.22, p =
0.6403). The Tukey post hoc test did not reveal any further differences 
between groups. We did not find main effects of either sex or genotype or 
a sex × genotype interaction for sIPSC amplitudes (two-way ANOVA; 
genotype: F1,80 = 1.003, p = 0.3196; sex: F1,80 = 0.2386, p = 0.6266; sex 
× genotype interaction: F1,80 = 1.133, p = 0.2903) or rise times (ge-
notype: F1,80 = 0.3446, p = 0.5589; sex: F1,80 = 9.4282, p = 0.5147; sex 
× genotype interaction: F1,80 = 0.9494, p = 0.3328). We found a sig-
nificant main effect of genotype on sIPSC decay times (F1,80 = 5.192, p =
0.0378) but no main effect of sex (F1,80 = 0.5107, p = 0.4769) and no 
sex × genotype interaction (F1,80 = 1.034, p = 0.3123), driven by 
longer decay times in Wistar rats compared with msP rats. 

Similarly, the two-way ANOVA identified a significant sex × geno-
type interaction for evoked IPSP amplitudes (F1,50 = 5.856, p = 0.0192) 
but no main effects of sex (F1,50 = 1.427, p = 0.2379) or genotype (F1,50 
= 2.325, p = 0.1336). The two-way ANOVA did not identify main effects 
of sex (F1,31 = 0.03272, p = 0.8576) or genotype (F1,31 = 1.368, p =
0.2511) on the PPF or a sex × genotype interaction (F1,31 = 0.8263, p =
0.3703; Table 1). 

Fig. 1. Elevated GR expression in the female CeA in both msP and Wistar rats. (A) Representative images of the medial subdivision of the CeA after in situ hy-
bridization for Gad2 (yellow signal) as a marker of GABAergic neurons, Slc17a7 (red signal) as a marker of glutamatergic neurons, Nr3c1 (green signal) for expression of 
GR, and DAPI to label cell bodies. The data are expressed as the mean ± SEM of normalized cell counts of GAD2-positive (B), Slc17a7-positive (C), and Nr3c1-positive 
(D) neurons in the CeA in rats of the indicated sexes and genotypes. The data are expressed as the mean ± SEM of the number of neurons that co-expressed either 
Nr3c1 and GAD2 (E) or Nr3c1 and SLc17a7 (F). Main effects of sex and genotype and a sex × genotype interaction were determined by two-way ANOVA ($p < 0.05, 
main effect of sex; %p < 0.05, main effect of genotype). Two sections from 3 animals for each sex and genotype were imaged and analyzed. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Glucocorticoid receptors regulate CeA GABA transmission in msP 
rats 

Our previous electrophysiological studies of the GR regulation of 
CeA GABA transmission revealed significantly stronger effects of the GR 
antagonist mifepristone in male alcohol-dependent Sprague-Dawley rats 
compared with naive controls (Khom et al., 2022), indicating recruit-
ment of the GR system in regulating CeA GABA activity after chronic 
intermittent ethanol exposure. In the present study, we tested the effect 
of acute mifepristone (10 μM) on CeA sIPSCs in both genotypes and 
sexes. The two-way ANOVA identified a significant main effect of ge-
notype on sIPSC frequencies (F1,46 = 4.361, p = 0.0423) but no effect of 
sex (F1,46 = 0.2312, p = 0.6329) and no sex × genotype interaction (F1, 

46 = 0.6824, p = 0.4130; Fig. 2A and B). One-sample t-tests revealed that 
mifepristone decreased sIPSC frequencies (reflecting decrease in GABA 
release) in both male (t = 3.506, df = 17, p = 0.0027) and female (t =
2.663, df = 8, p = 0.0287) msP rats but it had no significant effect on 
sIPSC frequencies in Wistar rats (male: t = 1.578, df = 12, p = 0.1405; 
female: t = 0.09201, df = 9, p = 0.9287; Fig. 2A–D), indicating GR 
regulation of CeA GABA transmission in msP rats under basal conditions 
but not in Wistar controls. The two-way ANOVA did not reveal any 
significant main effects of sex or genotype on sIPSC amplitudes or rise 
times in the presence of mifepristone or a sex × genotype interaction, 
but one-sample t-tests identified significantly larger sIPSC amplitudes (t 
= 2.511, df = 17, p = 0.0225) and rise times (t = 2.414, df = 17, p =
0.274) during mifepristone application compared with baseline in male 
msP rats, suggesting an effect on postsynaptic GABAA receptor func-
tions. Lastly, we found a significant main effect of sex (F1,46 = 4.273, p =
0.0444) on sIPSC decay times in the presence of mifepristone but no 
main effect of genotype (F1,46 = 0.0032, p = 0.9554) and no sex × ge-
notype interaction (F1,46 = 2.102, p = 0.1538), mainly driven by 
significantly larger sIPSC decay times in the presence of mifepristone in 
male msP rats (one-sample t-test: t = 3.550, df = 17, p = 0.0025), 
whereas sIPSC decay times did not differ from baseline in the other 
groups (see insets in Fig. 2A for scaled sIPSC averages and Fig. 2F). 

Similarly, we found a significant main effect of genotype on the ef-
fects of mifepristone on CeA evoked IPSP amplitudes (two-way ANOVA: 
F1,38 = 9.586, p = 0.0037) but no main effect of sex (F1,38 = 0.1582, p =

0.6931) and no sex × genotype interaction (F1,38 = 1.449, p = 0.2361), 
indicating that mifepristone decreased evoked GABA transmission only 
in the CeA in msP rats and not in Wistar controls (Fig. 3A and B). We 
found that mifepristone significantly decreased evoked IPSP amplitudes 
in male (t = 4.310, df = 13, p = 0.008) and female (t = 4.308, df = 7, p =
0.0035, both one-sample t-test) msP rats but not in male or female 
Wistar rats. Lastly, mifepristone significantly increased PPF only in male 
msP rats (t = 2.753, df = 10, p = 0.0204; Fig. 3C) and not in any other 
group. The two-way ANOVA did not reveal any significant effects of 
genotype or sex on the effects of mifepristone on PPF or a sex × genotype 
interaction. 

3.4. Acute ethanol increases GABA transmission only in the CeA of male 
rats 

In male rats (Sprague-Dawley and Wistar), both acute slice applica-
tion of 44 mM ethanol and in vivo CIE significantly and reproducibly 
elevate CeA GABA transmission (Khom et al., 2020a, 2020b; Roberto 
et al., 2003, 2004; Varodayan et al., 2017). These phenomena are not 
observed in female Sprague-Dawley rats, where CIE leads to acute 
ethanol sensitivity of the CeA GABAergic synaptic network without 
affecting baseline functions (Kirson et al., 2021). Notably, despite the 
already elevated CeA GABA tone in naïve male msP compared to Wistar 
rats, acute ethanol still facilitates its vesicular GABA release (Herman 
et al., 2013) Ethanol effects on CeA GABAergic synapses in female msP 
rats remain unknown. Thus, to determine how sex and genotype impact 
CeA sensitivity towards the acute effects of ethanol, we investigated the 
effect of a single ethanol concentration (44 mM) on network-dependent 
CeA GABAergic synaptic transmission in msP and Wistar rats (Fig. 4A). 
As shown in Fig. 4A and B 44 mM ethanol significantly increased sIPSC 
frequencies in both male msP rats (t = 2.931, df = 7, p = 0.022) and male 
Wistar rats (t = 4.597, df = 5, p = 0.0059), but did not have an overall 
effect in female msP rats (t = 1.142, df = 10, p = 0.2800) or female 
Wistar rats (t = 1.136, df = 9, p = 0.2851). The two-way ANOVA did not 
indicate any significant main effects of genotype (F1,32 = 0.3618, p =
0.5518) or sex (F1,32 = 0.6415, p = 0.4291) on the acute effect of ethanol 
on sIPSC frequencies or a sex × genotype interaction (F1,32 = 0.6847, p 
= 0.4141). Acute ethanol did not significantly alter sIPSC amplitudes 
(Fig. 4C) or rise times (Fig. 4D) in any group but increased sIPSC decay 
times in male msP rats (t = 3.619, df = 7, p = 0.0085). The two-way 
ANOVA did not indicate any significant main effects of sex (F1,27 =

0.0006, p = 0.9808) or genotype (F1,27 = 1.266, p = 0.2705) on the 
effects of ethanol on sIPSC decay times or a sex × genotype interaction 
(F1,27 = 0.769, p = 0.3883; Fig. 4E). These data suggest that acute 
ethanol enhances GABA signaling at both pre- and postsynaptic sites in 
male rats but does not significantly alter GABA transmission in female 
rats. 

3.5. Mifepristone does not prevent the ethanol-induced elevation of CeA 
GABA transmission in male rats 

Our recent electrophysiological studies of GR function revealed that 
mifepristone blunted acute ethanol effects on CeA GABA release in male 
alcohol-dependent Sprague-Dawley rats but not in ethanol-naive con-
trols (Khom et al., 2022). These findings support sensitized CeA GR 
signaling that stems from CIE and suggest that GR antagonism coun-
teracts chronic ethanol effects on GABA transmission and prevents its 
acute effects (Khom et al., 2022). As shown in Fig. 5A and B, in the 
continued presence of mifepristone, 44 mM EtOH significantly increased 
sIPSC frequencies in both male msP rats (t = 2.509, df = 7, p = 0.0404) 
and Wistar rats (t = 2.501, df = 8, p = 0.0369), suggesting that unlike in 
alcohol-dependent rats, GRs might not be involved in mediating acute 
effects of ethanol on CeA GABA release in msP rats. Importantly, mife-
pristone did not alter the relative lack of sensitivity of the female CeA to 
the effects of acute ethanol (Wistar: t = 1.219, df = 7, p = 0.2624; msP: t 
= 1.476, df = 7, p = 0.1834). The two-way ANOVA did not identify any 

Table 1 
Summary of sIPSC and eIPSP characteristics of all recorded CeA neurons.  

Spontaneous inhibitory postsynaptic currents  

Frequency 
(Hz) 

Amplitude 
(pA) 

Rise time 
(ms) 

Decay time 
(ms) 

n 

Male msP 2.12 ± 0.26$ 73.55 ± 3.65 2.48 ±
0.07 

8.00 ±
0.41& 

25 

Female 
msP 

1.60 ± 0.18$ 68.57 ± 4.48 2.57 ±
0.06 

7.08 ±
0.44& 

25 

Male 
Wistar 

1.23 ± 0.12$ 63.87 ± 3.00 2.60 ±
0.07 

8.62 ±
0.53& 

18 

Female 
Wistar 

1.92 ± 0.39$ 71.15 ± 6.23 2.48 ±
0.10 

8.79 ±
0.81& 

20 

Evoked inhibitory postsynaptic potentials Paired-pulse 
facilitation  

Amplitude 
(mV) 

n Ratio n 

Male msP 9.89 ± 0.42$ 21 0.74 ± 0.07 11 
Female 

msP 
6.74 ± 0.63$ 8 0.86 ± 0.14 7 

Male 
Wistar 

9.11 ± 1.20$ 14 0.95 ± 0.11 9 

Female 
Wistar 

10.18 ± 0.93$ 11 0.88 ± 0.07 8 

Differences between groups were determined using two-way ANOVA. $Signifi-
cant genotype × sex interaction for the indicated parameter. &Significant effect 
of genotype on the indicated parameter. The number of cells (n) is indicated for 
each group. 
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significant main effects of sex (F1,29 = 0.1457, p = 0.7054) or genotype 
(F1,29 = 0.0047, p = 0.9458) on sIPSC frequency or a sex × genotype 
interaction (F1,29 = 0.01753, p = 0.8956). Ethanol in the presence of 
mifepristone did not significantly alter sIPSC amplitudes (Fig. 5C) or rise 
times (Fig. 5D) in any group but increased sIPSC decay times in both 
male msP (t = 2.583, df = 7, p = 0.0363) and Wistar rats (t = 3.195, df =
9, p = 0.0127) but not in female Wistar (t = 1.562, df = 7, p = 0.1622) or 
female msP rats (t = 0.5270, df = 7, p = 0.6145; Fig. 5E). The two-way 
ANOVA identified a main effect of sex (F1,29 = 4.331, p = 0.0464) on the 
effects of ethanol in the presence of mifepristone on sIPSC decay times 
but no main effect of genotype (F1,29 = 0.2474, p = 0.6227) and no sex 
× genotype interaction (F1,29 = 2.585, p = 0.1187), indicating that 
mifepristone does not counteract the ethanol-induced facilitation of CeA 
GABA transmission at both pre- and postsynaptic sites in male rats. 

3.6. Comparable effects of mifepristone on CeA GABA activity in male 
alcohol-naive msP rats and alcohol-dependent Wistar rats 

Given that effects of mifepristone on CeA GABA transmission in 
alcohol-naive msP rats strongly resembled those that were previously 
observed in male alcohol-dependent Sprague-Dawley rats (Khom et al., 
2022), we used the chronic intermittent ethanol vapor inhalation 
paradigm to induce alcohol dependence in male Wistar rats and 
compared effects of mifepristone in those dependent animals to their 
alcohol-preferring but alcohol-naive msP counterparts. As shown in 

Fig. 6A–C, mifepristone significantly decreased sIPSC frequencies (t =
2.749, df = 5, p = 0.0404) and increased sIPSC amplitudes (t = 2.899, df 
= 5, p = 0.0338) and decay times (t = 4.269, df = 5, p = 0.0079), but did 
not have a significant effect on sIPSC rise times (t = 2.075, df = 5, p =
0.0926) in male alcohol-dependent Wistar rats. Two-tailed unpaired 
t-tests that compared effects of mifepristone in dependent Wistar to msP 
rats further revealed that effects of mifepristone on sIPSC frequencies (t 
= 0.0090, df = 22, p = 0.9929), amplitudes (t = 0.6844, df = 22, p =
0.5008), and decay times (t = 0.1143, df = 22, p = 0.91) did not differ 
significantly, whereas effects of mifepristone on sIPSC rise times were 
distinct (t = 2.124, df = 22, p = 0.0452). 

Similarly, we found that mifepristone significantly decreased CeA 
evoked IPSP amplitudes (t = 7.997, df = 11, p < 0.0001; Fig. 6D and E) 
and increased the PPF (t = 3.253, df = 9, p = 0.0099, both one-sample t- 
test; Fig. 6E) in dependent Wistar male rats, indicating a decrease in CeA 
GABA release. Effects of mifepristone on evoked CeA GABA transmission 
in dependent Wistar rats also did not differ from those in male msP rats. 
Specifically, two-tailed unpaired t-tests indicated comparable effects of 
mifepristone on evoked IPSP amplitudes (t = 0.3523, df = 24, p =
0.7275) and the PPF (t = 0.7252, df = 19, p = 0.4772) in male msP and 
dependent Wistar rats. 

Collectively, these data indicate a very similar regulation of CeA 
GABA transmission by GRs in male dependent Wistar and msP rats and 
provide further critical evidence that male msP rats emulate several 
aspects of the post-dependent phenotype. 

Fig. 2. Glucocorticoid receptors regulate CeA GABA activity in msP rats, but not in Wistar rats. (A) Representative sIPSC traces from CeA neurons from the indicated 
genotype and sex before (control, left panel) and during 10 μM mifepristone application (right panel). Color-coded scaled sIPSC averages of each trace (black line: 
control conditions; red line: in the presence of mifepristone) are shown in the adjacent boxes. (B) Cumulative frequency plots for the indicated animal groups. Scatter 
dot plots depict means ± SEM of sIPSC (C) frequencies, (D) amplitudes, (E) rise times, and (F) decay times in the presence of mifepristone from 9 to 19 different 
neurons. Differences between sexes and genotypes were determined using two-way ANOVA ($p = 0.05). Simple drug effects (i.e., differences from baseline) were 
calculated using one-sample t-tests (*p = 0.05, **p = 0.01). Means ± SEM were derived from at least four different animals per group (9 male and 5 female msP rats; 
9 male and 4 female Wistar rats). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

The sensitization of stress/anti-reward systems and attenuated 
reward circuitry activity represent fundamental aspects of AUD patho-
genesis (Koob and Schulkin, 2019; Tunstall et al., 2017). Central to the 
transition to and maintenance of AUD is the dysfunction of the HPA axis, 
allowing several possible pharmacological therapeutic approaches to 
treat AUD, such as targeting the CRF/CRF1 receptor system (Koob, 2022; 
Roberto et al., 2010), 11-β-hydroxylase (which is involved in the 
biosynthesis of cortisol and aldosterone) (Sanna et al., 2016), and the 
glucocorticoid/GR/MR system further downstream (Vendruscolo et al., 
2012, 2015). Interestingly, despite the crucial role of CRF in AUD 
pathogenesis, in which CRF1 receptor antagonists effectively reduce 
ethanol consumption in preclinical models of AUD, CRF1 receptor 
antagonist administration does not ameliorate AUD symptoms in 

patients (Kwako et al., 2015; Schwandt et al., 2016). Dampening 
glucocorticoid effects is an alternative approach to tackle HPA 
dysfunction, given that GR activation enhances CeA CRH transcription 
(Makino et al., 1994). Moreover, recent studies using the GR antagonist 
mifepristone obtained promising results in abstinent AUD patients by 
reducing craving and alcohol consumption during treatment (Ven-
druscolo et al., 2015). 

The CeA is a key brain site to mediate glucocorticoid effects associ-
ated with harmful ethanol consumption. Specifically, intra-CeA appli-
cation of mifepristone reduced both alcohol-consumption in alcohol- 
dependent rats (Vendruscolo et al., 2015), and also prevented 
yohimbine-induced reinstatement of alcohol seeking (Simms et al., 
2012). Furthermore, our recent mechanistic studies revealed a stronger 
GR-mediated reduction of GABA transmission in male, 
alcohol-dependent rats compared with naïve rats, suggesting alcohol 

Fig. 3. Mifepristone decreases evoked CeA IPSP amplitudes in msP rats, but not in Wistar rats. (A) Representative CeA eIPSP traces during baseline control (left side) 
and during 10 μM mifepristone superfusion in the indicated animal groups. Scatter dot plots illustrate means ± SEM of the effects of mifepristone on (B) eIPSP 
amplitudes and (C) the PPF compared with baseline control (indicated as dashed line). Differences between groups were determined using two-way ANOVA (main 
effects: %%p < 0.01). Differences from baseline control (dashed line) were determined using one-sample t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). Means ± SEM 
were derived from 8 to 14 individual cells from 12 male, 8 female msP rats, 8 male and 7 female Wistar rats, respectively. 
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dependence-induced recruitment of the GR system that controls CeA 
activity (Khom et al., 2022). 

The present study investigated CeA GR function in AUD using 
genetically selected alcohol-preferring msP rats. msP rats have Crhr1 
polymorphisms that play a role in shaping multiple behaviors that are 
commonly observed in alcohol-dependent animals, including extensive 
alcohol consumption to alleviate heightened levels of anxiety and stress. 
Thus, msP rats are well-suited to study HPA-related aspects of AUD 
(Borruto et al., 2021; Ciccocioppo et al., 2006; Hansson et al., 2006). 
GABAergic activity in the CeA is upregulated in male msP rats compared 
to Wistar rats (Herman et al., 2013), and accompanied by higher levels 
of phosphorylated CeA GRs (Natividad et al., 2021). Of note, enhanced 
GR phosphorylation leading to increased transcriptional GR activity 
(including Crh transcription), is associated with sensitized GR signaling 
and represents a key component of addictive disorders (Carmack et al., 
2022; Vendruscolo et al., 2015). Greater efficacy of CRF1 antagonists 
and CRF in modulating CeA GABA transmission (Roberto et al., 2010) 
and increased Crh expression in the CeA (Sommer et al., 2008) have 
been previously reported in alcohol-dependent rats. Similarly, in msP 
rats, increased expression of CeA CRF1 is associated with increased 
sensitivity to stress and to CRF1 antagonists (Hansson et al., 2008). 
These findings further support the resemblance of male msP rats to male 
alcohol-dependent Wistar rats at both the behavioral and cellular/mo-
lecular levels (Roberto et al., 2004; Vendruscolo et al., 2015). 

Given evidence of sexually dimorphic HPA axis function and sub-
stantial differences in AUD pathologies and manifestations between 
sexes (Finn, 2020; Leistner and Menke, 2020), we also studied female 
rats. We used ISH to look at CeA GR gene transcription and electro-
physiology to determine the role of GRs in regulating CeA GABA 
transmission in both genotypes. We found higher Nr3c1 mRNA levels in 

female rats compared with males, independent of genotype suggesting a 
prominent role for GR in modulation of CeA activity in female rats. Yet, 
the GR antagonist mifepristone did not significantly alter synaptic GABA 
transmission in female Wistar rats. Thus, although our data do not 
directly support the hypothesis that females are more susceptible to 
glucocorticoid-induced stress (Fox and Sinha, 2009; Peltier et al., 2019), 
they provide additional evidence for a more widespread expression of 
GR on CeA neurons in females capable of regulating synaptic activity. Of 
note, we are cognizant that GR expression does not necessarily correlate 
with protein abundance or function; thus, future studies will address 
mechanistically potential sex-specific GR function in neuronal and 
synaptic control. We also speculate that GR modulation of synaptic 
signaling depends on posttranslational modifications, subcellular 
localization of GR (membrane-bound vs. cytosolic), interaction with 
co-factors, genomic vs. non-genomic signaling, ligand-independent (i.e., 
intrinsic activity) and ligand-dependent activities including corticoste-
rone release (Chrousos and Kino, 2005; de Kloet et al., 2005; de Kloet 
and Joëls, 2023; Meijer et al., 2022). This is further supported by the fact 
the Nr3c1 levels in male msP rats also did not differ from male Wistar 
controls, but mifepristone decreased CeA GABA transmission only in 
msP rats. Thus, despite similar gene transcription and neuronal 
expression patterns, GRs in male msP rats may be intrinsically (more) 
active because of their enhanced phosphorylation status (Natividad 
et al., 2021). We found that 75–85% of Nr3c1 puncta were localized on 
GABAergic neurons, which is consistent with the tight control of CeA 
GABA activity by GRs. Moreover, our data indicated the co-localization 
of GRs with markers of glutamatergic neurons in msP rats. Although the 
CeA is mainly GABAergic, this putatively enhanced GR control of a small 
subpopulation of CeA glutamate neurons in msP rats might have pro-
found effects on the activity of the entire synaptic network. Indeed, we 

Fig. 4. Acute ethanol enhances CeA GABA transmission only in male rats. (A) Representative traces of CeA sIPSCs from the indicated genotypes and sexes during 
baseline control (left trace) and during 44 mM ethanol application (right trace). Bar graphs summarize effects of ethanol on sIPSC (B) frequencies and (C) amplitudes 
and (D) rise and (E) decay times. The data are expressed as the mean ± SEM from 7 to 10 cells, derived from at least three different animals per group (6 male and 6 
female msP rats; 3 male and 3 female Wistar rats). Differences from the baseline control (dashed line) were calculated using one-sample t-tests (*p = 0.05, **p =
0.01). Differences between groups were determined using two-way ANOVA. 
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recently reported enhanced CeA glutamate transmission in male msP 
rats (Herman et al., 2016b; Natividad et al., 2017). Furthermore, 
corticosterone, like ethanol, decreases electrically evoked glutamate 
transmission in the entire CeA of male, alcohol-naive rats, while its ef-
fect on the female CeA is drastically diminished. Specifically, cortico-
sterone decreases the activity of glutamatergic synapses in the lateral 
subdivision of the CeA – although less efficiently than in males - while it 
does not alter glutamate signaling in the medial subdivision (Logrip 
et al., 2017). Thus, future studies will need to further elucidate the 
circuitry-specific contribution of GRs in regulating CeA glutamate 
signaling in AUD. 

At the synaptic level, we found that mifepristone decreased GABA 
transmission in naive msP rats (both evoked and spontaneous) but did 
not significantly alter it in Wistar rats. These findings resemble data 
from our previous studies with naïve and alcohol-dependent Sprague- 
Dawley rats (Khom et al., 2022) and further substantiate the critical role 
of GRs in regulating GABA transmission in msP rats under physiological 
conditions. Mifepristone also had postsynaptic effects in male msP rats, 
specifically increasing sIPSC amplitudes and prolonging both rise and 
decay times, thereby enhancing postsynaptic inhibition, which in turn 
might counteract its presynaptic effects (i.e., decreasing GABA release). 
Thus, effects of mifepristone on CeA GABA transmission in male msP rats 
may neutralize each other, possibly explaining why mifepristone did not 
reduce ethanol self-administration in male msP rats (Benvenuti et al., 
2021), or anxiety-like behaviors (Vozella et al., 2021). Notably, when 
comparing synaptic effects of mifepristone in male naïve msP rats to 
alcohol-dependent Wistar rats, we found that both pre- and postsynaptic 
effects of mifepristone in msP rats vs. dependent Wistar rats were com-
parable. We also found that mifepristone did not block acute effects of 
ethanol [i.e., augmentation of GABA release (Roberto et al., 2003)] in 
male rats, suggesting that other systems (e.g., CRF) mediate the acute 

ethanol-induced facilitation of CeA GABA release (Roberto et al., 2010). 
These overlapping cellular phenotypes support the hypothesis that 

msP rats phenocopy several aspects of alcohol dependence, such as in-
creases in ethanol drinking and anxiety, and recapitulate multiple, but 
not all, behaviors of alcohol-dependent rats and selected CeA neuro-
adaptations that are induced by chronic intermittent ethanol vapor 
exposure. Interestingly, we also found that CeA GABAergic synapses of 
female msP rats did not respond to the acute effects of alcohol, resem-
bling female alcohol-dependent Sprague Dawley rats (Kirson et al., 
2021). Of note, the msP rats used in this study did not consume any 
alcohol and we previously reported that despite the heightened 
GABAergic tone in the CeA under basal conditions, both acute and 
chronic alcohol elevate CeA GABA signaling in male rats (Herman et al., 
2013). For these reasons, future studies will need to determine the 
neurobiological and mechanistic effects of acute and chronic etha-
nol/withdrawal on CeA neurons of both male and female msP rats. 

Heightened GABAergic activity in the CeA is a well-established 
mechanism that drives multiple behaviors that are associated with 
AUD and both anxiety- and stress-related disorders. Thus, normalizing 
CeA GABA transmission is a critical molecular mechanism of several 
clinical and preclinical AUD therapeutics (Roberto et al., 2021). Mife-
pristone reduces CeA GABAergic activity in models of AUD and is among 
the drugs that have been intensively investigated in clinical trials in 
recent years (Burnette et al., 2022; Ray et al., 2021; Vendruscolo et al., 
2015). Nonetheless, it has shown mixed behavioral effects. For example, 
mifepristone decreased ethanol self-administration in male 
alcohol-dependent (CIE) rats (McGinn et al., 2021; Repunte-Canonigo 
et al., 2015; Somkuwar et al., 2017; Vendruscolo et al., 2012, 2015), 
decreased ethanol intake in High Drinking in the Dark (HDID-1) mice 
(Savarese et al., 2020), and blocked yohimbine (stress)-induced rein-
statement of ethanol seeking in rats (Simms et al., 2012). In nonhuman 

Fig. 5. Mifepristone does not block acute effects of ethanol on CeA GABA transmission in male rats. (A) Representative sIPSC recordings from CeA neurons during 
baseline control conditions (left panel), during 10 μM mifepristone (middle panel), and during 44 mM ethanol in the continued presence of mifepristone (right panel) 
from the indicated rat groups. Effects of ethanol were normalized to the last 3 min of mifepristone application (indicated as dashed line). Scatter dot plots depict 
means ± SEM of effects of ethanol in the presence of mifepristone from 8 to 9 individual cells on sIPSC (B) frequencies and (C) amplitudes and (D) rise and (E) decay 
times. Differences between groups were calculated using two-way ANOVA ($p > 0.05). Differences from pre-ethanol baseline were calculated using one-sample t-tests 
(*p < 0.05). Data were derived from at least four different animals per group (4 male and 5 female msP rats; 5 male and 4 female Wistar rats). 
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primates, chronic mifepristone treatment decreased voluntary ethanol 
consumption but did not prevent relapse (Jimenez et al., 2020). Mife-
pristone administration prior to restraint stress prevented escalation of 
alcohol consumption (Ostroumov et al., 2016) and attenuated the 
severity of withdrawal symptoms in rats (Sharrett-Field et al., 2013). 
However, mifepristone did not prevent ethanol consumption in Wistar 
rats with a history of footshock stress (Logrip and Gainey, 2020), did not 
alter ethanol self-administration in baboons (Holtyn and Weerts, 2019), 
did not alter binge-drinking in C57BL/6J mice (Lowery et al., 2010) and 
had mixed effects on ethanol drinking in a mouse model of social defeat 
(i.e. decrease in drinking in animals with continuous access to alcohol 
but increase in drinking in animals with intermittent access to alcohol) 
(Newman et al., 2018). These divergent effects of mifepristone on 
ethanol seeking and intake are not completely understood, but evidence 
suggests that the efficacy of mifepristone increases with stress intensity 
(e.g., powerful stressors, such as yohimbine) and in CIE paradigms 
where animals have BALs ≥150 mg/dl over several weeks and thus 

experience bouts of heavy intoxication and withdrawal daily. Addi-
tionally, mifepristone does not bind selectively to GRs; it also binds to 
progesterone receptors, which may also contribute to differential out-
comes (Karena et al., 2022). 

Collectively, our data show that chronic ethanol exposure induces 
neuroadaptations in the CeA GABAergic synaptic network in non- 
genetically selected rats which are innately present in alcohol-naïve 
msP rats. Thus, the present study further broadens our understanding of 
CeA synaptic function and activity in msP rats, demonstrating the GR 
regulation of CeA GABAergic synapses in msP rats under basal condi-
tions (i.e., in absence of ethanol consumption) that presumably con-
tributes to maladaptive behaviors that are commonly associated with 
this genotype. 
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