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Abstract

Aberrant glucocorticoid signaling via glucocorticoid receptors (GR) plays a critical role in alcohol
use disorder (AUD). Acute alcohol withdrawal and protracted abstinence in dependent rats are
associated with increased GR signaling and changes in GR-mediated transcriptional activity

in the rat central nucleus of the amygdala (CeA). The GR antagonist mifepristone decreases
alcohol consumption in dependent rats during acute withdrawal and protracted abstinence.
Regulation of CeA synaptic activity by GR is currently unknown. Here, we utilized mifepristone
and the selective GR antagonist CORT118335 (both at 10 pM) as pharmacological tools to
dissect the role of GR on GABA transmission in male, adult Sprague-Dawley rats using

slice electrophysiology. We subjected rats to chronic intermittent alcohol vapor exposure for

5-7 weeks to induce alcohol dependence. A subset of dependent rats subsequently underwent
protracted alcohol withdrawal for 2 weeks, and air-exposed rats served as controls. Mifepristone
reduced the frequency of pharmacologically-isolated spontaneous inhibitory postsynaptic currents
(sIPSC) in the CeA (medial subdivision) without affecting postsynaptic measures in all groups,
suggesting decreased GABA release with the largest effect in dependent rats. CORT118335 did
not significantly alter GABA transmission in naive, but decreased sIPSC frequency in dependent
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rats. Similarly, mifepristone decreased amplitudes of evoked inhibitory postsynaptic potentials
only in dependent rats and during protracted withdrawal. Collectively, our study provides insight
into regulation of CeA GABAergic synapses by GR. Chronic ethanol enhances the efficiency

of mifepristone and CORT118335, thus highlighting the potential of drugs targeting GR as a
promising pharmacological avenue for the treatment of AUD.
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1. Introduction

Alcohol use disorder (AUD) is a chronic relapsing disease characterized by compulsive and
excessive alcohol intake accompanied by a loss of control over consumption and negative
emotional state during abstinence (Koob and Mason, 2016). The pathogenesis of AUD

is complex and multi-faceted involving hyperactive stress systems (Koob and Schulkin,
2019; Tunstall et al., 2017). Indeed, activation of the hypothalamic-pituitary-adrenal (HPA)
axis is a critical mechanism mediating responses to both stress and alcohol (Stephens and
Wand, 2012). Acute alcohol activates the HPA axis in alcohol-naive subjects elevating
cortisol (human) and corticosterone (rodents) levels (Richardson et al., 2008; Wemm and
Sinha, 2019). Importantly, chronic alcohol exposure induces long-lasting alterations of HPA
reactivity (Richardson et al., 2008), glucocorticoid release as well as glucocorticoid receptor
(GR) function — mechanisms which likely contribute to continued alcohol consumption and
increased vulnerability to relapse during abstinence (Koob, 2021). Basal cortisol levels are
elevated in binge drinkers, and the expected cortisol rise in the HPA response to acute
alcohol is blunted in heavy drinkers compared to light/moderate social drinkers. Alcohol
stimulates cortisol levels in both dependent animals and humans and alcohol withdrawal

is associated with increased cortisol levels, which remain elevated even during sustained
abstinence compared to healthy subjects, suggesting persistent HPA neuroadaptations
(Blaine and Sinha, 2017; Wemm and Sinha, 2019).

Glucocorticoid receptors (GR) are broadly expressed in reward and stress circuits (Cintra et
al., 1994) and are involved in regulating physiological and pathological processes including
learning and memory, and neuroendocrine negative feedback regulation (Garabedian et al.,
2017; Lu et al., 2006). GR display low affinity for glucocorticoids, are activated by high
circulating glucocorticoid levels as during stress or alcohol withdrawal, and exert their
activity viaboth genomic and non-genomic mechanisms (Joéls, 2018).

The GR antagonist mifepristone is approved by the FDA for the treatment of hyperglycemia
in Cushing’s syndrome (Fleseriu and Petersenn, 2015) and there is accumulating preclinical
and clinical evidence for its therapeutic potential in the treatment of AUD (Donoghue et al.,
2016; Higley et al., 2012; Howland, 2013; Vendruscolo et al., 2015). In preclinical models
of alcohol dependence across different species, mifepristone reduced alcohol consumption
(Repunte-Canonigo et al., 2015; Vendruscolo et al., 2015), prevented the development

of alcohol dependence-induced escalation of alcohol drinking (Somkuwar et al., 2017;
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Vendruscolo et al., 2012), reduced escalated alcohol drinking during protracted alcohol
abstinence — all in male rats- (Mendruscolo et al., 2012) and also reduced heavy alcohol
drinking in non-human primates (Jimenez et al., 2020). Notably, mifepristone treatment also
substantially reduced alcohol-cued craving, reduced alcohol consumption, and ameliorated
liver enzymes in humans with AUD (Vendruscolo et al., 2015).

The central nucleus of the amygdala (CeA) is critically involved in mediating negative
emotional behaviors associated with alcohol dependence (Koob, 2021; Roberto et al.,
2020). The CeA is a predominantly GABAergic nucleus, which is highly sensitive to both
acute and chronic effects of alcohol across species in that alcohol heightens CeA GABA
transmission (Augier et al., 2018; Herman et al., 2016; Jimenez et al., 2019; Kirson et

al., 2021; Roberto et al., 2004; Roberto et al., 2003). Importantly, increased GR activity

in the CeA has been suggested to play a key role in alcohol-dependence associated
behaviors (Repunte-Canonigo et al., 2015; Vendruscolo et al., 2015; Vendruscolo et al.,
2012). Mifepristone injected directly in the CeA reduced yohimbine-induced reinstatement
of ethanol-seeking in non-dependent rats (Simms et al., 2012) and alcohol drinking in
dependent rats (Vendruscolo et al., 2015). Acute effects of mifepristone on CeA synaptic
transmission representing a potential mechanism of action for its therapeutic efficacy in

the treatment of AUD have not yet been explored. Here, we used mifepristone as a
pharmacological tool to dissect GR regulation of CeA activity on the cellular level under
basal alcohol-naive conditions and to examine how GR-recruitment by alcohol dependence
enhances CeA GABA transmission. We utilized chronic, intermittent ethanol vapor exposure
over 5-7 weeks to induce alcohol dependence in adult, male Sprague Dawley rats and

ex vivoslice electrophysiology to assess the effects of mifepristone on both spontaneous
and locally evoked GABA-receptor mediated synaptic transmission in the CeA and its
interaction with acute and chronic ethanol. Specifically, we examined mifepristone and
ethanol effects on CeA GABA transmission in rats that were either alcohol-naive, alcohol-
dependent, or undergoing protracted (2 weeks) alcohol withdrawal, thus providing detailed
insights into chronic alcohol-induced neuroadaptions at CeA GABAergic synapses and how
chronic alcohol and protracted withdrawal affect their regulation by GR. Lastly, mifepristone
has been shown to bind also to molecular targets other than GR (e.g., progesterone or
androgen receptors), thus the effects observed after mifepristone administration may result
from interaction with multiple target sites. We thus also detemined the effects of a selective
GR antagonist lacking activity at progesterone receptors (CORT118335; McGinn et al.,
2021) on CeA GABAergic synapses in naive and dependent rats enabling a more selective
assessment of the role of GR in regulating CeA activity in a rat model of AUD.

2. Materials and methods

2.1. Animals

All procedures were approved by the Scripps Research Institutional Animal Care and Use
Committee (IACUC) and are in line with the ARRIVE guidelines and the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. For this study, we used 67
adult, male Sprague-Dawley rats (Charles River, Raleigh, NC) weighing 225-250 g upon
arrival. Rats were group-housed (2—-3 per cage) in standard plastic cages in a temperature-
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and humidity-controlled room under a reverse 12 h/12 h light/dark cycle and were given ad
libitum access to food and water.

2.2. Chronic intermittent alcohol exposure

Alcohol dependence was modeled as previously described (Khom et al., 2020a, 2020b;
Tunstall et al., 2019; Varodayan et al., 2017a; Vendruscolo and Roberts, 2014). Briefly, we
exposed 37 rats to 14 h/day alcohol vapor (10 h air) using the standard chronic intermittent
alcohol inhalation method in their home cages and determined blood alcohol levels (BAL)
1-2 times/week from tail-blood samples (average BAL: 158 + 4 mg/dl). We subjected
subsequently 14 dependent rats to protracted alcohol withdrawal for 2 weeks. Naive controls
were treated similarly, except that they were exposed to air only.

2.3. Exvivo slice electrophysiology

Preparation of acute brain slices and electrophysiological recordings were performed as
previously described (Khom et al., 2020a; Roberto et al., 2010; Roberto et al., 2004; Tunstall
et al., 2019; Varodayan et al., 2018). In brief, we decapitated deeply anesthetized rats (3—
5% isoflurane anesthesia), rapidly isolated their brains in ice-cold oxygenated high-sucrose
cutting solution (composition in mM: 206 sucrose, 2.5 KCI, 0.5 CaCl,, 7 MgCl,, 1.2
NaH,PO,4, 26 NaHCOg3, 5 glucose, and 5 HEPES and cut 300 um thick coronal slices
containing the medial subdivision of CeA using a Leica VT 1000S. Dependent rats were
euthanized during the last hour of their daily alcohol vapor exposure and trunk blood

was collected to determine terminal BALs. Thus, animals were intoxicated at the time of
euthanasia. However, as brain slices were incubated in ethanol-free solutions, the slices
underwent acute /n vitro withdrawal (1-104).

2.4. |Intracellular recording of evoked responses

We incubated CeA slices in an interface configuration for 15-20 min, and then completely
submerged and continuously superfused them (flow rate of 2—4 ml/min) with 95% O,/5%
CO», equilibrated artificial cerebrospinal fluid (aCSF) of the following composition (all in
mM): 130 NaCl, 3.5 KCI, 1.25 NaH,PO4, 1.5mMMgS0O4¢7H-0, 2.0 CaCl,; 24 NaHCO3,
and 10 glucose. We recorded from 57 CeA (medial subdivision) neurons using sharp
micropipettes filled with 3 M KCI in discontinuous current-clamp mode (Kirson et al.,
2020; Tunstall et al., 2019) holding them near their resting membrane potential (-80.2

+ 0.7 mV). We acquired data with an Axoclamp-2A amplifier (Axon Instruments, Foster
City, CA) and stored them for off-line analysis with pClamp software (Axon Instruments).
Hyperpolarizing and depolarizing current steps (200 pA increments, 750 msec duration)
were applied to generate |-V curves to monitor cell health and allow electrophysiological
cell-typing (Beyeler and Dabrowska, 2020; Chieng et al., 2006). Recordings were

obtained randomly from all neuronal cell-types commonly found in the CeA (Beyeler and
Dabrowska, 2020; Chieng et al., 2006). We evoked GABA-receptor mediated inhibitory
postsynaptic potentials (eIPSPs) by stimulating locally within the CeA through a bipolar
stimulating electrode and superfusing the slices with aCSF containing blockers of glutamate-
mediated synaptic transmission [20 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 30
UM DL-2-amino-5-phosphonovalerate (AP-5)] and GABARg-receptors (1 uM CGP55845A).
To determine the synaptic response parameters for each cell, we performed an input-output
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(1-O) protocol (Roberto et al., 2010; Roberto et al., 2004; Roberto et al., 2003; Tunstall et
al., 2019) consisting of a range of five current stimulations (50-250 mA,; 0.125 Hz), starting
at the minimum current required to elicit an EPSP up to the strength required to elicit the
maximum subthreshold amplitude. These stimulus strengths were maintained throughout
the entire duration of the experiment. We examined paired-pulse facilitation (PPR) in each
neuron using paired stimuli at 50 and 100 ms inter-stimulus interval (Andreasen and Hablitz,
1994; Logrip et al., 2017; Roberto et al., 2004). The stimulus strength was adjusted such
that the amplitude of the first eIPSP was ~50% of the maximal amplitude determined

by the 1/0 protocol. We calculated PPR as the amplitude of the second elPSP over that

of the first elPSP and drug-induced changes in PPR generally reflect presynaptic effects
such that an increase in PPR suggests a decrease in neurotransmitter (GABA\) release
(Roberto et al., 2004). All measures were taken before drug superfusion (control) and
during drug superfusion. We performed washout-experiments (30-40 min) for a subset

of CeA neurons to exclude potential run-down of neuronal responses in the presence of
mifepristone, however, due to the lipophilic nature of mifepristone only partial recovery
could be achieved.

2.5. Whole-cell patch clamp of spontaneous action-potential dependent and action-
potential independent GABAa-receptor mediated synaptic transmission

2.6. Drugs

We recorded from 114 neurons located in the medial subdivision of the CeA in the whole-
cell voltage clamp configuration as previously described (Khom et al., 2020a; Kirson et al.,
2021; Steinman et al., 2020). Neurons were visualized with infrared differential interference
contrast optics using a 40x water-immersion objective (Olympus BX51WI), and a CCD
camera (EXi Aqua, QImaging). All recordings were performed 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 from borosilicate glass (3-5 mQ, King Precision) and filled them
with a KCl-based internal solution composed of (all in mM): 135 KCI, 5 EGTA, 5 MgCl2,
10 HEPES, 2 Mg-ATP, and 0.2 Na-GTP (pH = 7.2-7.4 adjusted with 1 M KOH, 290-

300 mOsm). We pharmacologically isolated action-potential dependent GABA-receptor
mediated spontaneous postsynaptic inhibitory currents (sIPSCs) by adding antagonists of
glutamate-mediated transmission and GABARg-receptors to the bath solution as described
above. To assess action-potential independent GABA-receptor mediated transmission
(mIPSCs), we added 0.5 uM tetrodotoxin (TTX) to block TTX-sensitive Na + channels
and thus generation and propagation of action potentials. All neurons were held at —60 mV.
Data are derived from neurons with access resistance (R;) <15 MQ and a maximum change
of R, of 220% during the recording as monitored by 10 mV pulses applied approximately
every minute.

We purchased mifepristone from Cayman Chemical (Ann Arbor, MI), ethanol from Remet
(La Mirada, CA) and tetrodotoxin from Biotium (Hayward, CA). Chemicals other than
these were purchased from Sigma Aldrich (St. Louis, MO). CORT118335 was provided by
Corcept Therapeutics (Menlo Park, CA). We prepared stock solutions of AP-5, CGP55845A
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and tetrodotoxin in distilled water, while DNQX, mifepristone and CORT118335 were
dissolved in 100% DMSO. All drugs including ethanol were applied to the bath solution
to achieve the final desired concentrations. The final DMSO concentration did not exceed
0.15% in any of the recordings given DMSO effects at higher concentrations on neuronal
viability or interference with synaptic transmission (Nakahiro et al., 1992; Tsvyetlynska et
al., 2005; Zhang et al., 2017).

2.7. Data and statistical analysis

We analyzed data obtained from intracellular recordings using Clampfit 10.2 (Molecular
Devices) and frequencies, amplitudes, rise and decay times of s/mIPSCs from whole-cell
recordings in a semi-automatical mode utilizing Mini Analysis 5.1 software (Synaptosoft,
Leonia, NJ). For each event (s/mIPSCs) the minimum amplitude was set to >5pA which was
visually confirmed. For further analysis, we averaged s/mIPSC characteristics in 3 min bins.
We used GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA) for plotting of
results and statistical analysis. Data are presented as means + standard error of the mean
(SEM) of either normalized data or raw values. Data sets for each experimental condition
are derived from =5 rats, and /7 denotes the total number of recorded cells and A/the number
of used animals (exact values are indicated for each experiment). Data were pooled per
experimental condition. To avoid pseudo-replication due to collecting multiple samples from
individual animals, we set a cut-off <3 data points for a specific data set from single animals.
The criterion for statistical significance for all experiments was set to £< 0.05. We used
Kolmogorov-Smirnov tests to probe for normal data distribution (Gaussian), non-parametric
Wilcoxon signed-rank teststo assess per se drug effects, and either Kruskcal-Wallis tests or -
given Gaussian distributions- one-way ANOVAs or repeated measures two-way ANOVAS
with appropriate post hoc mean comparisons to detect significant differences between
treatments.

3. Results

3.1. Mifepristone decreases spontaneous, network-dependent GABA transmission in the
CeA

We induced alcohol dependence in male Sprague Dawley rats by exposing them to chronic,
intermittent ethanol vapor exposure (CIE) for 5-7 weeks. A subgroup of alcohol-dependent
rats (Dep) was further subjected to 2 weeks of protracted withdrawal (WD). Air-exposed
age-matched rats were used as alcohol-naive controls (naive). We utilized ex vivoslice
electrophysiology to examine the effects of mifepristone on GABA transmission in the
medial subdivision of the CeA given that elevated CeA GABA signaling is a critical
hallmark of alcohol dependence across species (Roberto et al., 2020). Mifepristone levels
in the CeA following systemic drug application are not known; thus, we used 10 pM
mifepristone based on previous /n vitro/ex vivo studies (Dalm et al., 2019; Paul et al., 2021;
Suzuki et al., 2019).

First, we recorded pharmacologically isolated GABAa-receptor mediated, spontaneous
action-potential dependent postsynaptic inhibitory currents (sIPSCs) in CeA neurons from
all experimental groups and found that mifepristone (10 uM) significantly decreased sIPSC
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frequency irrespective of experimental group as illustrated in Fig. 1A—C (naive: 86.3 £
4.4%, P=10.0166, n=14 vs. Dep: 67.3 + 5.8%, £=0.0010, =12 vs. WD: 78.4 £

4.8%, P=10.0009, n= 14 Wilcoxon signed-rank tests) suggesting that mifepristone decreases
presynaptic CeA GABA release.

Mifepristone did not significantly alter SIPSC amplitudes (naive: 96.2 + 4.6%, £ = 0.3910;
Dep: 92.4 + 4.9%, P=0.2661; WD: 95.2 + 7.0%, P=0.2958, Fig. 1D), rise (naive: 101.3 +
1.9%, P=0.4631; Dep: 102.9 + 1.9%, P=0.1763; WD: 100.1 + 3.1%, P=0.9515, Fig. 1E)
or decay times (naive: 100.6 + 4.2%, P> 0.9999; Dep: 98.6 + 5.8%, P=0.7334; WD: 99.3
+ 7.9%, P=0.5016, all Wilcoxon signed-rank tests compared to baseline, Fig. 1E) in any
experimental group indicating that postsynaptic GABA,-receptor function is not affected
by mifepristone. Notably, mifepristone effects on CeA sIPSC frequency occurred rapidly
(within <15 min) suggesting the involvement of non-genomic GR signaling (see Fig. S1 for
time courses).

Chronic intermittent alcohol vapor exposure increased CeA sIPSC frequency indicative of
heighthened CeA GABA release (one-way ANOVA, F2,103) = 3.116, P=0.0485, see
Table 1 for details on sIPSC characteristics) lasting into protracted withdrawal and also
significantly enhanced the inhibitory efficiency of mifepristone (Kruskal-Wallis test, P=
0.0414). Specifically, the effects of mifepristone on CeA sIPSC frequency were significantly
larger in dependent rats than in naive rats (P = 0.0356) and importantly, mifepristone

effects in rats undergoing protracted withdrawal did not significantly differ from those in
dependent rats (P = 0.3840, Dunn’s multiple comparison, Fig. 1C), indicative of more
pronounced regulation of CeA synaptic activity by glucocorticoids resulting from chronic
alcohol exposure.

To gain mechanistic insight into how mifepristone decreases CeA GABA transmission, we
further examined its effect on action-potential-independent (in the presence of tetrodotoxin
[TTX]) miniature inhibitory postsynaptic currents (mIPSC) in naive rats, and found that
mifepristone also significantly decreased mIPSC frequency (76.5 + 8.9% compared to
baseline with Wilcoxon signed-rank tests, P=0.0313, n=7 see also Fig. S2) without
altering postsynaptic measures including mIPSC amplitude (93.6 £ 7.4%, P= 0.6875) or
kinetics (mIPSC rise time: 105.1 + 7.0%, £=0.5781 or mIPSC decay time: 90.2 + 7.8%,
P=0.3750), indicating reduced vesicular CeA GABA release from presynaptic terminals as
mechanism of action of mifepristone in naive rats. Baseline characteristics of mIPSCs from
naive rats are summarized in Table 1.

3.2. Mifepristone blunts the effects of acute ethanol on CeA network activity after chronic
intermittent alcohol exposure

We have reported that acute ethanol increases the frequency of CeA sIPSCs in naive, male
rats and this effect is unaffected by alcohol dependence or protracted alcohol withdrawal
indicative of a lack of tolerance to acute ethanol, as previously reported (Roberto et al.,
2003, 2004; Varodayan et al., 2017b; Khom et al., 2020a, 2020b; Kirson et al., 2021). Here,
we recapitulated this experiment by demonstrating that CeA GABA transmission in the
presence of 44 mM ethanol is similarly elevated in male, naive and alcohol-dependent rats
as well as during protracted withdrawal (SIPSC frequency in naive: 141.8 + 11.6%, P=
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0.0010, n=11; Dep.: 138.9 £ 10.9%, P=0.0049, n=11; WD: 149.1 £ 18.7 £=0.0391, n
=9, Wilcoxon signed-rank tests compared to baseline control; Kruskal-Wallis test between
treatments: P> 0.05, data not shown).

Next, we studied whether and how mifepristone interferes with this acute ethanol-induced
GABA release. Thus, we applied 44 mM ethanol in the continued presence of mifepristone
to a subset of neurons from all groups (see Fig. 2A) and found that mifepristone blunts the
effects of acute ethanol only in alcohol-dependent rats and rats during protracted withdrawal

(Fig. 2).

Specifically, we found that despite a per se effect of mifepristone (sIPSC frequency: 81.0 £
5.0%, P=0.0093, n= 12) in naive rats, ethanol significantly increased sIPSC frequency in
the continued presence of mifepristone (mifepristone + ethanol: 99.74 + 9.8%, £=0.8501,
n=12 both compared to baseline with Wilcoxon signed-rank tests, Fig. 2B), suggesting that
mifepristone does not alter the acute effects of ethanol.

Mifepristone also displayed a marked per se effect on CeA sIPSC frequency in alcohol-
dependent rats (71.9 + 8.7%, P=0.0273, n=19) as well as rats during protracted withdrawal
(77.7 £ 5.1%; P=0.0009, n=13), and blunted the acute effects of ethanol (applied in

the continued presence of mifepristone) (Dep: mifepristone + ethanol: 77.3 £ 12.9%, P=
0.1289, n=9); WD: mifepristone + ethanol: 90.7 £ 7.1%, £=0.2439, n= 13 compared to
baseline with Wilcoxon signed-rank tests).

A repeated-measures two-way ANOVA revealed a significant main effect of acute drug
treatment with no interaction effect (/.e., mifepristone vs. mifepristone + ethanol; ~(1,31)
=8.420, P=10.0068, siddk post hoc multiple comparison tests, naive: P= 0.0383, Dep: P=
0.8848, WD: P= 0.1839), suggesting that mifepristone does not only blunt ethanol-induced
CeA GABA release after chronic alcohol exposure but also provides evidence that alcohol
dependence and withdrawal recruit brain stress systems such as the glucocorticoid/GR
system to mediate both acute and chronic effects of alcohol.

Lastly, neither mifepristone nor mifepristone + ethanol significantly altered postsynaptic
parameters (shown in Fig. 2C for sIPSC amplitudes, in Fig. 2D for sIPSC rise time and

in Fig. 2E for sIPSC decay times; detailed data are summarized in Table 2) indicating that
postsynaptic GABa-receptor function is not altered by mifepristone + ethanol.

3.3. Mifepristone decreases electrically evoked GABA release in alcohol-dependent rats
and rats undergoing protracted withdrawal and blunts effects of acute ethanol

Next, we recorded from 57 (resting membrane potential = —80.2 + 0.7 mV; membrane
resistance = 140 + 5 MQ) CeA neurons intracellularly with sharp pipettes to assess the
effects of mifepristone on locally evoked, pharmacologically isolated inhibitory GABAA-
receptor mediated postsynaptic potentials (eIPSP) by electrical stimulation in the CeA.
Based on the 1/O protocol, the stimulus strength was adjusted to evoke IPSPs at ~50% of the
maximal amplitude and was maintained through the entire recording protocol. As shown in
Fig. 3A and B, we found that mifepristone did not significantly alter elPSP amplitudes in
the CeA in naive rats (93.3 + 4.5%, £=0.1934, n=10), but decreased it in dependent rats
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(Dep: 84.1 £ 3.9%, P=0.0002, n=13) as well as during protracted withdrawal (WD: 88.7 £
2.6%, P=0.0015, n= 12, all Wilcoxon signed-rank tests compared to baseline), suggesting
that mifepristone (10 uM) decreases evoked GABA transmission only after chronic alcohol
exposure.

A Kruskal-Wallis-test, however, revealed that mifepristone effects on elPSP did not
significantly differ between groups (P = 0.5242). Importantly, mifepristone did not alter
input resistance, resting membrane potential or I-V-relationships of CeA neurons in either
group (not shown) indicating that its effects on elPSP amplitudes are not caused by changes
in excitability but reflect indeed decreased GABA -receptor mediated synaptic transmission
in the presence of mifepristone.

Mifepristone significantly increased paired pulse ratio (PPR) of elPSPs in the CeA of
dependent rats (Dep: baseline PPR: 0.82 + 0.11 vs. mifepristone PPR: 1.24 + 0.17, P=
0.0481, n= 8), but did not affect PPR in neither naive rats (naive: baseline PPR: 1.02 +
0.20, n= 10 vs. mifepristone PPR: 1.31 + 0.15, £=0.2857) nor rats undergoing protracted
withdrawal (WD: baseline PPR: 0.71 £ 0.07 to PPR mifepristone: 1.0 £ 0.09, n=12, P

= 0.2414; repeated-measures-two-way ANOVA, F(1,28) = 11.81, £=0.0019 for acute
drug treatment, siddk post hoc mean comparison, Fig. 3C), suggesting distinct effects of
mifepristone on evoked presynaptic GABA release in dependent rats. Next, we studied
whether mifepristone would also interfere with the effects of acute ethanol on evoked GABA
transmission. Acute ethanol (44 mM) increased elPSP amplitudes similarly in all groups
(naive: 135.7 = 3.4%, n=6, P=0.0313; Dep: 129.4 + 3.9%, n=7, P=0.0156; WD: 137 +
3.6%, n=8, P=0.0078, Wilcoxon signed-rank tests compared to baseline; Kruskal-Wallis
test between groups: £=0.2628) indicative of the lack of tolerance of CeA GABAergic
synapses to acute effects of ethanol as reported (Gilpin et al., 2014; Roberto et al., 2004;
Roberto et al., 2003; Tunstall et al., 2019). We then applied 44 mM ethanol (for 10-15

min) in the continued presence of mifepristone to a subset of neurons from all groups that
had already received mifepristone for 15 min. As shown in Fig. 3D, both mifepristone and
ethanol in the continued presence of mifepristone did not significantly alter evoked CeA
GABA transmission in naive rats (mifepristone: 92.8 + 6.3%, £=0.3750 vs. mifepristone +
ethanol: 104.3 + 9.3%, n=7, P= 0.5781, Wilcoxon signed-rank tests compared to baseline
control). In contrast, mifepristone significantly decreased CeA elPSPs after chronic ethanol
exposure in both dependent rats and during protracted withdrawal (mifepristone only: Dep:
87.8+2.9%, n=9, P=0.0039; WD: 87.0 £+ 3.8%, n=7, P=0.0156), while elPSP
amplitudes in presence of mifepristone plus ethanol did not significantly differ from baseline
(mifepristone + EtOH: Dep: 90.2 + 4.6%, n=9, = 0.0977, WD: 100.1 + 8.8%, n=7, P

> 0.9999, Wilcoxon signed-rank tests compared to baseline). A repeated-measures two-way
ANOVA revealed a significant main effect of acute drug treatment (i.e. mifepristone vs.
mifepristone + EtOH; A1,20) = 5.065, £ = 0.0358) but no interaction; post hoc analyses
(sidék) revealed that amplitudes of eIPSPs in presence of mifepristone and mifepristone
plus ethanol, respectively, did not significantly differ in either naive (P=0.3321), Dep (P=
0.9762) or WD rats (P= 0.2292), suggesting that mifepristone blunts acute ethanol-induced
CeA GABA release.
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3.4. Selective GR antagonist confirms glucocorticoid regulation of CeA GABA
transmission in alcohol-dependent rats

Lastly, given that mifepristone does not only interact with GR, but also binds to other
molecular targets including progesterone (PR) and androgen receptors (AR), we examined
the effects of the selective GR antagonist CORT118335 (10 uM) on CeA GABA
transmission in naive and dependent rats (Fig. 4A). Importantly, CORT118335 does not
modulate PR or AR, but it also acts as mineralocortiocoid receptor antagonist. CORT118335
did not significantly alter sSIPSC frequency in naive rats (89.1 £ 6.7%, n= 10, P=0.3223),
but decreased it in dependent rats (80.9 + 5.6%, n= 13, P=0.0081, Fig. 4B) without
affecting any postsynaptic measures, including sIPSC amplitude (naive: 101.4 + 3.3%, P

= 0.6250; Dep: 108.1 + 4.6%, £=0.1099, Fig. 4C), rise time (naive: 104.1 £ 2.8%, P=
0.2754; Dep: 103.4 £ 2.8%, P=0.2163, Fig. 4D) or decay time (naive: 98.4 + 9.0%, P=
0.7695, Dep: 104.0 £ 10.2%, P = 0.7354, Fig. 4E; all Wilcoxon signed-rank tests compared
to baseline).

A subsequent two-way ANOVA comparing the effects of CORT118335 and mifepristone on
sIPSC frequency in naive and dependent rats revealed a significant main effect of alcohol
history (A1, 44) = 4.763, P=0.0345; dependent < naive), but no interaction (A1, 44)
=1.349, P=0.2518) and no main effect of acute drug (A1, 44) = 1.535, P=0.2219).

These data show that targeting GR signaling in the CeA decreases GABA transmission in
dependent rats and provides further evidence for CeA regulation by glucocorticoid signaling
associated with alcohol dependence.

4. Discussion

Heightened CeA GABAergic signaling is a hallmark of excessive drinking and a key
mechanism of alcohol-dependence associated behaviors across species (Augier et al., 2018;
Herman et al., 2016; Jimenez et al., 2019; Roberto et al., 2004). Thus, drugs normalizing this
aberrant CeA GABA activity hold promise to have therapeutic potential in the treatment of
AUD (Falk et al., 2019; Mason and Heyser, 2021).

Increased CeA GABA transmission originates from dysregulation of multiple signaling
systems including the CRF/CRF1 system (Ciccocioppo et al., 2009; Koob, 2021; Roberto et
al., 2020; Roberto et al., 2010). In the CeA, the majority of CRF+ neurons also express

GR, suggesting that glucocorticoids might be directly involved in CRF synthesis and
release (Honkaniemi et al., 1992; Koob and Schulkin, 2019). Notably, although alcohol
dependence is not associated with altered GR expression levels in the amygdala, recently
increased fractions of phosphorylated CeA GR indicative of enhanced receptor activity have
been reported in alcohol-dependent rats (Vendruscolo et al., 2015). In contrast, protracted
alcohol abstinence or withdrawal have been shown to enhance CeA GR expression
(Vendruscolo et al., 2012) similary suggesting elevated GR signaling. Importantly, the

GR antagonist mifepristone decreases alcohol consumption in alcohol-dependent rats and
alcohol-cue induced craving and alcohol consumption in human subjects suffering from
AUD and mifepristone treatment was found to be safe and well tolerated in humans
(Vendruscolo et al., 2015). However, the effects of GR antagonism on CeA synaptic GABA
activity representing a potential mechanism of action for mifepristone remained to be
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determined. Likewise, regulation of CeA synaptic activity by GR under basal conditions

but also in alcohol dependence and protracted withdrawal has not yet been explored. Thus,
here we utilized mifepristone (10 M) and the selective GR antagonist CORT118335

as pharmacological tools to unveil a potential GR regulation of CeA action-potential
dependent, spontaneous synaptic network-driven (sIPSC) and electrically evoked GABA
transmission (eIPSP) in ex vivo brain slices from male, adult rats. To induce alcohol
dependence, we used the chronic intermittent vapor exposure (CIE) paradigm for 5—7 weeks.
From each CIE cohort a subset of animals went through 2 weeks of protracted withdrawal,
enabling assessment of CeA GR regulation at two different stages of alcohol dependence.

We found that mifepristone reduced spontaneous synaptic network-driven sIPSC GABA
transmission in all treatment groups presumably via decreasing presynaptic neurotransmitter
release from CeA GABAergic terminals given significantly decreased mIPSC frequency
shown in naive rats. Importantly, the decrease of sIPSC frequency was most pronounced

in alcohol-dependent rats. This greater efficacy of mifepristone in dependent rats is in line
with previous studies likely reflecting increased CeA GR function in alcohol dependence
and protracted withdrawal (Vendruscolo et al., 2015). Indeed, mifepristone has been shown
to be most efficacious in reducing excessive alcohol drinking in animal models of binge-like
drinking, heavy drinking, and alcohol dependence all of which are strong stressors per se
while mixed effects of mifepristone on alcohol consumption or anxiety-related behaviors

in non-dependent animals as well as in strains genetically-selected for innate high anxiety
levels such as the Marchigian Sardinian rats have been reported (Benvenuti et al., 2021;
Calvo and Volosin, 2001; Fahlke et al., 1995; Holtyn and Weerts, 2019; Jacquot et al., 2008;
Koenig and Olive, 2004; Newman et al., 2018; O’Callaghan et al., 2005; Ostroumov et al.,
2016; Repunte-Canonigo et al., 2015; Savarese et al., 2020; Simms et al., 2012; Vendruscolo
et al., 2015; Vendruscolo et al., 2012; Vozella et al., 2021; Yang et al., 2008).

Our data also suggest a basal regulation of CeA synaptic GABA activity by glucocorticoids
even under naive conditions as well as constitutive GR activity, which is highly sensitive

to chronic ethanol exposure. Interestingly, mifepristone effects on CeA GABA signaling

in rats during protracted withdrawal did not significantly differ from that in dependent

rats indicative of further neuroadaptations of the GR system occuring during protracted
withdrawal consistent with the previously reported increase in CeA GR expression
(Vendruscolo et al., 2012). However, it also did not differ significantly from the effect of
mifepristone in naive rats which might also indicate a potential reduction of mifepristone
efficacy in protracted withdrawal. In line, Jimenez et al. reported that mifepristone reduced
heavy alcohol intake in non-human primates, but it did not eliminate baseline ethanol
consumption. Upon cessation of mifepristone treatment animals rapidly returned to baseline
alcohol consumption, and mifepristone did not prevent a relapse during early abstinence
(Jimenez et al., 2020).

Interestingly, we found distinct effects of mifepristone on evoked CeA GABA transmission.
Specifically, mifepristone decreased evoked CeA GABA transmission in rats only after
chronic ethanol exposure but did not alter it in naive rats. This apparent discrepancy of
mifepristone effects on two distinct forms of isolated CeA GABA transmission further
reflects the complex nature of glucocorticoid regulation of different transmitter vesicle
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pools at CeA GABAergic synapses. Moreover, these results provide further evidence that
alcohol dependence engages the GR system to regulate synaptic activity. Similarly, a
previous study found that application of the GR-agonist corticosterone alone does not alter
evoked CeA glutamate transmission but when applied in combination with ethanol markedly
reduced evoked glutamate transmission (Logrip et al., 2017), suggesting that prior ethanol
exposure may prime GR at CeA synapses to enhance glucocorticoid regulation of evoked
neurotransmitter release.

We also found distinct effects of mifepristone on the acute effects of alcohol on spontaneous
action-potential dependent GABA transmission vs. evoked CeA GABA transmission.
Specifically, our study revealed that mifepristone blocks the acute effects of alcohol on
spontaneous, action-potential driven GABA transmission (i.e., spontaneous CeA network
activity) in alcohol-dependent rats but did not affect alcohol effects in naive rats. Similarly,
we found that mifepristone blunted acute alcohol effects on evoked GABA transmission

in dependent rats, but it also blunted the effects of alcohol in naive rats. These results
emphasize the suggested differential regulation of distinct vesicle pools by GR associated
with chronic alcohol exposure. Roberto et al. (2010) demonstrated that the effect of

acute alcohol on electrically evoked GABA release in both naive and dependent rats
involves a CRF1-mediated mechanism (Roberto et al., 2010), but the acute alcohol-induced
augmentation of spontaneous, action-potential driven GABA transmission in naive rats — but
not in dependent-rats - was mediated by L-type calcium channels (Varodayan et al., 2017b).
Thus, given that activated GR recruits CRF signaling in the CeA (Koob and Schulkin, 2019;
Tunstall et al., 2017), the diverging effects of mifepristone on acute alcohol effects in naive
rats are indeed consistent with our previous studies and are likely to reflect the distinct
pathways mediating elevated GABA signaling in response to acute alcohol.

Moreover, comparing the effects of the selective GR antagonist CORT118335 on CeA
GABA transmission to those of mifepristone indicated indeed very similar pharmacological
profiles of CORT118335 and mifepristone such as markedly stronger reduction of GABA
release in alcohol-dependent rats further highlighting the critical role of GR in regulating
CeA activity in alcohol dependence. Of note, these effects of CORT118335 occurred in

the absence of antagonist activity at progesterone receptors associated with mifepristone,
underscoring the specificity of GR activity of these drugs in alcohol dependence.
CORT118335 has been recently shown to significantly reduce alcohol self-administration
in non-dependent and dependent rats (McGinn et al., 2021). Importantly, although pure GR
antagonism may be of therapeutic benefit, inhibiting other GR-mediated effects such as the
negative feedback on the HPA axis could lead to increased cortisol levels, which could in
turn, activate mineralocorticoid receptors (Zalachoras et al., 2013) and modulate alcohol
dependence-related behaviors (Aoun et al., 2018).

Lastly, it is important to highlight that the effects of mifepristone and CORT118335 on CeA
GABA synapses occurred fast (within <15 min). Thus, it is rather unlikely that they are due
to changes in gene transcription but rather mediated by non-genomic GR activity. Indeed,
non-genomic GR signaling mediated by either cytosolic GR or membrane-bound GR has
recently gained recognition given that side effects of glucocorticoid therapy often stem

from genomic GR effects. Furthermore, rapid effects of cortisol in increasing intracellular
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calcium levels (Panettieri et al., 2019) as well as on NMDA-evoked currents in hippocampal
neurons (Zhang et al., 2012) and dexamethasone on inhibitory synaptic transmission in

the prefrontal cortex have been recently reported (Teng et al., 2013). Importantly, most
non-genomic glucocorticoid effects are sensitive to mifepristone antagonism (Panettieri et
al., 2019), suggesting that also the effects on synaptic transmission in the CeA are mediated
via non-genomic GR signaling. However, further studies are required to fully unravel the
intracellular signaling pathways that mediate mifepristone’s rapid effects.

5. Conclusions

Collectively, our study sheds light on GR-mediated regulation of CeA GABAergic synapses
— a system which is highly sensitive to chronic alcohol exposure. Specifically, our study
revealed that the GR-antagonist mifepristone diminishes elevated GABA release in the CeA
and also blocks acute effects of alcohol on CeA synaptic activity. Our data thus provide a
strong mechanistic basis for mifepristone’s efficiency in reducing alcohol consumption in
models of alcohol dependence but also in AUD patients and further support the potential of
drugs targeting GR as a promising pharmacological avenue for the treatment of AUD.
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Mifepristone decreases spontaneous synaptic transmission in the CeA. (A) Representative
sIPSC recordings onto CeA neurons from the indicated groups (upper panel) and during
superfusion with mifepristone (10 pM, lower panel) are shown. (B) Cumulative probability
histograms comparing sIPSC frequency during baseline control (grey line) and during
superfusion with mifepristone (red line) from individual CeA neurons from naive (left),
dependent (middle) and withdrawn rats, respectively are shown. Differences between
conditions were calculated using the Ko/mogorov-Smirnov test. Bars represent normalized
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means + SEM of sIPSC (C) frequencies, (D) amplitudes, and (E) current kinetics in the
presence of 10 uM mifepristone. Asterisks indicate significant differences from baseline
assessed by Wilcoxon signed-rank tests (*) = P< 0.05, (***) = P< 0.001. Differences
between groups were assessed with a Kruskal-Wallis test with ($) = P< 0.05 and a post hoc
Dunn’s correction for multiple comparisons (*) = P< 0.05. Naive: 7= 14 (N = 10), Dep: n=
12 (N=9), WD: n= 14 (N = 6). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Mifepristone blunts effects of acute ethanol (44 mM) on action-potential dependent CeA
GABA release after chronic ethanol exposure (A) Representative sIPSC recordings from
CeA neurons from the indicated treatment groups before (upper panel), and during
superfusion with 10 pM mifepristone (middle panel) and 10 uM mifepristone +44 mM
ethanol (lower panel) are illustrated. Scatter dot diagrams depict averaged effects (means
+ S.E.M.) of mifepristone and subsequent co-application of mifepristone and ethanol on
sIPSC (B) frequency, (C) amplitude, (D) rise and (E) decay time. Significant differences
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from baseline (indicated as dashed line) were calculated using Wilcoxon signed-rank tests
with (*) = P<0.05, (**) = P< 0.01, (***) = P<0.001. Differences between mifepristone
vs. mifepristone plus ethanol effects in the respective treatment groups were calculated using
two-way repeated-measures ANOVA with Sidak multiple comparison testing ($= £< 0.01).
naive: n =12 (N =8),Dep: n=9 (N =9), WD: n =13 (N = 6).
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Fig. 3.

Mifepristone decreases evoked CeA GABA release only after chronic ethanol exposure, but
blunts the effects of acute EtOH-induced GABA release in all groups. (A) Representative
CeA elPSPs before (left), and during superfusion with 10 uM mifepristone (middle), and 10
UM mifepristone and 44 mM ethanol are depicted. Bars in (B) represent means SEM of
normalized effects of mifepristone from baseline (indicated as dashed line) were calculated
using Wilcoxon signed-rank tests with (**) = P< 0.01, (***) = < 0.001. (C) Bars

depict paired-pulse facilitation (PPR) in absence (unfilled bar) and presence (dashed bar) of
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mifepristone. (D) Effects of mifepristone (unfilled bars) and mifepristone + ethanol (dashed
bars) on elPSP amplitudes are depicted as means + SEM. Differences between groups in (B)
was calculated by a Kruskal-Wallistest (naive: n=10 (N=8), Dep: n=13 (N=9), WD: n
=12 (N=8) and differences and (C) and (D) were assessed by a repeated measures-two way
ANOVA and a post hoc mean comparison (8iddk, n.s. = non-significant = £> 0.05; naive: n
=7 (N=6), Dep: n=9(N=8), WD: n=7 (N=6).
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CORT188335 decreases CeA GABA transmission only after chronic ethanol exposure.
(A) Representative sIPSCs onto CeA neurons from the indicated groups before (upper
panel) and during superfusion (lower panel) with CORT118335 (10 pM) are depicted. Bars
represent means + SEM of sIPSC (B) frequencies, (C) amplitudes, (D) rise time and (E)
decay times in the presence of 10 uM CORT188335. Asterisks indicate significant difference
from baseline assessed by Wilcoxon signed-rank tests, (**) = £< 0.01 (naive: n10 (N 6)

and Dep: n=13 (N=28).)
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Summary of baseline s/mIPSC characteristics and PPR from all recorded CeA neurons in this study.

Table 1.

Frequency (HZ) Amplitude (pA) Risetime(ms) Decaytime(ms) n
SIPSCs
Naive 1.41+0.14 73.6+4.4 2.68 £ 0.05 8.95+0.59 41
Dep. 1.73+0.15 63.7 +3.2 2.81+0.06 9.13 +0.60 42
WD 212+0.33 72.7+58 2.53 £ 0.06 7.36 £0.51 23
mIPSCs
Naive 1.13+0.37 71.3+5.6 25+0.15 7.0+0.9 8
PPR
Naive 1.08 +0.2 8
Dep 0.82+0.1 10
WD 0.71+0.1 12

Page 26

A one-way ANOVA reavealed a main effect of chronic alcohol exposure on sIPSC frequencies (F (2,103); P = 0.0485) and rise times (F (2, 103) =
5.015; P = 0.0083).

Data for each condition were derived from =5 animals and n denotes the number of recorded cells. Note that these recordings have been performed
with 0.05% DMSO in the bath solution.
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Summary of postsynaptic sIPSC characteristics in presence of mifepristone for all treatment groups compared
to baseline.

sIPSC amplitude sIPSC risetime sIPSC decay time

n

Naive  Mifepristone

Dep. Mifepristone

WD Mifepristone

+ Ethanol

+ Ethanol

+ Ethanol

91.5+4.1% P=0.0923 102.9 + 1.7% P=0.2036 98.2 +4.6% P=0.4697
104.7+10.0% P=0.7910  102.1 +2.7% P=0.3804 110.0 +10.3% P=0.4697
93.9+7.7% P=0.3594 102.2 +2.9%, P=0.7344  103.9 + 8.5% P=0.6523
97.0 £8.0% P=0.7344 105.9+2.5% P=0.1289  131.2+19.9% P=0.1641
95.7 £ 7.5% P=0.3757 98.9 +3.1% P=0.8394 100.1 + 8.5% P=0.6355
101.8 +11.9%, P=0.7354  105.7 £3.7% P=0.1099  110.8 + 13.2% P> 0.9999

12
12
9
9
13
13

Differences from baseline control conditions were calculated with Wilcoxon signed-rank tests (haive: n =12 (N =8), Dep: n=9 (N =9), WD: n =

13(N=6)).
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