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Abstract

Alcohol use disorder (AUD) is one of the most prevalent mental health disorders worldwide yet effective
therapeutics remain limited. Mounting evidence indicates that dysregulated immune signaling in the brain plays

a role in AUD pathophysiology. Activation of pro-inflammatory pathways like the interleukin-6 (IL-6) pathway
represents a potential point of convergence between synaptic dysfunction and motivational changes in AUD that
remain undiscovered. Thus, using a translational neuroscience approach and well-established model of chronic
alcohol intake, we investigated the cell-type specific role of IL-6 signaling in the central amygdala, a critical region
in the development and maintenance of alcohol dependence. We demonstrate that chronic alcohol exposure
recruits IL-6-related pathways in humans and rodents via astrocytic, neuronal, and microglial mechanisms, and that
IL-6 inhibits central amygdala GABAergic transmission. Notably, systemic administration of an IL-6 receptor antibody
decreased alcohol drinking in alcohol-dependent female mice. Collectively, our findings support IL-6 inhibition as a
novel-neuroimmune-targeted therapeutic strategy to reduce excessive drinking in the context of AUD.
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Introduction

Alcohol use disorder (AUD) is a chronic relapsing brain
disorder that is characterized by a compulsion to seek
and consume alcohol resulting in an inability to control
alcohol use and the emergence of negative emotional
states including dysphoria, anxiety, and irritability during
alcohol withdrawal [1, 2]. AUD is highly prevalent world-
wide and frequently comorbid with other psychiatric dis-
orders such as depression and anxiety [3—6]. Converging
evidence suggests that these negative affective states are
driven in part by neuroadaptations within the central
amygdala (CeA), which is comprised of mainly GAB-
Aergic neurons, where increased GABAergic signaling
contributes to negative reinforcement processes that pro-
mote alcohol dependence [7-9]. Despite the high preva-
lence of AUD, current treatment options are very limited
and not universally effective in part due to the heteroge-
neity of AUD. Thus, further study into the mechanisms
underlying AUD is warranted to elucidate the neurobio-
logical basis of the disorder.

Compelling evidence supports a critical role for the
neuroimmune system in modulating alcohol-related
behaviors in the context of excessive alcohol drinking
and the pathogenesis of AUD [10-18]. Chronic alcohol
exposure disrupts neuroimmune signaling by producing
a persistent pro-inflammatory state in the brain charac-
terized by altered neuroimmune gene expression and
increased activation of glial cells, including microglia and
astrocytes [19]. Neurons, in addition to microglia and
astrocytes, respond to and release neuroimmune factors
called cytokines, including, but not limited to IL-6, IL-18,
IL-1B, and TNF« [20]. In humans, lifetime alcohol con-
sumption is positively correlated with increases in circu-
lating pro-inflammatory cytokines [11, 21, 22]. However,
the specific mechanisms by which neuroimmune system
components contribute to the neurobiology of AUD are
not fully understood. A neuroimmune system compo-
nent that has garnered interest for its role in the neurobi-
ology of AUD is the cytokine interleukin-6 (IL-6).

IL-6 is a multifunctional cytokine that exhibits both
pro- and anti-inflammatory properties [23, 24]. IL-6
belongs to the IL-6 family of cytokines that use mem-
brane glycoprotein 130 (gpl130; also known as IL-6
cytokine family signal transducer, IL6ST) as a signal-
transducing receptor subunit. One way by which IL-6
exerts its functions is through pro-inflammatory trans-
signaling wherein IL-6 binds to the soluble form of the
IL-6 receptor (sIL-6R) that is shed from the membrane
and transported to various cell types in the brain that
express surface gp130 [24, 25]. The IL-6/sIL-6R complex
binds to gp130 and activates intracellular signaling cas-
cades including the Janus Kinase/Signal Transducer and
Activator of Transcription (JAK/STAT) pathway, the
Mitogen-Activated Protein Kinase (MAPK) pathway, and
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the Phosphoinositide 3-Kinase/Protein Kinase B (PI3K/
AKT) pathway (Fig. 1A). Trans-signaling is the predomi-
nant form of IL-6 signaling in the brain and occurs in
neurons and glial cells including microglia and astrocytes
[26, 27]. One potential point of intervention within this
mechanism is the administration of an IL-6 receptor anti-
body (IL-6R Ab). II-6R Abs such as Toclizumab, used for
treatment of autoimmune and inflammatory conditions,
bind to IL-6R preventing the association of IL-6R with
IL-6 and thus inhibiting signal transduction (Fig. 1A)
[28].

IL-6 plays a key role in AUD-related behaviors across
both clinical and preclinical studies [24, 29]. In humans,
a polymorphism (174 G/C) of the gene encoding IL-6
(IL6) is associated with AUD [30], and blood IL-6 levels
correlate with greater craving in alcohol cue and prefron-
tal cue reactivity tests during both acute and prolonged
withdrawal [31-33]. In rodents, alcohol exposure induces
brain region-specific changes of transcripts and proteins
of both members and regulators of the IL-6 pathway
[16, 34—41]. The gene Il6ra that encodes the IL-6 recep-
tor subunit (IL-6R) is upregulated in the brain of alco-
hol-preferring rats [42]. Alcohol-preferring mice show
increased whole brain IL-6 cytokine family signal trans-
ducer (Zl6st) and signal transducer and activator of tran-
scription 3 (Stat3) expression (genes encoding gp130 and
STAT3, respectively) whereas suppressor of cytokine sig-
naling 3 (Socs3), a negative regulator of STAT signaling,
expression is decreased [43]. In addition, /6 null mutant
mice exhibit reduced alcohol drinking [44] and resistance
to stress-induced depressive-like behaviors [45]. Trans-
genic mice with elevated astrocyte-derived IL-6 show
decreased stress-coping behaviors and increased suscep-
tibility to hyperexcitability in the context of acute alco-
hol withdrawal [46] that is concomitant with increased
neuronal excitability in the CeA [47]. Further, there is
decreased Il6ra expression in the CeA of microglia-
depleted mice which also exhibit reduced alcohol drink-
ing [13].

However, several aspects of the impact of chronic alco-
hol exposure on IL-6 signaling in the CeA remain poorly
understood, including potential cell-type and sex-spe-
cific regulation of neuroinflammatory mechanisms, the
effects of IL-6 on synaptic GABAergic transmission, and
the effects of blocking IL-6 signaling on chronic alco-
hol-induced behavioral phenotypes. Herein, we inves-
tigate the IL-6 pathway including its negative regulator,
SOCS3, to unveil potential therapeutic targets to alleviate
alcohol-induced neuroinflammation and excessive drink-
ing in the context of alcohol dependence. We analyzed
postmortem CeA tissue samples from humans diagnosed
with AUD and employed a preclinical mouse model, the
chronic-intermittent ethanol two-bottle choice para-
digm (CIE-2BC; Fig. 1B), to mechanistically investigate
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Fig. 1 IL-6 signaling pathway and overall experimental timeline. A IL-6 pro-inflammatory trans-signaling found in neurons, microglia, and astrocytes
within the brain. sIL-6R binds to IL-6 which then binds to gp130 (IL6ST) forming the IL-6/IL-6R/gp130 complex. Assembly of this complex leads to activa-
tion of intracellular signaling pathways. Presence of IL-6R Ab blocks this signaling by binding to sIL-6R, thus preventing the association of sIL-6R with IL.-6
(Created with BioRender.com). B The chronic intermittent ethanol — two-bottle choice (CIE-2BC) paradigm was used for all studies in mice. Briefly, alcohol
intake (g/kg) is monitored during baseline (BL) two-bottle choice (2BC), and during each 2BC session following vapor/air exposure (total 4-5 rounds of
vapor/air-2BC sessions; CIE 1-4 or 5). For full experimental details, please see the methods section

the clinical evidence [37, 48-50]. The CIE-2BC model
is a highly translational pre-clinical model for study-
ing AUD, as it captures multiple stages of the disorder:
non-dependent alcohol use (Non-Dep; moderate alcohol
consumption, voluntary alcohol intake but no alcohol
vapor exposure), alcohol dependence (Dep; escalated vol-
untary alcohol intake following alcohol vapor exposure),
and alcohol withdrawal (WD; alcohol dependence fol-
lowed by 4-7 days of forced abstinence), as well as alco-
hol naive controls (Naive; no alcohol exposure) [48, 49,
51-54]. To better understand the neurobiological basis of
sex differences in AUD, our clinical and preclinical stud-
ies include both sexes [55, 56]. Following CIE-2BC, we
utilized RNAseq, qRT-PCR, RNAscope, Luminex assay,
and western blot analytical techniques to further eluci-
date alcohol-induced neuroinflammation in the CeA. To
determine specific astrocytic contributions to the dysreg-
ulation of IL-6 signaling, we used Aldh1l1-eGFP/Rpl10a
mice, which allow for the pull-down of astrocyte-specific
RNA using the translating ribosome affinity purification
(TRAP) procedure. We then used whole-cell patch clamp
electrophysiology recordings from ex vivo mouse CeA
slices to assess basal GABAergic transmission, as well
as the neuromodulatory role of IL-6 at GABAergic syn-
apses. Finally, we used an IL-6R Ab to evaluate its effect
on alcohol dependence-induced escalation of drinking
and thus, its potential therapeutic use for AUD.

Material and methods

Animals

Adult male (~25 g) and female (~20 g) hemizygous
B6;FBV-Tg(Aldh111-EGFP/Rp110a)JD130Htz/]  mice
(Astrocyte-TRAP), generated by Nathaniel Heintz, [57,
58] were purchased from The Jackson Laboratory (Bar
Harbor, ME; strain # 030247; n=49) for TRAP RNAseq
and TRAP qRT-PCR studies. Adult male (~30 g) and
female (~20 g) C57BL/6 ] mice were purchased from The
Jackson Laboratory (Bar Harbor, ME; n=256) for RNA-
scope, multiplex cytokine assay, western blot, electro-
physiology and IL-6R Ab treatment studies. Mice were
acclimated to the animal facility at The Scripps Research
Institute for over one week prior to experimentation.
All mice were housed 3-5 per cage with Harlan Teklad
Aspen Sani-Chip bedding (#7090A) in light (12 h light/
dark cycle; lights on 8:00 PM) and temperature (21+2
°C) controlled vivarium rooms. Food (Envigo Teklad 18%
Protein Rodent Diet; #2018) and water were available ad

libitum. All procedures involving the housing and use
of experimental animals were approved by the Scripps
Research Institutional Animal Care and Use Commit-
tee (IACUC; protocol no. 09-0004 and 09-0006) and in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Experimental design

These experiments included 3 cohorts of mice: Cohort
1 (Astrocyte-TRAP mice; male n=15; female n=17),
Cohort 2 (C57BL/6 ] mice; male n=79; female n=68),
and Cohort 3 (C57BL/6 ] mice; male n=44; female
n=65). Cohort 1 consisting of Astrocyte-TRAP mice
underwent the CIE-2BC protocol and a subset (7 M/9F)
were used for TRAP RNAseq and TRAP qRT-PCR
experiments. Cohort 1 mice were euthanized after the
4th day of CIE during the 5th round. Cohort 2 consist-
ing of C57BL/6 ] mice underwent the CIE-2BC protocol
and distinct subsets were used for RNAscope (8 M/8F),
multiplex cytokine assays (16 M/30F), western blot
experiments (25 M), and electrophysiological recordings
(30 M/30F). For electrophysiological recordings, some
mice were euthanized immediately after their last vapor
session (Dep group) while others were euthanized after
4-7 full days of alcohol withdrawal (WD group). Cohort
3 consisting of C57BL/6 ] mice underwent the CIE-2BC
protocol with IL-6R Ab or IgG2b isotype control injec-
tions during the last round of CIE-2BC. Distinct subsets
from Cohort 3 were used for multiplex cytokine assays (9
M) and electrophysiological recordings (3 M/6F). For all
experiments, other than the electrophysiology recordings
of the WD group, mice in Cohorts 2 and 3 were eutha-
nized immediately after their last 16 h ethanol vapor ses-
sion following the 4th — 5th round (Dep group) or when
this session would have occurred (for time-matched
naive and Non-Dep groups). Experimental sample sizes
were determined using power analyses based on prior
studies where appropriate. Estrous cycles were not moni-
tored to maintain sufficient power within current sample
sizes.

Chronic intermittent ethanol vapor exposure—two-bottle
choice (CIE-2BC)

The mouse CIE-2BC model of alcohol dependence-
induced escalation of drinking was conducted as pre-
viously reported [48, 49, 51-54]. Briefly, the CIE-2BC
paradigm produces three groups of mice differing in
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their alcohol experience: 1) naive mice with no exposure
to alcohol (no EtOH, naive); 2) alcohol experienced, not
dependent, mice with a history of voluntary drinking but
no ethanol vapor exposure (2BC only, Non-Dep); and 3)
alcohol experienced, dependent mice that exhibit exces-
sive and escalated alcohol intake after chronic ethanol
vapor exposure (CIE-2BC, Dep).

First, to establish baseline (BL) drinking, 2BC testing
was performed 5 days per week (M-F) for 2—4 consecu-
tive weeks. Mice were singly housed 30 min before the
lights went off and given 2 h access to two drinking tubes
(15% w/v ethanol in tap water vs. tap water only). Dur-
ing this time, mice in the naive group received 2 water
bottles. After the completion of each 2 h 2BC drink-
ing session, mice were returned to their group-housed
home cages. Following this BL phase, alcohol drinking
mice were divided into two groups (Non-Dep and Dep)
with balanced alcohol and water consumption. Mice in
the Dep group were injected intraperitoneally (i.p.) with
1.75 g/kg alcohol+68.1 mg/kg pyrazole (alcohol dehy-
drogenase inhibitor) and placed in alcohol vapor cham-
bers (La Jolla Alcohol Research, La Jolla, CA, USA) for
4 days (16 h vapor on, 8 h off). These alcohol + pyrazole
injections prior to each vapor exposure stabilize blood
alcohol levels (BALs) in the target range and decrease
variability across exposure and between mice. BALs were
determined immediately upon vapor chamber removal
on the third day of exposure during every round via tail
blood samples collected in heparinized capillary tubes
and centrifuged for 20 min at 13,000 rpm at 4 °C. The
supernatants were then processed on an Agilent 7820 A
gas chromatograph coupled to a 7697 A headspace sam-
pler. Alcohol drip rates were manipulated to maintain
BALs that reliably produce dependence (150-200 mg/
dL) [37, 48]. Mice in the Non-Dep group were injected
with 68.1 mg/kg pyrazole, placed into identical caging,
and exposed to air. Naive mice were injected with 68.1
mg/kg pyrazole and returned to the home cage. Vapor/air
exposure was followed by 72 h of abstinence and 5 days
of 2BC testing. This regimen was repeated an additional
three to four more times for a total of four or five full
rounds. In Dep mice, euthanasia occurred immediately
following the final alcohol vapor exposure (16 h) and tail
blood was collected to determine terminal BALs. Eutha-
nasia occurred in a time-matched manner for mice that
were not exposed to ethanol vapor (Non-Dep and naive).

Postmortem human brain RNA-seq

Complete methodological details are part of an already
published study [59] and were performed as previously
reported [60]. The RNA-seq data and sample details are
available through the NCBI BioProject database (Cen-
tral Nucleus Amygdala: PRINA551908). Briefly, central
nucleus of the amygdala samples (30 AUD [23 M/7F] and
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30 matched controls [23 M/7F] over 18 years of age) were
obtained from the New South Wales Tissue Resource
Centre at the University of Sydney. RNA was extracted
using the Qiagen RNeasy kit (Qiagen, Germantown,
MD, USA). The RNA-seq samples were prepared using
the TruSeq RNA Library Pre Kit v2 (Illumina, Inc., San
Diego, CA, USA) and sequenced on the Illumina HiSeq
2000 at the Genome Sequencing and Analysis Facility
(GSAF) at The University of Texas at Austin. Raw reads
were aligned to human genome 38 (GRCh38) using STAR
aligner version 2.5.3. Reads were counted with Python/
htseq and imported to R/DESeq2 for differential expres-
sion analysis.

Astrocyte-TRAP CIE-2BC

The mice used in this study for astrocyte specific RNA-
Seq, TRAP-seq and qRT-PCR have previously been
described for nucleus accumbens wherein all relevant
methods are detailed in full [53]. CeA data presented
here are part of a larger TRAP-seq and RNA-seq data set
[61]. The raw sequencing data and gene read count table
are available at the National Center for Biotechnology
Information Gene Expression Omnibus site (https://ww
w.ncbi.nlm.nih.gov/geo/) under accession GSE325031.
Briefly, adult hemizygous B6;FVB-Tg(Aldhl11-EGFP/
Rpl10a)JD130Htz/] mice (Astrocyte-TRAP; Cohort 1)
underwent CIE-2BC exposure as detailed above to gen-
erate naive (8 M/8F), Non-Dep (4 M/5F), and Dep (3
M/4F) mice. Mice were exposed to vapor/air for a final
(5th) round of CIE and were euthanized within an hour
of removal from the chambers for brain collection. Brains
were flash frozen in isopentane chilled in a dry ice iso-
propanol slurry and stored at —80 °C until utilized.

Translating ribosome affinity purification (TRAP) and RNA
isolation

The CeA was collected bilaterally from 300 um sections
of frozen whole brains from Bregma —0.94 mm to -2.18
mm using a 1.5 mm punch tool [62]. Astrocyte translat-
ing RNA was immunoprecipitated (IP) using the TRAP
procedure as described previously [63] with anti-GFP
antibodies (Memorial-Sloan Kettering Antibody and Bio-
resource Core Facility; HtzGFP-19C8 & HtzGFP-19F7)
and protein A/G magnetic beads (Thermo Fisher, 88,803).
RNA was isolated from the input and IP samples using
Trizol (Thermo Fisher, Carlsbad, CA) and the Direct-Zol
RNA MicroPrep Kit (Zymo Research, Orange, CA).

RNA-seq

RNA from TRAP and input samples were submitted
to the OHSU Integrated Genomics Laboratory (IGL)
for library preparation and sequencing [53]. Sam-
ples were profiled using the Agilent Tapestation 4200
and sequenced on a NovaSeq 6000 (Ilumina). Raw
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sequencing reads were aligned to the mouse reference
genome from Ensembl (GRCm38) with STAR aligner
v2.7.10b [64]. DESeq2 v1.26.0 [65] was used to perform
differential analysis for each dataset with Sex and TRAP
pass as covariates.

TRAP qRT-PCR
To follow up on the significantly enriched pathways and
further investigate changes in IL-6 signaling in Dep vs
Non-Dep mice, qRT-PCR was carried out on a subset
of input and IP samples used for the RNA-Seq as previ-
ously described [63, 66]. Input and IP RNA qRT-PCR was
conducted using the Luna Universal One-Step RT-qPCR
Kit (NEB) on the CFX96 (Bio-Rad) thermocycler with
normalization to total RNA using the Quant-it Ribo-
Green kit (ThermoFisher). Primer sequences for 1l6ra
(Il6ra Forward: 5-AGCGACACTGGGGACTATTTA-3’;
Reverse: 5-ACAGCCTTCGTGGTTGGAG-3’) and Ii6st
(Ilst Forward: 5- CTTTGGGCAGATCGAGCAGA
A-3’; Reverse: 5- CCCTCATTCACAATGCAAGTCA-3)
were downloaded from PrimerBank [67]. For comparison
of IP to Input samples, results are expressed as log,(fold
change [FC] mRNA expression of IP/Input). For evalua-
tion of sex and dependence as factors within IP samples,
results are expressed as fold change/female Non-Dep.
Data analysis: QqRT-PCR results comparing IP to Input
samples were analyzed using a mixed-effects model with
fraction (Input vs IP) as a within subjects factor and sex
(M vs F) as well as group (Dep vs Non-Dep) as between
subjects factors. qRT-PCR analysis within IP samples was
performed using two-way ANOVA with sex (M vs F) and
group (Dep vs Non-Dep) as between subjects factors.
One sample from the male Dep group was excluded from
the Il6st analysis due to poor amplification specificity
during melt-curve analysis.

Bioinformatic analysis

Ingenuity Pathway Analysis (IPA, Qiagen) was used to
identify enriched canonical pathways. IPA Canonical
pathway enrichment analysis produces p-values corre-
sponding to the significance of the enrichment, enrich-
ment ratio corresponding to the number of enriched
genes in the analyzed dataset divided by the total num-
ber of genes in the pathway, and activation z-score which
is a prediction of pathway activation or inhibition based
on the direction of regulation of genes in the dataset and
known relationships within the pathway.

RNAscope in situ hybridization

RNAscope was performed as previously reported [49,
68-75]. Briefly, a total of 16 mice (Cohort 2; n=4 per
sex and experimental group [Naive/Dep]; 3—4 images for
each mouse) were deeply anesthetized with 3-5% iso-
flurane and transcardially perfused with Z-fix for 5 min.
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Brains were removed and post-fixed in Z-fix for 24 h at 4
°C, cryoprotected in sterile 30% sucrose in PBS for 24—48
h at 4 °C, snap-frozen in isopentane, and stored at —-80 °C
until use. Brains were sliced on a cryostat in 20 pm thick
sections, mounted on SuperFrost Plus slides (Fisher Sci-
entific, catalog no. 1255015), and stored at —80 °C until
further processing.

In situ hybridization (ISH) was performed using the
RNAscope multiplex fluorescent detection kit (ACD,
catalog no. 320850) following the manufacturer’s pro-
tocol (ACD, catalog no. 320535). Slides were incu-
bated with the following probes: I/6 (ACD, catalog no.
315891; encoding interleukin-6), /l6ra (ACD, catalog
no. 435921-C1; encoding interleukin-6 receptor subunit
alpha), Itgam (ACD, catalog no. 311491; encoding integ-
rin alpha M; microglial marker), Gfap (ACD, catalog no.
313211-C2; encoding glial fibrillary acidic protein; astro-
cytic marker), and Rbfox3 (ACD, catalog no. 313311-C2;
encoding RNA-binding protein Fox-1 homolog 3; neu-
ronal marker) for 2 h at 40 °C. A negative control probe
(ACD, catalog no. 320871) was run in tandem. Signals
were amplified to detect RNA transcripts for a total of
90 min at 40 °C. Slides were then mounted with DAPI-
containing Vectashield (Fisher Scientific, catalog no.
NC9029229).

Imaging and analysis

Images were acquired using a Zeiss LSM 780 laser
scanning confocal microscope (40X oil immersion,
1024 x 1024, tile scanning of CeA at approximately
bregma-1.46 mm, 5-um z-stacks) and all microscope
settings were held constant between the experiments
during image acquisition. For each mouse, 3—4 images of
the medial subdivision of the CeA were collected. Analy-
sis and quantification were performed using CellProfiler
[68-72, 76]. Nuclei were identified based on DAPI stain-
ing and considered positive for a given probe if the corre-
sponding fluorescent signal exceeded background levels
(negative control). The percentage of positive nuclei was
calculated and normalized to the naive group. To validate
CellProfiler results, a random set of images were quanti-
fied manually in Fiji. Brightness, contrast, and pixel dila-
tion were kept consistent across representative images.
All analyses were performed on raw images.

Data analysis: Female and male samples were analyzed
separately as they were processed and imaged separately.
A data point was considered an outlier if it was identi-
fied as such by both ROUT (Q=1%) and 1.5xIQR and
removed accordingly. Normality and homogeneity of
variance were assessed using the Shapiro—Wilk and F
tests, respectively. Data that were not normally distrib-
uted were analyzed with the Mann—Whitney test. All
other data were analyzed using unpaired, two-tailed,
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t-tests and Welch’s correction was applied when the
assumption of equal variances was violated.

Multiplex assay of central amygdala cytokine levels

To assess cytokine levels in the CeA, a total of 55 mice
consisting of subsets from Cohort 2 (16 M/30F) and
Cohort 3 (9 M) were analyzed. Specifically, samples
included naive (8 M/8F), Non-Dep (9 M/10F), and Dep (8
M/12F) groups. First, mice were anesthetized with 3—5%
isoflurane, transcardially perfused with phosphate-buff-
ered saline, and decapitated. Brains were rapidly removed,
snap-frozen in isopentane, and stored at —80 °C until use.
Brains were sliced on a cryostat in 18 pm thick sections.
The CeA was isolated using 0.8 mm punches and stored
at —80 °C until further processing. Samples were homog-
enized using 80 uL of 25 mg/mL AEBSF (ThermoFisher
Scientific, Catalog No. 78431) in homogenization buffer
consisting of 0.02 M Tris HCI (pH 7.5), 0.15 M NaCl, and
0.05% (v/v) Tween 20 in H,O. Homogenate was placed
on ice for 10 min and then centrifuged at 14,000 g for
10 min at 4 °C. Supernatant was collected and total pro-
tein concentration was measured using the Bio-Rad DC
protein assay (Bio-Rad, Hercules, CA, USA). Samples
were aliquoted and stored at —80 °C until use. Cytokine
levels were tested in duplicate using a Mouse Cytokine/
Chemokine Magnetic Bead Panel kit that included 8 of
the 32 preset analyte options: IL-6, interleukin-1p (IL-
1P), interleukin-1a (IL-1a), interferon-y (IFN-y), tumor
necrosis factor-a (TNF-«a), interleukin-10 (IL-10), inter-
leukin-17 (IL-17), and monocyte chemoattractant pro-
tein-1 (MCP-1), (MCYTOMAG-70 K; MilliporeSigma,
Burlington, MA, Kit lot # 4,150,931) using the manufac-
turer’s protocol on a Luminex xMAP system with xPO-
NENT software (Luminex Corporation, Austin, TX), as
previously reported [49, 77-79]. One Non-Dep female
sample was excluded prior to the DC protein assay due
to insufficient tissue collection and one naive female sam-
ple was excluded from the Luminex assay due to an error
during plate preparation. Intra-assay coefficients of varia-
tion were < 10%.

Data analysis

Female and male samples were analyzed separately as
they were run on different assay plates. A data point was
considered an outlier if it was identified as such by both
ROUT (Q=1%) and 1.5xIQR and removed accordingly.
Normality and homogeneity of variance were assessed
using the Shapiro—-Wilk and Brown-Forsythe tests,
respectively. Data that were not normally distributed
were analyzed with the Kruskal-Wallis test and Dunn’s
post hoc test. Welch’s ANOVA with Dunnett’s T3 post
hoc test was used when the assumption of equal vari-
ances was violated. All other data were analyzed using
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ordinary one-way ANOVA followed by Tukey’s post hoc
test.

Western blot

Western blot analyses for brain regional changes in pro-
tein were conducted in mice as previously described [37,
50, 80]. Alcohol Dep (n=12 M) and Non-Dep (n=13 M)
mice from Cohort 2 were anesthetized with 3—5% isoflu-
rane, decapitated, and brains were rapidly removed, snap-
frozen in isopentane, and stored at —80 °C. Twelve to
twenty-four hours before dissection, brains were moved
to =20 °C. Brains were then mounted and sliced using a
cryostat at —12 °C, central amygdala brain punches (0.5
mm thick) were obtained using a 16 gauge needle accord-
ing to the mouse brain atlas [62]. Brain punches were
homogenized by sonication in a lysis buffer (in (mM): 320
sucrose, 5 HEPES, 1 EGTA, 1 EDTA, 1% SDS), protease
inhibitor cocktail (diluted 1:100), and phosphatase inhibi-
tor cocktails II and III (diluted 1:100) (Sigma, St. Louis,
MO, USA). Tissue homogenates were heated at 95 °C
for 5 min and the total protein concentration was mea-
sured using a detergent-compatible Lowry method (Bio-
Rad, Hercules, CA, USA). The samples were aliquoted
and stored at —80 °C until use. Protein samples (20 ug)
were separated by SDS—polyacrylamide gel electropho-
resis on 8—12% acrylamide gels using a Tris/Tricine/SDS
buffer system (Bio-Rad). The gels were electrophoreti-
cally transferred to polyvinylidene difluoride membranes
(GE Healthcare, Piscataway, NJ, USA). Membranes were
blocked for 1 h in 5% non-fat milk at room temperature
and incubated overnight in 2.5% non-fat milk with pri-
mary antibody at 4 °C. The primary antibodies included
were pSTAT3Y7% (1:10,000; Cell Signaling; Cat #9145),
GP130 (1:5,000; Cell Signaling; Cat #3732), and SOCS3
(1:5,000, Abcam, Cat #16,030). Membranes were washed
and incubated with species-specific peroxidase-conju-
gated secondary antibodies (1:10,000—1:20,000; Bio-Rad)
for 1 h at room temperature. Membranes were washed
and incubated in a chemiluminescent reagent (Immobi-
lon Crescendo Western HRP Substrate, Millipore Cor-
poration, Billerica, MA, USA) and exposed to film.
Following film development, membranes were stripped
for 30 m at room temperature (Restore; Thermo Scien-
tific) and re-probed for either total STAT3 (1:10,000; Cell
Signaling; Cat #9139) or B-tubulin (1:1,000,000; Santa
Cruz Biotechnology; Cat # 05-797R) levels. The immu-
noreactivity of the bands was detected using densitome-
try (Image J 1.45S; Bethesda, MD). To normalize the data
across the blots, the densitometric values were expressed
as a percentage of the mean of the naive controls for each
gel. Individual mouse GP130, and SOCS3 levels were
normalized to individual P-tubulin protein levels and
pSTAT3 levels were normalized to total STAT3 levels to
generate ratio values for statistical comparison.



St. Onge et al. Journal of Neuroinflammation (2026) 23:211

Data analysis

Normality and homogeneity of variance were assessed
using Shapiro—Wilk and F tests, respectively. Data that
were not normally distributed were analyzed with the
Mann—Whitney test. All other data were analyzed using
unpaired, two-tailed, t-tests.

Electrophysiology and GABAergic transmission

Ex vivo whole-cell patch-clamp electrophysiology record-
ings [37, 48, 50] were carried out in CeA neurons of mice
from Cohorts 2 (30 M/30F) and 3 (3 M/6F) divided into
naive (13 M/12F), Non-Dep (6 M/7F), Dep (7 M/10F)
and WD (7 M/7F) groups. Neurons were visualized
under infrared differential interference contrast (IR-DIC)
microscope and synaptic currents were recorded with
borosilicate glass capillaries (2-5 mQ) filled with the
KCl-based internal solution (in mM: 135 KCl, 10 HEPES,
2 MgCl,, 5 EGTA, 2 Mg-ATP, and 0.2 Na-GTP, 290-310
mOsm, pH adjusted to 7.2-7.4 using 1 M KOH). The
CeA neurons were held at —-60 mV. The GABA, recep-
tor-mediated spontaneous inhibitory postsynaptic cur-
rents (s/mIPSCs) were pharmacologically isolated by
slice perfusion (>10 min) in artificial cerebrospinal fluid
(aCSF) containing AMPA and NMDA receptor antago-
nists DNQX and DL-APV (20 uM and 30 pM, respec-
tively, Tocris, Minneapolis, MN) and GABAj receptor
antagonist CGP55845A (1 uM, Tocris), and tetrodotoxin
(0.5 uM), in the case of mIPSCs [37]. We recorded in a
gap-free mode before (baseline) and during application
(for 15 min) of the recombinant murine IL-6 (50 ng/ml;
PeproTech, Cranbury, NJ; Catalog # AF-216-16-50UG).
Data acquisition was done with Multiclamp 700B ampli-
fier, 1440 Digitizer, and Clampfit 10 software (Molecu-
lar Devices, Sunnyvale, CA). GABAergic sIPSCs were
analyzed with MiniAnalysis version 6.0.8 (provided by
BlueCell, Seoul, South Korea). Cells with more than
20% change in access resistance (Ra<15 MQ, moni-
tored with frequent 10 mV pulses) were excluded from
the final data analysis. We analyzed sIPSC frequencies,
amplitudes, kinetics (rise and decay times) followed by a
visual inspection of each individual event. The maximum
IL-6 effect was calculated from 3-min bins between 6
and 15 min after IL-6 application and used for statistical
analyses.

Data analysis

Regarding figures in the main text of this paper, if the
data had equal variance and were normal according to
the Kolmogorov—Smirnov test, final values were analyzed
using one-sample t-tests. If the data were nonparametric,
a one sample Wilcoxon test was used. Regarding addi-
tional electrophysiological figures in the supplementary
materials, comparisons among three or more groups
were analyzed using a one-way ANOVA when data met
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assumptions of normality and equal variance, a Welch’s
ANOVA when normality was met but variances were
unequal, or a Kruskal-Wallis test when data were non-
parametric. Comparisons with two or less groups were
analyzed using unpaired, two-tailed student’s t tests when
data were normally distributed and exhibited equal vari-
ances. When data were better described by a lognormal
distribution and/or variances were unequal, a lognormal
Welch’s t test was used.

IL-6R Ab injections during CIE-2BC

Adult C57 BL/6 ] mice (Cohort 3; 44 M/65F) under-
went CIE-2BC exposure as detailed above to generate
Non-Dep (IgG2b: 12 M/15F; IL-6R Ab: 12 M/16F) and
Dep (IgG2b: 9 M/16F; IL-6R Ab 11 M/18F) mice. A sub-
set of these mice was included in a recently published
study of IL-6R Ab’s effect on alcohol-associated pain sen-
sitivity [49]. In these, starting 24 h after the last vapor/
air exposure session in the 4th — 5th round, IL-6R Ab
or the isotype control IgG2b were injected i.p. (150 pg/
day) daily, 30 min prior to the 2BC session (or the time
when the 2BC session would have occurred for injections
during withdrawal) for 7 days. Thus, the first two injec-
tions occurred during withdrawal while the five remain-
ing injections occurred on the 5 days of 2BC. Dep mice
whose drinking did not escalate by the final vapor expo-
sure session were excluded from the study (4 M/9F).
Before euthanasia, mice were exposed to a single air/
alcohol vapor exposure (Non-Dep and Dep, respectively;
16 h) and tail blood was collected to determine terminal
BALs.

Data analysis

Alcohol and water intake (g/kg) were analyzed using two-
way repeated measures (within [time] — between [experi-
mental group]) ANOVA and the Geisser-Greenhouse
correction. On one day, the water bottle of a Non-Dep
female in the IL-6R Ab treated group leaked resulting in
a missing value, a mixed-effects model (REML) was used
to analyze water intake for the Non-Dep females accord-
ingly. Average weekly alcohol intake (g/kg) was ana-
lyzed using one-way repeated measures (within [time])
ANOVA and the Geisser-Greenhouse correction fol-
lowed by Dunnet’s post hoc test.

Drugs

For behavioral experiments, anti-mouse IL-6R anti-
body (BioXCell, Catalog# BE0047, Clone 15A7, Lot
#795921D1) or isotype control rat IgG2b antibody (BioX-
Cell, Catalog# BE0090, Clone LTF-2, Lot #767921D1)
were prepared fresh in dilution buffer (BioXCell, Cata-
log# IP0700, Lot #762122D1) on each injection day to
a concentration of 750 pg/mL and administered at 150
pg/200 pL intraperitoneally (i.p.) [49]. The IL-6R Ab dose
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and frequency of administration were consistent with
prior work [29]. Additionally, the i.p. route of administra-
tion has been previously employed to examine the effects
of IL-6R Ab in preclinical models of central nervous sys-
tem (CNS)-related disorders which suggests an effect in
the CNS [29, 49, 81-88]. Alcohol for 2BC drinking ses-
sions was prepared as 15% ethanol (w/v, ethanol in tap
water). Pyrazole (Sigma, St. Louis, MO) was dissolved in
saline for i.p. injections during the CIE-2BC protocol.

Statistical analysis

Experimental group sizes (n) used for each experiment
are described in the corresponding methods section as
well as figure legends. Statistical analyses performed for
each experiment are described in detail in the corre-
sponding methods section. All data were analyzed and
graphed using GraphPad Prism 10 software (La Jolla,
California) unless otherwise stated in the correspond-
ing methods section. Statistical significance was defined
a priori as p<0.05 unless otherwise stated in the corre-
sponding methods section. See Supplemental Table S5
for all statistical tests and factors. In addition, see Sup-
plemental Table S6 for statistical details of supplemental
figures.

Results

Immune-related genes, including IL-6, are dysregulated in
the human central amygdala in AUD

We first examined the translational validity of our
hypothesis that chronic alcohol consumption activates
neuroimmune signaling in the brain by utilizing RNA-
sequencing on human postmortem CeA tissue sam-
ples from human donors with AUD as well as controls
without AUD, the primary analysis of which has been
published in full [59]. We identified 377 differentially
expressed genes (DEGs) with |log,[FC]|>0.15 and nomi-
nal p-values<0.01. Of these, 204 genes were upregu-
lated and 173 were downregulated, indicating significant
molecular alterations in AUD. Pathway enrichment anal-
ysis using clusterProfiler (v4.4.4) revealed robust enrich-
ment in immune response (GO:0006955, p=1.7e-8) and
extracellular matrix organization (GO:0030198, p=5.2e-
5), suggesting neuroinflammation and structural remod-
eling in AUD pathology.

The pro-inflammatory cytokine IL6 exhibited sig-
nificant upregulation in individuals with AUD com-
pared to controls (|log2[FC]|=2.1803, p=1.3e-4; Fig.
2), highlighting its role in neuroinflammatory pro-
cesses. Other immune-related genes showed notable
changes, including suppressor of cytokine signaling 3
(SOCS3; |log,[FC]|=1.76, p=1.0e-4), leukemia inhibi-
tory factor (LIF; |log,[FC]|=2.9967, p=4.2e-6), C-C
motif chemokine ligand 2 (CCL2; |log,[FC]|=1.6159,
p=16e-5), platelet factor 4 (PF4; |log,[FC]|=2.1654,
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p=3.4e-3), tumor necrosis factor receptor superfamily
member 12A (TNFRSFI2A4; |log,[FC]|=1.3208, p=1.3e-
3), FOS-like antigen 1 (FOSLI; |log,[FC]|=2.2461,
p=2.1e-4), and retinoic acid early transcript 1L
(RAETIL; |log,[FC]|=2.4435, p=1.6e-3) reinforcing a
strong inflammatory signature. Conversely, major his-
tocompatibility complex, class I, A (HLA-A) was signifi-
cantly downregulated (|log,[FC]|=-1.5346, p=1.3e-3),
suggesting impaired antigen presentation and com-
promised immune recognition. Additional immune-
related genes, such as antigen-presenting glycoprotein
CD1d (CDID; |log,|FC]|=0.8028, p=5.5e-3) and ILIB
(|log,[FC]|=1.1325, p=3.0e-3) were upregulated, fur-
ther supporting immune response dysregulation. Fur-
ther, immune response-related genes such as 14-3-3
protein sigma (SFN; |log,[FC]|=2.5271, p="7.0e-4) were
upregulated, indicating broad stress and inflammatory
responses. These results emphasize the critical role of
immune response dysregulation, particularly through IL6
signaling and associated pathways, in AUD. Differential
expression analysis results of IL6 signaling pathway genes
in human postmortem CeA samples from donors with
AUD as compared to controls are presented in Supple-
mental Table S1.

The IL-6 signaling pathway is differentially regulated in
central amygdala astrocytes in the context of alcohol
dependence
Astrocytes and microglia are the main components of
the brain innate immune system. While under physi-
ological conditions, astrocytes play a homeostatic role
essential to proper function of the brain while under
pathological conditions, they can become reactive and
express and release neuroimmune factors including IL-6
[89, 90]. We have reported that the CIE-2BC protocol
induces astrocyte reactivity in the NAc and CeA [53,
61]. The human central amygdala transcriptomic data
in the previous section, and preclinical evidence suggest
that astrocyte specific production of IL-6 contributes to
decreased stress-coping behaviors [47] and increased
alcohol withdrawal susceptibility [46]. Based on this,
we used Aldh1l1-EGFP/RPL10a (astrocyte TRAP) mice
which express an EGFP tagged ribosomal protein Rpl10a
in astrocytes allowing for the pull-down of astrocyte spe-
cific RNA using the TRAP procedure [53]. Paired with
the CIE-2BC paradigm, these mice facilitated determi-
nation of the astrocyte specific contribution to increased
IL-6 signaling in the context of alcohol dependence.
Ingenuity Pathway Analysis (IPA) of the “IL-6 sig-
naling” canonical pathway of CeA astrocyte-specific
TRAP-isolated translating mRNAs revealed limited “IL-6
signaling” pathway engagement in Non-Dep vs naive
mice (2 differentially regulated genes; Table S2), but sub-
stantially broader “IL-6 signaling” pathway dysregulation
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Fig. 2 Immune-related genes, including IL-6, are dysregulated in the human central amygdala in AUD. The volcano plot shows differential gene expres-
sion between the control and AUD groups (n=30 per group; 23 males and 7 females). Each point represents a gene, with the x-axis showing log?2 fold
change (log,[FC)) and the y-axis showing the negative logarithm (base 10) of the unadjusted p-value (-log,o[p-valuel). Genes with |log,[FC]|> 1.5 and
nominal p-value <0.01 are plotted in color, with upregulated genes shown in red and downregulated genes shown in blue. Vertical and horizontal dashed

lines indicate the fold change and significance cutoffs, respectively

in Dep vs naive mice (10 differentially regulated genes;
Table S3). A direct comparison of Dep vs Non-Dep mice
further identified 7 differentially regulated genes in the
“IL-6 signaling” pathway (Table S4), suggesting progres-
sive astrocytic IL-6 signaling alterations with the tran-
sition to dependence. Of note, differentially regulated
genes in Dep mice compared to Non-Dep mice included
suppressor of cytokine signaling 1 (Socsl), Stat3, tumor
necrosis and factor receptor superfamily member 1la
(Tnfrsdla), as well as phosphatidylinositol-4-phosphate
3-kinase catalytic- and phosphoinositide-3-kinase reg-
ulatory-subunits (Pik3c[s] and Pik3r[s]), consistent with
dysregulation of members of TNF receptor family and
Pik3C subunits, and trend for upregulation of STAT3 in
human postmortem CeA samples from donors with AUD
as compared to controls (Table S1). Thus, “IL-6 signal-
ing” was identified as a significantly enriched IPA canoni-
cal pathway, when comparing Dep vs Non-Dep mice
(Fig. 3A). Specifically, 7 of the 109 genes in this pathway

were differentially regulated (Table S4) and the activation
z-score was 1.13, which suggests predicted activation of
the overall pathway based on known relationships within
the pathway. This includes predicted upregulation of /6
and Socs3, consistent with their observed upregulation in
the CeA of human donors with AUD (Fig. 2), as well as
predicted downregulation of Janus kinase 2 (Jak2), how-
ever we did not directly observe these patterns of regu-
lation in the RNA-Seq data. These findings indicate that
the IL-6 signaling pathway is regulated selectively during
the process of developing alcohol dependence, therefore,
in the remainder of this report, we prioritize study of the
Dep condition.

To follow up on the significantly enriched pathway and
further investigate changes in IL-6 signaling in Non-Dep
vs Dep mice, TRAP qRT-PCR analysis was conducted on
Il6st (gp130) and Il6ra, representing genes encoding the
subunits of the IL-6 receptor. Il6ra showed significantly
less expression in the astrocyte fraction compared to the
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(See figure on previous page.)

Fig. 3 The IL-6 signaling pathway is differentially regulated in central amygdala astrocytes in the context of alcohol dependence. A IL-6 signaling path-
way denoting the differential gene expression identified by TRAP-seq analysis (modified from IPA schematic). Genes upregulated in the Dep condition
are shown in pink or red (with greater log,[fold change] in red), while downregulated genes are shown in green. Genes with predicted upregulation
and downregulation in the Dep condition are shown in yellow and blue, respectively. Dashed lines indicate simplification of the signaling pathway with
unchanged proteins removed for simplicity. /lést and lléra expression levels are based on TRAP gRT-PCR results. B-E TRAP gRT-PCR of /l6ra (B&D) and /l6st
(C&E) in bulk-tissue (Input) and astrocyte translating RNA (immunoprecipitated, IP) from male (n=7; blue squares) and female (n=9; orange circles), and
Dep (dark shade) and Non-Dep (light shade) mice. B&C mRNA expression of /l6ra and ll6st in IP as compared to Input samples. Results are expressed as
log,(fold change [FC] mRNA expression of IP/Input) and analyzed using three-way ANOVA. D&E /l6ra and ll6st mRNA levels in IP samples only. Results are
expressed as mean + SEM and analyzed using two-way ANOVA. Significant differences are denoted by *p <0.05, **p <0.01 and ****p <0.0001. See Table

S5 in Supplemental Materials for statistics relevant to each panel

bulk CeA RNA (Fig. 3B; F;3=26.4, p<0.0001), while
Il6st showed robust enrichment in the astrocyte frac-
tion (Fig. 3C; F,,,=108.4, p<0.0001). In addition, 1l6st
showed ~ 14-fold higher expression in the CeA than Il6ra
(data not shown). TRAP qRT-PCR of Il6ra revealed a
significant main effect of dependence in CeA astrocytes
with an increase of [l6ra in Dep mice when compared
to Non-Dep controls (Fig. 3D; F, 1,=7.9, p=0.02). There
was also a main effect of sex with increased expression of
Il6ra in females as compared to males (Fig. 3D; F; ;,=9.6,
p=0.009). Similarly, there were significant main effects
of dependence and sex on Il6st in CeA astrocytes with
increased Il6ra in the Dep when compared to the Non-
Dep condition as well as female mice when compared
to males (Fig. 3E; Dependence: F, ;;=8.6, p=0.01; Sex:
F,1,=5.1, p=0.04). Taken together, these results demon-
strate that alcohol dependence alters the IL-6 signaling
pathway.

Alcohol dependence induces cell-type and sex-specific
changes in Il6 expression in central amygdala astrocytes,
neurons, and microglia

To further investigate the cellular distribution of I/6
and its receptor Il6ra across distinct brain cell popula-
tions (astrocytes, neurons, and microglia), we performed
RNAscope in situ hybridization (ISH) focusing on alco-
hol naive and Dep mice (Fig. 4). Representative RNA-
scope images are shown in Fig. 4A and B for males and
females, respectively, while the negative control image is
shown in supplemental Figure S1. In alcohol Dep male
mice, I6 colocalization with the astrocytic marker, Gfap,
was similar to naive controls (Fig. 4C). However, there
was significantly increased colocalization of I/6 with the
neuronal marker, Rbfox3 (Fig. 4D; Mann—Whitney U
Statistic=32, p=0.02), as well as the microglial marker,
Itgam (Fig. 4E; t=2.2, df=18, p=0.045), in Dep male
mice when compared to naive controls. Similarly, in Dep
females there was significantly increased colocalization
of Il6 with Itgam (Fig. 4H; t=2.3, df=18.2, p=0.03), but
not Gfap (Fig. 4F) or Rbfox3 (Fig. 4G). In contrast, there
were no significant changes in colocalization of Il6ra with
astrocytes (Fig. 41), neurons (Fig. 4]) or microglia (Fig.
4K) in Dep males. Meanwhile, there was a decrease in
colocalization of Il6ra with the astrocytic marker, Gfap

(Fig. 4L; t=3.0, df=26, p=0.006), but not neurons (Fig.
4M) or microglia (Fig. 4N) in Dep females compared to
naive controls. Meanwhile, there was no change in the
percentage of 1l6*, ll6ra*, Gfap*, Rbfox3*, or Itgam®* cells
in Dep males or females when compared to naive con-
trols, except for an increase in Rbfox3" cells in Dep males
(Fig. S2; t=2.1, df=27, p=0.04). Overall, these results
indicate that alcohol dependence modulates IL-6 signal-
ing in a cell-type and sex-specific manner, increasing
Il6 mRNA co-localization microglia in both sexes and
neurons in males, while only altering Il6ra expression in
astrocytes of Dep females.

Alcohol dependence increases IL-6 in females and activates
the STAT3 signaling pathway in the central amygdala in
males

To further characterize the effects of CIE-2BC on IL-6
and other inflammatory targets, we determined their
protein abundance in the CeA of naive, Non-Dep, and
Dep male and female mice using a multiplex assay with
the Luminex xMAP system (Fig. 5). There were no signif-
icant differences in IL-6 levels in relation to alcohol expo-
sure in males (Fig. 5A). IL-1p was significantly increased
in Dep males when compared to their Non-Dep coun-
terparts (Fig. 5B; H,=7.6, p=0.02), but no significant
differences were detected in IL-la, IFN-y, or TNF-a
(Fig. 5C-E). In contrast to males, CIE-2BC more broadly
altered immune activation in the CeA of Dep females.
Specifically, elevated levels of IL-6 were observed in Dep
females when compared to their naive and Non-Dep
counterparts (Fig. 5F; F,,5=8.9, p=0.001). In addition,
alcohol dependence increased IL-1p and IL-1a in female
mice when compared to naive and Non-Dep groups
(Fig. 5G & H; IL-1B: Wy 155=12.6, p=0.0006; IL-1la:
Wy0154=13.7, p=0.0004). Finally, alcohol dependence
increased IFN-y and TNF-a in female mice when com-
pared to their Non-Dep counterparts (Fig. 5 & J; IFN-
y: Fy53=6.9, p=0.004; TNF-a: F,,,=57, p=0.01). No
significant differences were observed in IL-10, IL-17, or
MCP-1 levels (Figure S3).

Luminex assay indicated that there was a main effect
of alcohol exposure on IL-6 protein abundance in the
CeA of female but not male mice. Thus, we used western
blotting (WB) to further examine potential downstream
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Fig.4 Alcohol dependence induces cell-type and sex-specific changes in //6 expression in central amygdala astrocytes, neurons, and microglia. A-B Rep-
resentative images from the medial subdivision of the CeA in male (A) and female (B) mice showing /l6 (IL-6, red) and /l6ra (IL-6R, green) mRNA expression
assessed by RNAscope/ISH (n=3-4 per sex and experimental group; 3-4 images for each mouse), also see Fig. S1. Co-localization is shown with Gfap
(GFAP, yellow), Rbfox3 (NeuN; yellow), ltgam (CD11b, yellow) and DAPI (blue), labeling putative astrocytes, neurons, and microglia, respectively. Scale
bar=10 um. White arrows indicate significant differences in co-localization. C-N Quantification (ratio) shows the normalized percentage of /16" nuclei
co-labeled with Gfap, Rbfox3, or Itgam (C-H) and the normalized percentage of lléra* nuclei co-labeled with Gfap, Rbfox3, or ltgam (I-N) in male (C-E & I-K;
blue) and female (F-H & L-N; orange), naive (white bars), and Dep (shaded bars) mice, relative to the percentage in naive mice. Results are expressed as
mean + SEM and analyzed using unpaired, two-tailed t-test (C, E-G, L, M) with Welch's correction (H, N), as appropriate, or two-tailed Mann-Whitney test
(D, I-K). Significant differences are denoted by *p <0.05. See Table S5 in Supplemental Materials for statistics relevant to each panel

changes in IL-6 signaling pathway activation in the CeA
of male mice. Protein levels of phosphorylated STAT3
(pSTAT3), GP130, and SOCS3 were measured. We
found that the phosphorylation of STAT3 at tyrosine
705 (indicative of STAT3 activation in terms of dimer-
ization, nuclear translocation, and DNA binding) was
significantly increased in the central amygdala of alcohol-
dependent mice (Fig. 5K & L; Mann—Whitney U Statis-
tic=22, p=0.002). No changes in GP130 (IL-6 receptor
subunit) or SOCS3 (downstream negative regulator of
IL-6 signaling) were observed between groups (Fig. 5M
& N). These results indicate that alcohol dependence may
activate central amygdala IL-6 signaling via the STAT3
pathway and by blocking the homeostatic potentiation of
SOCS3 as a negative regulator of IL-6 signaling. Overall,

our ISH, astrocyte-TRAP, Luminex, and WB data sup-
port dependence-induced upregulation of IL-6 signaling
at both gene and protein levels.

IL-6 modulates CeA GABAergic transmission in a CIE-2BC
treatment and sex-dependent manner

The CeA is mainly comprised of GABAergic neurons
[7, 8]. Thus, to investigate the functional role of upregu-
lated, pro-inflammatory IL-6 activity on CeA activity, we
used whole-cell patch clamp electrophysiology to record
pharmacologically isolated GABA, receptor-mediated
synaptic currents in CeA neurons of alcohol naive, Non-
Dep, and Dep male and female mice. In addition, to
assess the persistence of the effects of CIE-2BC on IL-6
modulation of GABAergic transmission, Dep mice were
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Fig. 5 Alcohol dependence increases IL-6 in females and activates the STAT3 signaling pathway in the central amygdala in males. A-J Multiplex assay
cytokine levels (pg/mL) in the CeA of male (n=25; A-E) and female (n=30; F- J) mice after the CIE-2BC procedure: IL-6 (A & F); IL-18 (B & G); ILl-1a (C
& H); IFN-y (D & I); TNF-a (E & J). K-N STAT3 signaling in the CeA of Dep and Non-Dep male mice. K. Representative images of the western blotting for
phosphorylated STAT3 (pSTAT3"7%) and total STAT3. L-N Bar graphs represent normalized OD values from Dep vs Non-Dep male mice (n=25) for STAT3
phosphorylation (L), GP130 (M), and SOCS3 (N). Results are expressed as mean +SEM and analyzed using one-way ANOVA (A, F, 1, J), Welch's ANOVA (G,
H) or the Kruskal-Wallis test (B-E) for multiplex assays and unpaired, two-tailed t test (M, N) or two-tailed Mann-Whitney test (L) for western blotting.
Significant differences are denoted by *p <0.05, **p < 0.01 and ***p <0.001. See Table S5 in Supplemental Materials for statistics relevant to each panel

withdrawn (WD) from alcohol for 4—7 days prior to slice
electrophysiology to form a fourth treatment group [80,
91, 92]. We recorded spontaneous inhibitory postsynap-
tic currents (SIPSCs) in CeA neurons before and during
acute bath application of 50 ng/ml IL-6 for 15 min [93].
While there was a baseline difference (significant reduc-
tion) in sIPSC amplitude observed between naive and
WD males, we did not detect any significant differences
in the remaining baseline sIPSC parameters of either sex
or treatment group (Fig. S4).

Exogenous IL-6 significantly decreased the mean sIPSC
frequency in Dep and WD male mice but did not alter
the frequency in naive and Non-Dep male mice (Fig. 6A
& B). Specifically, IL-6 decreased sIPSC frequency to
72.5+3.3% (one sample t-test, p<0.0001) in Dep males
and to 64.3+6.9% (one sample t-test, p=0.0004) in
WD males. (Fig. 6B1). In Dep males, IL-6 significantly
decreased sIPSC amplitude to 88.0+5.3% (one sample
t-test, p=0.043) (Fig. 6B2). In naive and WD males,

IL-6 significantly increased rise time. Specifically, IL-6
increased sIPSC rise time to 109.3+3.0% (one sample
t-test, p=0.0015) in naive males and 115.3+5.3% (one
sample t-test, p=0.019) in WD males (Fig. 6B3). Lastly,
in Non-Dep males, IL-6 increased sIPSC decay time to
110.0+4.6% (one-sample t-test, p=0.042) (Fig. 6B4).
Taken together, these results suggest that in males, IL-6
decreases inhibitory drive during dependence and with-
drawal by reducing presynaptic GABA release (reduced
sIPSC frequencies) and has modest effects on postsyn-
aptic GABA , receptor function (sIPSC amplitudes and
kinetics) in all treatment groups tested, albeit at different
levels of CIE-2BC exposure.

In contrast to males, exogenous IL-6 decreased the
mean sIPSC frequency only in WD females (Fig. 6C
& D). Specifically, IL-6 decreased sIPSC frequency to
65.0+6.9% (one sample t-test, p=0.0001) (Fig. 6D1).
In females, IL-6 did not significantly alter the ampli-
tude (Fig. 6D2) or rise time (Fig. 6D3) of any treatment
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Fig. 6 IL-6 modulates CeA GABAergic transmission in a CIE-2BC treatment and sex-dependent manner. A Representative traces obtained from male CeA
neurons before (baseline) and during bath application of IL-6 (50 ng/mL). B From left to right, the average IL-6 percent change from baseline of sIPSC fre-
quency (1), amplitude (2), rise time (3) and decay time (4) of the CeA neurons recorded from alcohol naive (n=12 cells), Non-Dep (n=17 cells), Dep (n=13
cells) and WD (n=11 cells) male mice. C Representative traces obtained from female CeA neurons before (baseline) and during bath application of IL-6
(50 ng/ml of IL-6). D From left to right, the average IL-6 percent change from baseline of sIPSC frequency (1), amplitude (2), rise time (3) and decay time (4)
of the CeA neurons recorded from Naive (n=18 cells), Non-Dep (n= 18 cells), Dep (n=20 cells) and WD (n= 16 cells) female mice. Results are expressed as
mean + SEM with points denoting individual cells and analyzed using two-tailed, one sample t tests (B1, B2, B4, D1-D4) or one sample Wilcoxon tests (B3).
Significant differences are denoted by *p <0.05, **p <0.01 and ***p <0.001. See Table S5 in Supplemental Materials for statistics relevant to each panel

group. Lastly, IL-6 increased the sIPSC decay time to
106.6 £2.8% (one sample t-test, p=0.026) in Non-Dep
females and to 118.0+6.7% (one sample t-test, p =0.015)
in Dep females (Fig. 6D4). These results suggest that in
females, IL-6 decreases inhibitory drive during with-
drawal and has modest effects on postsynaptic GABA ,
receptor function (sIPSC decay) in Non-Dep and Dep
treatment groups. Collectively, these data suggest that
CIE-2BC induces neuroadaptive changes of the IL-6 sys-
tem in a sex-dependent manner, with males exhibiting
more pre- and postsynaptic effects compared to females.

Next, we recorded miniature IPSCs (mIPSCs, using
0.5 uM tetrodotoxin to block neuronal spiking through
inhibition of sodium channels) to assess IL-6 effects on
action-potential independent GABAergic transmis-
sion. We focused on the WD group where IL-6 had the
most robust effect on reductions of GABA release in
both sexes with comparison to the naive group. We did
not detect any significant differences in baseline mIPSC
parameters across groups (Fig. S5). We found that IL-6
did not alter mIPSC frequency in naive mice but signifi-
cantly decreased mIPSC frequency in WD mice of both
sexes (Fig. S6). Together, these data suggest that during
withdrawal from alcohol, IL-6 signals through IL-6R and
gp130 to activate downstream signaling pathways includ-
ing JAK/STAT which results in a dampening of presyn-
aptic GABAergic transmission, as evidenced by IL-6
induced decrease in sIPSCs and mIPSCs, which may lead
to increased neuronal excitability [47] and contribute to
circuit adaptations underlying negative reinforcement
and alcohol dependence.

Blocking IL-6 signaling decreases excessive alcohol
drinking in female mice

Given the substantial recruitment of IL-6 signaling com-
ponents following chronic alcohol exposure, we next
examined whether blocking IL-6 signaling would affect
escalation of drinking, a motivational hallmark of alcohol
dependence. Thus, we used a CIE-2BC model that reliably
produces escalation of alcohol intake in Dep mice [48,
49, 51-54]. After dependence was induced (Fig. S7), we
administered the anti-mouse IL-6 receptor antibody (IL-
6R ADb) or isotype control (IgG2b) i.p., 150 pg/200 pL per
day for 7 days in Non-Dep and Dep male and female mice
(Fig. 7A). In Non-Dep male mice, there was no significant
effect of IL-6R Ab treatment, time, or their interaction

on alcohol intake (Fig. 7B) or water intake (Fig. 7C). In
Non-Dep female mice, there was a significant effect of
time on alcohol intake (Fig. 7D; F3, 46,=11.9, p<0.0001)
but not water intake (Fig. 7E) and there were no effects
of IL-6R Ab treatment or treatment x time interaction
on either dependent measure (Fig. 7D&E). Like the Non-
Dep males, in the Dep males there were no significant
effects of IL-6R Ab treatment, time, or their interaction
on alcohol (Fig. 7F) or water intake (Fig. 7G). However,
there were significant effects of both IL-6R Ab treatment
and time in Dep females (Fig. 7H; Treatment: F193=5.1,
p=0.03; Time: F3 | 505=8.0, p=0.0001). Specifically, while
overall alcohol intake escalated across the week, IL-6R
Ab treatment reduced alcohol intake when compared to
control (IgG2b treated) mice. There were no effects of
IL-6R Ab treatment on water intake, time, or their inter-
action in Dep females (Fig. 7I) indicating that IL-6R Ab
selectively reduced alcohol intake in Dep female mice.

Overall, our molecular, electrophysiological, and
behavioral data support our primary hypothesis that
alcohol dependence is associated with the functional
activation of CeA IL-6 signaling in a sex-specific manner,
and that blocking IL-6 signaling represents a promising
strategy for reducing problematic alcohol use in the con-
text of AUD.

Discussion

In this study, we observed a dysregulation of IL-6 signal-
ing following alcohol consumption in the central amyg-
dala in both clinical and preclinical settings. In total, our
results determined that 1) IL-6 signaling pathways in
human subjects with AUD are upregulated compared to
controls, which further supports a role for neuroimmune
activation in the pathogenesis of AUD [10-12, 14, 15], 2)
genes in the IL-6 pathway are differentially regulated in
the CeA of alcohol-exposed mice, 3) alcohol dependence
significantly increases the number of IL-6-expressing
CeA cells, particularly microglia, in both male and female
mice, and IL-6-expressing neurons in dependent male
mice, 4) IL-6 protein abundance is elevated in depen-
dent females, accompanied by increases in other cyto-
kines and immune-related signaling factors, 5) exogenous
application of recombinant IL-6 decreases GABAergic
synaptic transmission, with significant decreases in alco-
hol-dependent and withdrawn mice, and 6) blocking IL-6
signaling using an IL-6 receptor antibody significantly
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Fig. 7 Blocking IL-6 signaling decreases excessive alcohol drinking in female mice. Effects of IL-6R Ab on alcohol and water intake (g/kg/2 h) in Non-Dep

and Dep male (n=40) and female (n=56) mice compared to the isotype control group (IgG2b) across the five treatment days (D1

-5). A Experimental

timeline for Cohort 3 mice injected with either IL-6R Ab or IgG2b control. For full experimental details, see methods section. B Alcohol intake in Non-Dep
male mice. C Water intake in Non-Dep male mice. D Alcohol intake in Non-Dep female mice. E Water intake in Non-Dep female mice. F Alcohol intake
in Dep male mice. G Water intake in Dep male mice. H Alcohol intake in Dep female mice. | Water intake in Dep female mice. Results are expressed as
mean +SEM and analyzed using two-way repeated measures ANOVA (A-C, E-H or mixed-effects model (D). Significant differences are denoted by
*p<0.05 and ****p <0.0001. See Table S5 in Supplemental Materials for statistics relevant to each panel

prevents the escalation of drinking in alcohol dependent
female mice. Overall, these results suggest that alcohol
modulates IL-6 signaling and targeting the IL-6 signaling
pathway may represent a therapeutic strategy for alcohol
use disorder in the future.

In human patients with AUD, chronic alcohol con-
sumption results in a persistent increase in neuroim-
mune-related gene expression [94], while the intensity
of neuroimmune response activation correlates with
the amount of alcohol use over the lifetime [11, 21, 22].
Recently, we identified a variety of DEGs in the CeA of
high vs. low drinking rhesus macaques, many of which
were related to immune function and specifically, IL-6
function [95]. In accordance with these findings, we
identified an upregulation of IL6, as well as multiple
other immune-related genes including /L1j3, chemokine
ligands, and tumor necrosis factor receptor superfamily
members in the CeA, indicating a strong inflammatory
signature in the central amygdala of human subjects with
AUD compared to controls without. These findings are

consistent with studies showing enhanced glial activa-
tion and immune signaling in neurodegenerative condi-
tions [96, 97]. Furthermore, a meta-analysis of 23 studies
found significantly higher concentrations of IL6 in people
with AUD when compared to controls [98] as well as a
separate systematic review and meta-analysis wherein
IL6 exhibited the strongest elevation among circulating
cytokines in individuals with AUD [99]. Additionally,
binge-drinkers exhibit increased serum IL6 levels in com-
parison to social drinkers [31]. Other genes discovered,
that are not directly immune-related, are associated with
broader stress and inflammatory responses, emphasizing
the critical role of IL6 and associated pathways in AUD.
Overall, our transcriptomic analyses of human CeA indi-
cate that individuals with AUD exhibit a generalized neu-
roimmune activation that includes both neuronal and
glial immune signaling consistent with similar findings
across other neurodegenerative conditions [100—-103].
Our clinical gene expression results were mirrored at
the preclinical level following the CIE-2BC mouse model
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of AUD. Specifically, there was predicted upregulation
of 16 expression in CeA astrocytes of Dep mice as com-
pared to Non-Dep mice, and increased 1l6 expression in
microglia of Dep mice of both sexes as well as neurons
in males. Data obtained using astrocyte-TRAP mice
indicate that, while 7/6 mRNA levels were detected but
filtered out of our analysis based on low read-counts
in the astrocyte translating RNA fraction and, in the
input, (bulk tissue) fraction, the IL-6 signaling pathway
is upregulated in alcohol-dependent mice. This is dem-
onstrated by increased [l6ra and Il6st expression in CeA
astrocytes of Dep as compared to Non-Dep mice. Simi-
larly, there was no difference in 1l6 expression in CeA
astrocytes following dependence as assessed by RNA-
scope. Notably, Il6ra expression in CeA astrocytes of Dep
females was significantly decreased in our RNAscope
study. These results may indicate that although the num-
ber of CeA astrocytes producing Il6ra is decreased, the
expression of [l6ra in the remaining Il6ra* astrocytes is
increased. Further, these results identify neurons, astro-
cytes, and microglia as key players in the propagation of
IL-6-initiated neuroinflammatory signaling. This is con-
gruent with our findings on neuronal GABAergic trans-
mission herein as well as our previous findings on CeA
astrocyte-produced IL-6s role in stress-coping behaviors
[47], and microglia-depletion induced prevention of alco-
hol escalation [104], respectively.

Alcohol consumption has been shown to increase IL-6
protein levels in mouse serum [105], in addition to hippo-
campal [105] (but see [106]), and spinal tissue [49] after
chronic alcohol exposure, as well as in rat serum within
a preclinical model of co-occurring AUD and post-trau-
matic stress exposure [79] and amygdala following acute
ethanol challenge [107]. Here, we build on this prior
work by examining how chronic alcohol exposure influ-
ences inflammatory cytokine abundance and function in
the CeA. We found a broadly altered inflammatory sig-
nature in female mice. Specifically, we detected elevated
levels of IL-6, IL-1B and IL-la in Dep females when
compared to both their naive and Non-Dep counter-
parts as well as increased IFN-y and TNF-a levels when
compared to the Non-Dep group. In contrast, only II-1
was significantly elevated in Dep males when compared
to Non-Dep males. However, further examination of the
signaling pathway in the CeA of alcohol-dependent male
mice revealed an increase in IL-6 signaling, indicated by
increases in STAT3 phosphorylation with no counter-
regulatory changes in the level SOCS3 protein. SOCS3 is
normally induced by IL-6/pSTAT activity in the brain to
limit the function of this signaling axis. The current result
suggests that CeA pSTAT signaling remains unchecked
in the context of alcohol dependence, leading to a greater
transcription of additional cytokines and potentially
enduring pro-inflammatory state [24]. Notably, although
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SOCS3 protein levels were not upregulated in dependent
male mice as compared to the non-dependent state, there
was predicted upregulation of Socs3 in dependent mouse
astrocyte-specific TRAP-isolated translating mRNAs.
Additionally, SOCS3 was significantly upregulated in
transcriptomic analysis of human postmortem tissue
samples when compared to controls. This discrepancy
may be due to translating efficiency (from genes to pro-
teins), temporal dynamics of protein synthesis, or meth-
odological differences such as assay sensitivity and cell
types included (astrocyte vs. all cell types in the CeA).
Taken together, these findings align with human research
suggesting that female brains may be more susceptible
to alcohol-induced damage than male brains [108]. Fur-
ther, at the preclinical level, it's been reported that alco-
hol triggers stronger neuroinflammatory effects in female
mice [109]. We speculate that this more sever neuroim-
mune activation in females may be driven, at least in part
by the higher alcohol intake in females as compared to
males.

Pro- and anti-inflammatory cytokines play a critical
role in regulating immune responses but are also impor-
tant for neuronal physiological function in both normal
and pathological conditions [15, 16]. We have demon-
strated profound changes at CeA GABAergic synapses
in response to anti-inflammatory IL-10 [37], pro-inflam-
matory IL-1f [48, 110-113], and IL-18 [74] exposure,
supporting a role of cytokines in influencing neuronal
function and synaptic transmission in rodents and rhe-
sus macaques. In the temporal cortex, exogenous IL-6
reduced the amplitude of evoked IPSCs [114]. In con-
trast, IL-6 increased GABA-mediated sIPSC amplitudes
in the basolateral amygdala of naive adult rats, but not
in adolescent rats [115]. Recently, we found that IL-6
decreased CeA GABA release in both control and alcohol
drinking rhesus macaques of both sexes, whereas the IL-6
induced postsynaptic GABA, receptor mediated effects
were sex- and alcohol-specific [95]. Here we report that
in mice, IL-6 significantly reduced presynaptic spontane-
ous GABA release (sIPSC frequency) in CeA neurons of
Dep males and WD males and females. The IL-6-induced
effects on postsynaptic GABA , receptor mediated prop-
erties were variable across sex and condition. Specifically,
IL-6 significantly reduced amplitude (naive males only),
increased rise time (naive and WD males), and increased
decay time (Non-Dep males and females & Dep females)
of postsynaptic inhibitory currents. IL-6 also significantly
decreased presynaptic action potential-independent
GABA release (mIPSC frequency) in CeA neurons of
WD males and females. Detectable levels of IL-6R and
gp130 have been found at both the pre- and post-syn-
apse of neurons [93]. In addition, the IL-6R is found on
astrocytes and microglia. Therefore, IL-6 could be work-
ing directly through neuronal IL-6Rs to alter synaptic
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release of GABA (as evidenced by the reduction in sIP-
SCs) and/or GABA , receptor function (as evidenced by
the changes in rise and decay time). However, IL-6 could
also be working indirectly through astrocytic/microglial
IL6-Rs to alter non-synaptic release of other cytokines
and/or neuromodulators to effect GABAergic signaling
(as evidenced by the reduction in mIPSCs). Although
speculative, we suggest that the observed changes in
inhibitory signaling likely result from a combination of
the above mechanisms. Overall, these data suggest that
IL-6 modulation of the GABAergic transmission in the
CeA is mediated via pre-synaptic mechanisms in a simi-
lar manner (reduction of both network dependent and
vesicular GABA release), whereas the IL-6 postsynaptic
actions are more related to sex- and alcohol in a treat-
ment-specific manner, similar to what was observed in
rhesus macaques [95].

IL-6R Antibodies have received U.S. Food and Drug
Administration (FDA) approval for autoimmune and
inflammatory conditions. Specifically, Toclizumab and
Sarilumab are approved for rheumatoid arthritis, while
Toclizumab is also approved for juvenile idiopathic
arthritis, giant cell arteritis, and cytokine release syn-
drome [116, 117]. IL-6R Antibodies have additionally
been studied for optical, coronary, and kidney diseases
among other disorders [118, 119]. We extend these stud-
ies to also examine the role of IL-6 signaling in AUD and
related comorbidities. Previously, we found that IL-6 is
involved in stress-coping behaviors using transgenic mice
with elevated levels of IL-6 [47] and a trend for IL-6R
Ab alleviation of chronic alcohol-induced mechanical
allodynia in Dep male mice [49]. Here, we identified a
critical, sex-dependent role for IL-6 in modifying depen-
dence-induced escalation of alcohol drinking. Specifi-
cally, we found that peripheral administration of an IL-6R
Ab was sufficient to prevent escalated alcohol drinking
in Dep female mice without altering Non-Dep mice nor
overall alcohol or water consumption. These data suggest
that IL-6 specifically impacts the motivation to consume
alcohol in the context of dependence. This has important
implications when considering sex differences in both
motivational and biological mechanisms, including alco-
hol-induced changes in neurotransmission and neuroim-
mune signaling [15, 55, 56, 107, 120—128]. Interestingly,
this sex-specific result could be explained by the observed
increase in central amygdalar IL-6 in Dep female mice,
which was absent in Dep males and may be due at least
in part to greater alcohol consumption in females as
compared to males. Taken together, these findings have
promising therapeutic implications for the use of IL-6R
Abs. However, they underline the need for future study
to empirically determine whether the observed efficacy
of IL-6R Ab in females only is due to inherent sex dif-
ferences or instead dependent on the increased alcohol
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intake displayed by female mice. Additional studies mod-
ifying the course of administration (e.g., timing and dose)
could yield a more robust effect, particularly in male
mice. Notably, i.p. administration of IL-6R Ab has been
used in preclinical models of CNS-related disorders [29,
49, 81-88]. Further, in the CSF from mice undergoing the
same CIE-2BC model and IL-6R Ab injection timeline
used herein, we detected a rat IgG2b peptide sequence in
both Non-Dep and Dep mice indicating that the rat anti-
mouse IL-6R Ab used in this study passed the blood—
brain barrier [129]. Additionally, while not tested in this
study, it would be critical to determine whether the IL-6R
AD could reduce negative affective states such as anxiety-
and depressive-like symptoms, which are hypothesized
to underlie negative reinforcement for continued alcohol
use in individuals with AUD [9]. Altogether, these find-
ings highlight the potential of IL-6 receptor blockade as
a novel therapeutic approach for AUD and potential co-
morbid conditions.

We acknowledge several limitations that could enhance
this conceptual framework, though addressing them lies
beyond the scope of this report. First, our study included
the use of Aldhlll-eGFP/Rpll0a mice, which allow
for the pull-down of astrocyte-specific RNA using the
TRAP procedure based on evidence that astrocyte-spe-
cific production of IL-6 contributes to increased alcohol
withdrawal susceptibility and decreased stress-coping
behaviors [46, 47]. Similar mice have been developed to
assess microglia-specific contributions as well [130, 131].
Based on our microglia depletion studies [13], microg-
lial IL-6 signaling may be predominant in the escalation
of drinking in male mice. Accordingly, examination of
microglia-specific contributions will be reported in due
course. Second, we evaluated the effects of a single dose
of IL-6R Ab administered through repeated i.p. injections
on the escalation of alcohol drinking based on previous
work [29, 49]. However, a larger dose of IL-6R Ab may
be needed to yield a significant effect on chronic-alcohol
induced escalation of drinking in male mice. Although
not feasible within the constraints of the current experi-
mental timeline, generating a full dose—response curve
is warranted. Third, earlier reports indicate that IL-6
levels fluctuate across the estrous cycle [132, 133]. Fur-
ther investigation is required to clarify how IL-6 changes
across the estrous cycle in our CIE-2BC mouse model
and how these variations may affect sensitivity to IL-6R
Ab treatment. Fourth, differential expression analysis of
the postmortem human CeA samples was performed on
pooled male and female samples because the study lacked
sufficient power for sex-stratified analyses. Fifth, our
inability to directly determine the relative contributions
of neuronal versus glial IL-6 signaling pathways to the
observed changes in GABAergic synaptic transmission
is a limitation of the present study. While we anticipate
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that the observed alterations in inhibitory signaling likely
result from a combination of mechanisms, future stud-
ies will be needed to delineate this. Finally, to make our
experimental design manageable, we did not include
all four treatment groups or both sexes in every experi-
ment. Accordingly, we emphasized comparisons against
the alcohol-dependent group as prioritized by ingenuity
pathway analysis.
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