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Abstract

Background: Rates of risky drinking are continuing to rise, particularly in women, yet sex as a biological
variable has been largely ignored. An emerging yet understudied potential component of this circuitry is the
central projecting Edinger-Westphal (EWcp), which is made up of two prominent, but distinct cell populations
expressing either an array of neuropeptides (including cocaine and amphetamine regulated transcript; CART)
or vGlut2 (glutamatergic).

Methods: Here, we use a combination of approaches including genetic, molecular biology, behavioural
testing, and electrophysiology to understand how the EWcp contributes to alcohol consumption in female

versus male mice.

Results: Chemogenetic inhibition of EWcp®ART cells reduced binge drinking specifically in female, but not
male mice. Further, inhibition of EWcp®ART cells prevented ghrelin induced drinking, and viral-mediated
ghrelin receptor (Ghsr) knockdown in the EWcp reduced binge drinking in female, but not male mice.
RNAscope revealed Ghsr expression across peptidergic (marked by CART) and glutamatergic populations
in the EWcp, with neurons from female mice more sensitive to bath application of ghrelin than male mice.
Targeted knockdown of Ghsr from distinct EWcp populations revealed GHSR signalling on peptidergic, but
not glutamatergic cells mediate binge drinking in female mice. Finally, both a GHSR inverse agonist and

antagonist delivered directly within the EWcp reduced binge drinking in female mice.

Conclusions: These findings suggest the EWcp is a region mediating excessive alcohol bingeing through
GHSR actions on peptidergic cells (CART-expressing) in female mice and expand our understanding of the

neural mechanism(s) underpinning how the ghrelin system mediates alcohol consumption.
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Introduction

Rates of risky alcohol consumption and alcohol use disorders (AUD) are continuing to rise, particularly in
females, where numbers of women engaging in risky drinking and diagnosed with AUD increased over 80%
in the last 15 years [1]. The existence of sex differences in alcohol consumption have been widely detailed
[2-4]. However, sex as a biological variable has been largely ignored in preclinical research and drug
development, with most therapies identified and tested exclusively in male subjects [5]. Thus, prioritising
research on the neural mechanisms contributing to AUD in females and understanding sex differences is

critical for developing effective treatment strategies.

The presence of binge drinking, defined as a pattern of alcohol consumption that raises blood alcohol levels
to 0.08 g/dl (NIAAA) is an early step in the progression of AUD [6]. The putative circuitry mediating this form
of excessive alcohol consumption includes the understudied central projecting Edinger-Westphal (EWcp) [7-
10]; a structure dense in neuropeptide expression, including cocaine and amphetamine regulated transcript
(CART), urocortin (Ucn1) and cholecystokinin (CCK) and sex steroid hormone receptors (estrogen ERa, ER[
and progesterone mPRs) [11, 12]. Recent advancements have shown two major, but discrete populations of
neurons within the EWcp exist, and can be broadly defined as peptidergic (expressing CART, Ucnl, CCK)
or glutamatergic (vGlut2) [13, 14]. While studies have shown a critical role for this nucleus in alcohol
consumption, this has not been well characterised across sexes. Furthermore, while a role for the
glutamatergic EWcp in regulating alcohol consumption was recently identified [15], the role of the peptidergic
EWcp remains unknown, including the mechanism(s) by which information flowing into the EWcp regulates

alcohol-related behaviour more broadly.

Interestingly the EWcp expresses a number of receptors involved in feeding regulation, including dense
expression of the ghrelin receptor (growth hormone secretagogue receptor, GHSR) [16, 17]. Indeed, EWcp
GHSR expression is striking, and second only to GHSR expression in the well-studied hypothalamic arcuate
nucleus (Arc). GHSR is bound by its cognate ligand, ghrelin, a 28-amino acid peptide secreted from the
stomach [18]. While this system emerged as an important regulator of energy balance and body weight
homeostasis [19] the evidence of the relationship between ghrelin/lGHSR and alcohol consumption/seeking
is growing (see [20] for review). Preclinical and clinical studies have highlighted a bidirectional relationship
between exogenous ghrelin levels and alcohol consumption [20-26], and GHSR antagonists and inverse
agonists have shown efficacy in reducing alcohol consumption when administered both peripherally and
centrally [24, 27-30]. Further, recent clinical trials have shown safety, tolerability, and some efficacy of GHSR

inverse agonist, PF-5190457, to reduce craving in heavy drinking individuals [31, 32].

The central mechanism(s) that underpin ghrelin/lGHSRs actions in alcohol consumption and craving are not
well understood. Preclinical studies point to a role for GHSR signalling in the laterodorsal tegmental area
(LDTg) and ventral tegmental area (VTA) [24, 27, 33]. Interestingly, peripheral administration of the GHSR
antagonist, JMV2959, reduces alcohol-induced activation of the EWcp [34], suggesting the EWcp may
mediate some of the central actions of GHSRs ability to reduce alcohol consumption.
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While most studies examining the ghrelin system have been conducted exclusively in male subjects, sex
differences in the effects of ghrelin/GHSR signalling are emerging [35, 36]. Several studies have reported
higher circulating levels of ghrelin in females than in males [37-39], and female mice are more sensitive to
ghrelin’s effects on feeding [35]. Here we identified sex differences in EWcp CART-expressing cells driving
binge-like alcohol consumption. We then tested the hypothesis that GHSR signalling in the EWcp was
responsible for these sex specific actions. We found sex differences in Ghsr mRNA expression and response
to ghrelin in the EWcp, and functionally determined that GHSR signalling on CART-expressing cells in the
EWcp drives alcohol consumption through both ligand dependent and independent actions. Together, these

data represent a novel mechanism by which ghrelin acts to regulate binge-like alcohol consumption.

Methods and Materials

For full details please refer to the supplementary information

Animals

C57BL6J mice (n = 64) were obtained from Animal Resources Centre Australia. Breeding stock of inducible
CART-Cre mice (n = 45) [40, 41] and vGlut2-Cre [42] (n = 16, Jackson laboratory stock #016963) were bred
in house. iICART-Cre mice were crossed with Ail4 reporter mice (Jackson laboratory stock #007914) to
produce iCART-AI14 offspring (n = 14). All studies were performed in accordance with the Prevention of
Cruelty to Animals Act (2004), under the guidelines of the National Health and Medical Research Council
(NHMRC) and approved by The Florey Animal Ethics Committee.

Stereotaxic surgery

For viral surgeries 100nL (50 nL/min) of an AAV virus (see Table S1 for virus details) was delivered into the
EWcp (M/L +1.00, A/P -3.40, D/V -4.70 mm on a 15-degree angle) [43]. Cannulae were implanted above the
EWcp (M/L + 1.00, A/P -3.40, D/V -4.20 mm on a 15-degree angle) with a dummy projecting 1 mm beyond

the cannula tip inserted to maintain patency.

Drug microinfusion
Vehicle (10% DMSO in 0.9% saline), LEAP2 (5 ug) or JMV2959 (10 ug) were infused (0.25 pyL/min, 0.5 uL
total) into the EWcp by an automated syringe pump.

Binge drinking

Mice had voluntary access to 10% (v/v) ethanol, for 2 h, 3 days per week (Monday, Wednesday, Friday)
beginning three hours into their dark phase and tested in an extended 4-hour drinking session [4]. For
DREADD experiments, CNO or saline were administered 1 h prior to test. To assess ghrelin-induced drinking,
access to alcohol was given on the same schedule, but during the light phase when natural ghrelin levels are
low [44]. For test sessions, ghrelin was administered 20 minutes prior to test onset, and food removed for the

duration of the test.

gPCR
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The EWcp (1.0 mm) and VTA (bilateral 1.0 mm) of each animal were dissected, RNA extracted and RT-
gPCR analysis performed as previously described [45, 46]. Primers described in Table S2.

Immunohistochemistry and Fluorescent In Situ Hybridisation (FISH)
RNAscope Multiplex Fluorescent Reagent Kit V1 was employed following the manufacturer’s protocol and

as per our previous publications [46-49]. See Table S2 for product details.

Microscopy

Images were acquired with a LSM 780 Zeiss confocal microscope and analysis conducted using image J
(National Institutes of Health; RRID:SCR_003070). Cells were deemed positive with >5 puncta present [48,
49].

Electrophysiology

Baseline data were captured during aCSF bath application, followed by continuous perfusion of aCSF
containing Ghrelin (1 uM). Current- and voltage-clamp recordings were performed using an Axon Multiclamp
700B amplifier, Digidata 1440 digitizer, and pCLAMP v10 software. All slice electrophysiology data were
analysed using Clampfit v10.7.

Statistical Analysis
All statistical tests details and results are available in Table S3. Data were analysed using GraphPad Prism

(v10) software. Data are expressed as mean + SEM.

Results

1. EW CART cells mediate binge drinking in a sex specific manner

Given the known role of the EWcp in alcohol consumption, and recent finding that chemogenetic activation
of EWcp vGlut2 cells reduces alcohol consumption [15], we sought to determine the role of a distinct
population of peptidergic EWcp cells in binge drinking using iCART-Cre mice (Fig 1-C). No differences were
observed in weight (p>0.05; Fig S1B-C) or training alcohol consumption (p>0.05; Fig S1D-E) between control
(mCherry) and mice with hM4Di (inhibitory) DREADD injected in the EWcp of either sex. Female mice with
mCherry virus showed no difference between CNO and saline administration in either cumulative or total
alcohol consumption (p>0.05; Fig 1D-E), suggesting no off-target effects of CNO. However, female mice
expressing hM4Di DREADDs showed specific reduction in alcohol consumption following CNO
administration (p<0.01, Fig 1F-G). By contrast, male mice with either mCherry or hM4Di (Fig 1H-I) showed
no difference in binge alcohol consumption during test sessions between saline and CNO treatment in both

cumulative intake or total consumption (p>0.05; Fig 1J-K).

During the binge drinking test, female hM4Di mice treated with CNO showed a specific reduction in Kcal
intake from alcohol (p<0.001, Fig L), but not male mice (Fig 1M). Further no difference in Kcal intake from
food was observed during the test in either sex (p>0.05; Fig 1N-O). Other behaviours were also assessed to

determine the specificity of EWcp peptidergic cell inhibition on binge drinking. No difference in water (p>0.05;
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Fig S1F-H) or food intake (p>0.05; Fig S11-J) were observed, nor saccharin preference in either sex (p>0.05;

Fig S1K-M). Further no difference in anxiety-like behaviours were observed in either sex during the light-dark

box procedure (p>0.05; Fig S2A-E), no locomotor deficits were observed (p>0.05; Fig S2F-G), nor any

differences in body temperature (p>0.05; Fig S2H-1). Together, these data indicate that EWcp peptidergic

neurons specifically reduce alcohol consumption in female mice, without altering other behaviours.
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Figure 1: EW®ART cells mediate alcohol binge drinking in female, but not male mice.

(A) Schematic of experimental timeline, (B) details of viral approach and (C) representative image of viral

transduction of EW peptidergic cells in the iCART-Cre mouse. Female mice injected with control virus showed

no changes in alcohol consumption following CNO administration both (D) in cumulative intake across time
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or (E) total alcohol consumption. However, Female mice injected with hM4Di virus showed a reduction in
alcohol consumption following CNO administration both in (F) cumulative intake across time and (G) total
alcohol consumption. Male mice that were injected with control virus showed no changes in alcohol
consumption following CNO administration both in (H) cumulative intake across time or () total alcohol
consumption. Similarly, male mice injected with hM4Di virus showed no change in (J) cumulative or (K) total
alcohol intake. A significant difference in Kcal intake from alcohol was observed in (L) female, but not (M)
male mice, however no significant difference in Kcal intake from food was observed in (N) female or (O) male
mice. Data expressed as mean + SEM. n = 8-9 females/group and 7-8 male/group. * p < 0.05, ** p < 0.01,
*** < 0.001, **** p < 0.0001. Scale bar = 200 pm.

2. EW GHSR signalling mediates binge drinking in a sex specific manner

The EW expresses various receptors for feeding-related peptides, including the ghrelin receptor (GHSR),
which has been linked to alcohol use [20]. However, the role of these receptors within the EWcp remains
unexplored. To assess whether ghrelin signalling in the EWcp regulates alcohol consumption we next trained
mice expressing hM4Di DREADD receptors on EWRT cells on a “drinking in the light” procedure, which
gave limited access to alcohol for 2 h, 3 times weekly within the light phase when ghrelin levels are low (Fig
2A-C). Ghrelin administration increased alcohol consumption in female, but not male mice (p<0.05, Fig 2D-
G). In female mice, EW®ART DREADD inhibition prevented this escalation in alcohol consumption (p>0.05;
Fig 2D-G).

To specifically probe the direct effect of EWC"SR in binge drinking, we disrupted Ghsr gene expression in
adult mouse brain using an shRNA knockdown approach (Fig 2H-1). RT-gPCR validation showed a specific
knockdown of Ghsr in the EW, but not the neighbouring VTA in male and female mice (p<0.0001, Fig 2J).
Female mice injected with Ghsr-ShRNA during training exhibited decreased alcohol consumption compared
to mice treated with scram-ShRNA, which showed no change (Fig 2K). This reduction persisted during the
test when compared to scram-ShRNA treated mice (p<0.05, Fig 2L-M) and EW Ghsr expression positively
correlated with binge drinking behaviour (p<0.05, Fig 2N). No effect of Ghsr-ShRNA was observed in male
mice (p>0.05; Fig 20-Q), nor did EW Ghsr expression correlate with alcohol consumption in males (p>0.05;
Fig 2R).
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Figure 2. EWcp ghrelin/GHSR signalling regulates alcohol consumption in female, but not male mice.
(A) Schematic of experimental timeline, (B) details of viral approach and (C) representative image of viral

transduction of EW peptidergic cells in the iCART-Cre mouse. Administration of ghrelin increased (D)
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cumulative and (E) total alcohol consumption in female mice, which could be prevented by pre-treatment with
CNO. However, ghrelin administration did not alter (F) cumulative or (G) total alcohol consumption in male
mice. (H) Schematic of experimental timeline, (I) details of viral approach and (J) gPCR validation of Ghsr
MRNA expression in the EW and VTA following shRNA knockdown (males = blue, females = green). (K)
Training pre- and post- shRNA knockdown showed a significant reduction in alcohol consumption in female
mice with shRNA knockdown compared to scram ShRNA following surgery. A significant reduction in alcohol
consumption was also observed in Ghsr-shRNA treated mice during an extended 4-hour test in both (L)
cumulative and (M) total alcohol intake. (N) Alcohol consumption positively correlated with Ghsr expression
in female mice (open circles = Ghsr-shRNA, closed circles = scram-shRNA. (O) Training pre- and post-
shRNA knockdown showed no difference in alcohol consumption in male mice with shRNA knockdown
compared to scram-ShRNA controls. No difference in alcohol consumption was also observed in male Ghsr-
shRNA treated mice during an extended 4-hour test in both (P) cumulative and (Q) total alcohol intake. (R)
Alcohol consumption did not correlate with Ghsr expression in male mice. Data expressed as mean + SEM.
n = 8 females with hM4Di DREADD and 6-7/group for shRNA viruses. n = 8 males with hM4Di DREADDs
and 5-7/group for ShRNA viruses. * p < 0.05, ** p <0.01, ** p < 0.001, *** p < 0.0001. Scale bar = 200 pym.

3. Sex differences in EW Ghsr expression and response to ghrelin.

Recent studies have identified two distinct populations of EWcp cells, with distinct neurochemistry
(peptidergic vs. glutamatergic) [13, 14]. While dense expression of GHSR has been reported within the EW
[16, 17], its distribution across newly defined populations has not been well characterised. Therefore, we
conducted RNAscope, RT-gPCR and electrophysiology to explore Ghsr expression and function within the
EWocp across sexes. Our data show dense expression of Ghsr in 99% of peptidergic (Cartpt+), and lesser
expression in ~40% of glutamatergic (Slc17a6+) cells (Fig 3A-C). Quantification of RNAscope showed a trend
towards increased number of Ghsr, but not Cartpt, or Slcl7a6 (vGlut2) expressing cells in female mice,
compared to male counterparts (Fig 3D). In male mice, 42% of Ghsr+ cells were identified as peptidergic,
with 49% identified as glutamateric, and the remaining 9% exhibiting neither phenotype. In female mice, 34%
of Ghsr-positive cells exhibited a peptidergic phenotype, while 61% were identified as glutamatergic, and
Ghsr expression observed in isolation on 5% of cells (Fig 3E). In line with this, RT-gPCR analysis showed a
trend towards greater Ghsr expression in female mice (p=0.0525, Fig 3G). Further analysis also showed
greater expression of the estrogen receptor 1 mRNA (p<0.01, ERa, Esrl, Fig 3H), and estrogen receptor 2
MRNA (p<0.05, ERB, Esr2, Fig 3I), but not membrane bound progesterone receptors (mPRy, Parg5; mPR},
Parg8, p>0.05; Fig 313-K) in female mice compared to male counterparts. Whole cell slice recordings revealed
no differences in basal electrophysiological properties between sexes (Fig S3). Further, bath application of
ghrelin increased firing rate of EWcp peptidergic cells in both female and male mice (p<0.001, Fig 3M).
However, EW peptidergic cells in female mice were more sensitive to ghrelin, showing a higher firing rate in
response to ghrelin compared to male counterparts (p<0.05, Fig 3N). A significant decrease in spike
amplitude was also observed following bath application of ghrelin in male and female mice (p<0.001, Fig 30),

however, there was no difference between sexes (p>0.05; Fig 3P). Bath ghrelin application also increased


https://doi.org/10.1101/2024.03.23.586439
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.23.586439; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Sag current in female mice significantly more than in male mice (p<0.05, Fig S4). Representative traces are

shown in Fig 3Q-R for males and females respectively.
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Figure 3. Sex differences are observed in EWcp expression and activity.
(A) Overview of Ghsr, Cartpt and vGlut2 (Slcl7a6) expression in the Edinger Westphal (EWcp) nucleus. (B)

High magnification representative microphotograph of Ghsr and Cartpt expression in the EWcp showed 99%
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of Cartpt-positive cells express Ghsr. (C) High magnification representative microphotograph of Ghsr and
vGlut2 expression in the EW showed 40% of vGlut2-positive cells express Ghsr. (D) Cell density of Ghsr,
Cartpt and vGlut2 in male and female mice. (E) Donut graph illustrating proportions of Ghsr-positive cells that
co-express Cartpt, vGlut2 or neither in male and female mice. (F) Schematic showing EW punch location for
gPCR analysis between male and female mice. gPCR mRNA analysis for (G) the Ghsr, estrogen receptors
(H) Esrl (ERa) and (I) Esr2 (ER), and progesterone receptors (J) Parg5, and (K) Parg8. (L) Representative
micrograph of endogenous tdTomato expression in the EW of iCART-Tdt mice and confirmation of biocytin
filled CART cells. (M) Firing frequency at resting membrane potential of EWcp CART+ neurons, showing an
increase of the spontaneous firing rate after the application of ghrelin at 1 uM in female (left) and male (right)
mice. (N) Change in firing rate (delta pre- vs post-ghrelin administration) in male and female mice showed a
significant increase in firing frequency in females in response to ghrelin compared to males. (O) Amplitude
of EWcp CART+ neurons, showing a decrease after the application of ghrelin at 1 uM in female (left) and
male (right) mice. (P) Change in amplitude (delta pre- vs post-ghrelin administration) in male and female mice
showed no significant difference between sexes. Representative traces of EWcp CART+ cells following
ghrelin administration in (Q) female and (R) male mice. Data expressed as mean + SEM. n = 4-5/sex for
RNAscope, 5-6/sex for gPCR and 7-10 cells from 5-7 mice/sex for ephys. * p < 0.05, * p < 0.01, *** p <
0.001, **** p < 0.0001. Scale bar =200 uym (A & L - overview), 50 um (B, C & L - overlay).

4. Cell-type specific role of GHSR in regulating alcohol consumption

After confirming Ghsr is expressed across EW'C'2 and EWCART cells, we next assessed whether Ghsr
expressed specifically on EWCART or EWVE2 cells functionally drives alcohol consumption in female mice. To
specifically target and disrupt Ghsr gene expression in EW subpopulations of the adult mouse brain we used
a Cre dependent shRNA approach in iCART-Cre (Fig 4A-C) and vGlut2-Cre (Fig 4G-1) mice. In iCART-Cre
mice, Ghsr-ShRNA knockdown reduced alcohol consumption during training (A alcohol consumption),
compared to scram-ShRNA treated mice (p<0.05, Fig 4D). This reduction persisted during the test (p<0.01,
Fig 4E-F). No effect of Ghsr-ShRNA was observed in vGlut2-Cre mice compared to scram-ShRNA controls
during training (p>0.05; Fig 4J), or test (p>0.05; Fig 4K-L). We also assessed selective Ghsr knockdown on
sucrose consumption. Ghsr-ShRNA knockdown on EWCART cells did not alter sucrose consumption compared
to scram-ShRNA treated mice (p>0.05; Fig S5).
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Figure 4. Ghsr acts via EW peptidergic cells to regulate alcohol consumption in female mice.

(A) Schematic of experimental timeline, (B) details of viral approach and (C) representative image of viral
transduction of EW peptidergic cells in the iCART-Cre mouse. (D) GHSR knockdown on EWC®ART cells
reduced alcohol consumption following surgery, (E) cumulative alcohol intake and (F) total alcohol intake in
the 4-hour session. (G) Schematic of experimental timeline, (H) details of viral approach and () representative
image of viral transduction of EW peptidergic cells in the vGlut2-Cre mouse. (J) GHSR knockdown on EWVelt2

cells did not alter alcohol consumption following surgery, (K) cumulative alcohol intake or (L) total alcohol
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intake in the 4-hour session. Data expressed as mean + SEM. n = 8-10/group. * p < 0.05, ** p < 0.01. Scale

bar =200 um.

5. GHSR1a constitutive and ligand dependent activity drive alcohol consumption in female mice.

The Ghsr gene encodes two transcripts for GHSR1a and GHSR1b. GHSR1a is a 7-transmembrane GPCR
and the cognate receptor for the peptide hormone ghrelin (Sun et al., 2004), whereas the truncated GHSR1b
(lacking transmembrane domain 6 and 7) is not bound by ghrelin and is thought to instead regulate trafficking
and signalling of GHSR1a within the cell [50]. Interestingly, GHSR1a exhibits unusually high constitutive
activity, with ~50% of its maximal capacity observed in the absence of its agonist, ghrelin [51]. Therefore, we
next sought to determine whether the actions of EWcp Ghsr knockdown were driven by surface-expressing
GHSR1a, and if so whether these actions were via ligand dependent or independent mechanisms. Female
mice were microinjected with either vehicle, IMV2959 (a GHSR1a antagonist) or LEAP2 (a GHSR1a inverse
agonist) directly within the EW, or adjacent (anatomical control) prior to the binge session (Fig 5A-C). During
training, mice with a cannula placed within the EW, or adjacent, showed similar consumption (p>0.05; Fig
5D-E) highlighting that cannula implantation per se did not alter this behaviour. Administration of JIMV2959
or LEAP2 directly within the EW significantly reduced alcohol consumption (Fig 5F). LEAP2 showed
significant reduction across all time points (p<0.05, Fig 5F), while a significant effect of IMV2959 was noted
only after the full 4 h session (p<0.05, Fig 5F-G). This was specific to drug administration within the EW, with
no effect observed when JMV2959 or LEAP2 were administered adjacent to the EW (Fig 5H-I). Cannula

placements are shown in Fig 5J.
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Figure 5. GHSR acts through ligand dependent and independent mechanism to drive alcohol
consumption in female mice.

(A) Schematic of experimental timeline, and (B) details of cannulation approach, and (C) representative
cannula placement in the EW. (D) No difference in alcohol consumption was observed across training or (E)
post-surgery in mice implanted with a cannula in the EW or anatomical controls. (F) LEAP2 and JMV2959
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administration within the EW reduced cumulative alcohol consumption during the 4-hour test, with LEAP
showing significant reduction from hour 1, and JMV2959 after 4 hours. (G) LEAP2 and JMV2959
administration within the EW reduced alcohol consumption, however (H) administration of LEAP2 and
JMV2959 in anatomical controls (adjacent to the EW) did not alter cumulative or (l) total alcohol consumption.

(J) Schematic of cannula placements. Data expressed as mean = SEM. n = 5-7/group. * p < 0.05.

Discussion

The EWcp is a critical node driving alcohol consumption [7, 10, 52], however the contributions of specific cell
populations and mechanisms underpinning this behaviour until now have not been well defined. Our data
identify a novel mechanism whereby ghrelin/GHSR1a signalling mediates binge drinking through the

peptidergic cells in the EWcp in a sex specific manner.

EWcp peptidergic cells are strongly activated by alcohol [7], in line with this we showed that chemogenetic
inhibition of peptidergic EWcp cells reduces alcohol consumption. Interestingly, while alcohol activates the
EWcp, specific comparisons of activation between sexes have not been assessed. However, the EWcp has
recently been implicated as a connector hub linking regions activated by excessive alcohol consumption in
female, but not male mice [53]. In line with this, when inhibiting the EWcp peptidergic cells, we observed a
specific reduction of alcohol consumption in female, but not male mice. Recent studies have highlighted two
prominent intermingled but separate populations of cells in the EWcp that either synthesise a number of
neuropeptides (peptidergic — expressing CART, CCK, Ucnl), or are glutamatergic (expressing vGlut2) [13,
14]. Previous studies have shown Ucnl gene knockdown in the EWcp reduces alcohol consumption in
extended access procedures, but this did not differ between sexes [8]. Chemogenetic activation of
neighbouring vGlut2 cells reduced alcohol consumption in male mice [15], however female mice were not
examined. Our data extend these findings to report that chemogenetic inhibition of peptidergic cells reduces
alcohol consumption, however, our findings suggest this is specific to female mice, highlighting both
behavioural distinction between these populations and potential sex differences in the role of EWcp

peptidergic cells in driving alcohol consumption.

The EWcp expresses a number of sex steroid hormone receptors including those for estrogen (ERa & ER;
Derks et al., 2007) and progesterone (mPRy & mPRp; Topilko et al., 2022) which may account for some sex
dependent actions driven via the EWcp. Indeed, progesterone reduced firing frequency of EWcp peptidergic
cells and ablation of EWcp peptidergic neurons reduced the responsiveness of female mice to progesterone-
induced nesting behaviours [13]. We did not observe differences in progesterone receptor mRNA (mPRy &
mMPRp) in the EWcp between sexes in virgin mice, although significant differences in estrogen receptor mRNA
expression (ERa & ERB) were observed. However, the specific roles of sex steroid hormone receptors in the
EWecp likely fluctuate based on changes in circulating steroid hormone levels across the estrous cycle and
require greater elucidation. Of note, sex differences in levels of both Ucnl and CART have been reported in

in the EW of human suicide victims [54], and studies in rodents show baseline sex differences in Ucnl, CART
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and nesfatin-1 [55-57] expression in the EW, suggesting the expression of these peptides may be sexually

dimorphic in nature.

The EWcp also expresses a number of feeding and arousal related peptide receptors that have gained
interest in alcohol research as novel targets for treatment, including orexin/hypocretin [58, 59], leptin [60, 61],
and ghrelin[17, 30], however their specific roles within the EWcp have not been characterised. Previous
studies have shown increased expression of Ghsr mRNA in the EWcp of alcohol preferring male mice
(C57BL/6J), compared to a non-preferring strain (DBA/2J) [9]. Our data highlight a sex specific action of Ghsr
in the EWcp in driving excessive alcohol consumption, whereby ghrelin-induced drinking and viral-mediated
knockdown of Ghsr in the EWcp were specific to female mice and driven by interactions with peptidergic
cells. Moreover, in female mice, Ghsr expression positively correlated with alcohol consumption, highlighting
the possibility of a direct relationship between Ghsr expression and alcohol intake in females. This is in line
with previous reports that show sex differences in circulating levels of ghrelin [37-39], ghrelin levels in

abstinent, alcohol dependent individuals [62] and sensitivity to ghrelin induced consummatory behaviour [35].

Little is known about the expression, distribution and function of GHSR in the EWcp of both male and female
mice. We identified Ghsr mRNA expression on both peptidergic and glutamatergic EWcp populations. Our
findings differ from previous reports in Ghsr-GFP reporter mice suggesting expression overlapped >90% with
the peptidergic marker Ucn1 [17], however this may be due to incomplete reporter expression, or expression
levels required to drive recombination and reporter expression in a transgenic mouse line. Indeed, our
RNAscope data highlight more dense expression of Ghsr mRNA on peptidergic cells, however a large
proportion of glutamatergic cells also express Ghsr mRNA at lower, but detectable levels. Further, female
mice showed a trend towards a greater number of Ghsr expressing cells, and Ghsr mRNA in the EWcp.
Finally, while bath application of ghrelin increased firing rate of peptidergic EWcp cells in both female and
male mice, the magnitude of change observed in female mice was significantly higher than male mice,
suggesting peptidergic cells in the EWcp of female mice are more sensitive to ghrelin. This is in line with the
ability of GHSR to couple to G{s, and increase intracellular calcium concentrations [18], with bath application
of ghrelin increasing the firing rate of cells across the brain including the Arc [63, 64], VTA [65] and central
amygdala [66]. However, to our knowledge until now direct comparisons between sexes have not been

reported.

Of note, GHSR has high constitutive activity and there is much controversy as to how peripheral ghrelin can
access the brain [67, 68]. We observed that both a GHSR1a antagonist (blocking endogenous ghrelin
binding) and inverse agonist (inhibiting the GHSR1a directly) when delivered directly into the EWcp reduced
excessive alcohol consumption in female mice. These results suggest endogenous ghrelin, not just
constitutive activity of the GHSR1a, contributes to alcohol consumption in female mice. Of note, we observed
a faster response with the inverse agonist (LEAP2), but the antagonist (JMV2959) had a similar effect when
measured over the 4-hour drinking session. The dynamic differences in the time course of effect on alcohol
consumption may be explained by differences in direct actions on receptor signalling by the inverse agonist,

compared to blockade of ghrelin-induced receptor activity [69, 70] or the specific pharmacokinetics of
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JMV2959. Recent studies have shown systemic administration of GHSR1a antagonists reduces alcohol
consumption in both sexes; however, systemic administration of LEAP2 (inverse agonist) failed to have any
effect in either sex [30]. Likely attributed to the undetermined capacity of LEAP2 to penetrate the brain [71],
given the same study showed central administration of LEAP2 reduced alcohol consumption [30].
Interestingly, LEAP2 and JMV2959 only reduced consumption in high, but not low drinkers [30]. Given female
mice drink alcohol at greater levels than male mice [4], the central actions of GHSR may be more specific to
the excessive consumption of alcohol, contributing to the greater effect observed in female mice within this

study.

In summary, we highlight a novel neurobiological mechanism that underlies the relationship between ghrelin
and alcohol consumption. We identify the EWcp as a novel loci where ghrelin/GHSR1a signalling at
peptidergic cells mediates excessive alcohol consumption specifically in female mice. Collectively, our data
build upon a growing literature suggesting sex differences in ghrelin/GHSR1a actions in the brain, and

elucidate mechanisms underpinning sex differences in excessive alcohol consumption.
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