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Abstract

Somatostatin (SST) is a neuropeptide widely expressed in the central nervous system with dense 

expression in limbic regions such as the extended amygdala. It has recently gained attention for 

playing a role in modulating alcohol use disorders and co-morbid neuropsychiatric disorders. 

However, the role of SST in the central nucleus of the amygdala (CeA), a key region for 

neuropeptide regulation of alcohol and anxiety related behaviors, in alcohol consumption has not 

been assessed. In this work we perform an initial examination of the interaction between the CeA 

SST system and binge ethanol intake. Binge intake is a dangerous pattern of excessive ethanol 

consumption associated with health complications and the transition into alcohol dependence. We 

use the Drinking in the Dark (DID) model of binge intake in C57BL/6J male and female mice to 

examine: 1) the impact of 3 DID cycles on CeA SST expression; 2) the effect of intra-CeA SST 

injection on binge-like ethanol consumption; and 3) if the SST receptor 2 or 4 (SST2R or SST4R) 

mediate any effect on consumption. Our results show binge-like ethanol intake decreases SST 

expression in the CeA, but not neighboring basolateral amygdala. We further found intra-SST CeA 

administration reduces binge ethanol intake. This decrease was replicated by the administration of 

an SST4R agonist. These effects were not sex-dependent. Overall, this work lends further support 

for SST playing a role in alcohol related behaviors and as a potential therapeutic target.
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1.0 INTRODUCTION

Nearly 15 million individuals currently qualify as exhibiting an alcohol use disorder within 

the United States (National Institute on Alcohol Abuse and Alcoholism, 2022). Frequent 

engagement in binge alcohol (ethanol) consumption is thought to act as an early step in 

the transition to full alcohol dependence and is thus a critical intervention point. With 

approximately 25% of Americans over the age of 12 engaging in binge ethanol intake, 

understanding the neural mechanisms driving this behavior is important in both developing 

treatments for early intervention and identifying circuits of interest following the transition 

to full alcohol dependence and withdrawal [NIAAA]. Extensive research has identified 

the central nucleus of the amygdala (CeA) as a key mediator of alcohol-related behaviors 

[for review see:(N W Gilpin et al., 2015)]. The CeA is the primary output nucleus of 

the amygdala, serving as an integrative site which assigns emotional salience to incoming 

stimuli through extensive projections to other limbic and subcortical regions (Lalumiere, 

2014; Tye et al., 2011). The CeA is predominantly composed of GABAergic cells which can 

be subdivided based, in part, on their neuropeptide expression pattern (Babaev et al., 2018). 

Overall, repeated binge-ethanol exposure significantly alters CeA GABAergic, inducing, 

in brief, a ‘two-punch’ increase in signaling of GABAergic cells expressing ‘pro-stress’ 

excitatory and decrease in GABAergic cells expressing ‘anti-stress’ inhibitory neuropeptides 

which significantly contributes to driving dangerous patterns of alcohol intake (N W Gilpin 

et al., 2015; Roberto et al., 2012, 2004; Silberman et al., 2009).

A significant CeA neuropeptide which has gained recent attention for playing a role 

in drug-related behavior is somatostatin (SST) (Robinson and Thiele, 2020). SST is 

a cyclic polypeptide widely expressed throughout the CNS and acts as an important 

neuro-transmitter/modulator and trophic factor (Babaev et al., 2018; Kubota et al., 2011; 

Schwartz et al., 1996). Five SST receptors (SSTRs) have thus far been identified, SSTR1–

5, and are all Gi/o-coupled G-protein coupled receptors (GPCR). These receptors are 

expressed throughout the brain on astrocytes and numerous neural populations, including: 

glutamatergic principal; GABAergic inter- and projection-; and monoaminergic cells (Bell et 

al., 1995; Yamada et al., 1992). Unsurprisingly given this wide distribution, SST has been 

shown to play a role in numerous important behaviors (for review see (Engin and Treit, 

2009; Robinson and Thiele, 2020)).

Importantly, given the well-known co-morbidity between alcohol use and anxiety/depressive 

disorders, amygdalar SST signaling potently modulates anxiety- and depression-like 

behaviors, with SSTR2 and SSTR4 thought to play particularly important roles (Butler et al., 

2012; Engin and Treit, 2009; Fuchs et al., 2017; Lin and Sibille, 2015; Robinson and Thiele, 

2020; Scheich et al., 2017, 2016; Stengel et al., 2013; Stengel and Taché, 2017; Yeung 

and Treit, 2012; Yu et al., 2016). Further, SST-expressing (SST+) cells are particularly 

vulnerable to stress-induced insult. For example, following chronic stress SST+ interneurons 

in the prefrontal cortex and hippocampus are specifically downregulated relative to other 

GABAergic subtypes and display significant transcriptome deregulations compared with 

pyramidal neurons (Banasr et al., 2017; Lin and Sibille, 2015). This vulnerability likewise 

exists during ethanol exposure. Acute ethanol increases SSTR expression while decreasing 

expression of SST itself, while in contrast chronic ethanol reduces both receptor and peptide 
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expression in a brain region dependent manner (Barrios et al., 1990). Importantly, activation 

of the CNS SST system is sufficient to inhibit the stress response mediated by corticotropin 

releasing factor (Stengel and Taché, 2017), another neuropeptide critical in mediating binge-

ethanol intake (Zorrilla et al., 2014).

The CeA has one of the highest densities of SST+ cells in the rodent brain (McCullough et 

al., 2018; Zhang et al., 2017). This system is therefore an ideal target for pharmacological 

intervention of ethanol-induced CeA pathology; however, to date, there have been no studies 

evaluating interaction between binge-ethanol consumption and the CeA SST system. Within 

this work we seek to assess, in male and female mice, 1) the impact of repeated cycles of 

binge-ethanol intake on CeA SST expression, and 2) the impact of microinjection of SST or 

a SSTR agonist into the CeA on binge-like drinking and anxiety-like behavior.

2.0 METHODS

2.1 Animals

Male and female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were ≥10 weeks 

old at experiment start. Mice were housed individually in an AAALAC accredited vivarium 

(22°C; reversed 12:12h light:dark cycle, lights on at 20:00) with ad libitum access to 

Prolab® RMH 3000 (Purina LabDiet®; St. Louis, MO) and water, unless otherwise stated. 

Prior to experiments, animals acclimated to the experimental housing environment for ≥1 

week. All procedures were approved by the University of North Carolina Institutional 

Animal Care and Use Committee and followed the Guidelines for the Care and Use of 

Laboratory Animals.

2.2 “Drinking in the Dark” Procedures

Binge drinking was modeled using a 4-day DID paradigm as previously described(Robinson 

et al., 2019; Thiele et al., 2014). Three hours into the dark cycle (11:00), water bottles were 

removed and replaced with sipper tubes containing 20% (v/v) ethanol or 3% (w/v) sucrose in 

tap water for 2h. On the fourth day of each cycle (test day), animals were treated with drug 

or appropriate vehicle ~30 minutes prior to bottles on (except in the immunohistochemistry 

study, where no treatment was given). Each 4-day DID cycle was separated by a 3-day 

abstinence. In pharmacological studies tail blood samples (≈60μL) were taken immediately 

following DID procedure to determine BECs with a AM1 Alcohol Analyzer (Analox, 

London, UK).

2.3 Elevated Plus Maze Testing Procedures

Animals from both cohorts of experiment 2 that retained unobstructed cannula were used for 

EPM testing. Behavioral testing occurred at least one week following DID sucrose testing 

(at least 3 weeks after final binge-ethanol exposure). Animals were randomly assigned 

into treatment group and administered drug or appropriate vehicle treatment identically as 

described for DID testing, save animals only underwent one behavioral test (no Latin-square 

design was used). Testing was performed 4–6h after the initiation of their dark period. 

Animals were allowed to acclimate to the dimly lit testing room for ≥1 hour prior to test and 
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animals remained in room alone during the test period. Videos were taken of the 5-minute 

EPM test then scored by hand by an experimenter blinded to treatment group.

2.4 Immunohistochemistry (IHC)

Mice underwent 3 cycles of ethanol DID or 3 cycles with water alone [Fig. 1a]. Three 

cycles were selected based on previous work in our lab (Robinson et al., 2019). Immediately 

following the final DID session (at approximately 13:00h) each mouse was administered 

0.1 mL intraperitoneal (i.p.) injection ketamine/xylazine (6.67mg/0.1mL; 0.67 mg/0.1mL; 

in 0.9% saline) and perfused transcardially using 0.1M phosphate buffer saline (PBS; 

pH=7.4) and 4% paraformaldehyde in PBS (pH=7.4). After extraction, brains were post-

fixed in 4% paraformaldehyde for 24–48h then sectioned at 40μm thickness (Leica 

VT1000S vibratome; Wetzlar, Germany). Following antigen retrieval (1h incubation in 

citrate buffer (10mM citric acid; .05% Tween20; pH=6.0) at 66°C), sections were used 

for SST immunoreactivity detection. At this time random identification numbers were 

assigned to blind experimenter to treatment. Sections were blocked in 3% horse serum 

(0.005% Tween20 in phosphate buffered saline pH=7.4) for 1h then incubated in primary 

anti-Somatostatin (1:500) (rat monoclonal, Millipore, Burlington, MA) for 72h at 5°C. 

Sections were then incubated 2h at room temperature in secondary solution (1:5000) 

(Alexa Fluor 647 donkey anti-rat, abcam, Boston, MA) then mounted onto glass slides 

and coverslipped in Shur Mount (General Data). One tissue set was run without primary 

antibody to confirm lack of non-specific florescence. Color images of the CeA and 

BLA were captured through a digital camera (Roper Scientific), mounted on an optical 

microscope (Leica DM6000), and positive fluorescence was quantified using FIJI (https://

www.nature.com/articles/nmeth.2019). Individual CeA and BLA regions were sectioned as 

regions of interest (ROI) in FIJI for each image (guided by Paxinos The Mouse Brain in 

Stereotaxic Coordinates) and SST expression was determined by evaluating the percentage 

of each ROI area which expressed fluorescence. This method was selected as CeA and BLA 

sizes/shapes change along the rostral-caudal axis in the regions analyzed (bregma −0.82 

to −1.82), incurring difficulty in interpreting absolute value measurements. Experimenter 

remained blinded to treatment group until following quantification. Unilateral percent area 

of florescence for 2–4 sections per animal were averaged together and used for analysis. The 

same slices were used to analyze the BLA and CeA, with 4 mice (3 water and 1 ethanol) 

excluded from BLA analysis due to excessive damage to the region during the slicing/

straining processing. Representative images in figures were digitally adjusted (brightness/

contrast/saturation) for best appearance in publication. All images were enhanced as a group 

(identical settings).

2.5 Surgeries

For all surgeries, animals were given intraperitoneal (i.p.) injections (1.5 mL/kg) of an 

anesthetizing cocktail of xylazine (10 mg/kg) and ketamine (100 mg/kg). In cannulation 

studies, using an Angle II™ Stereotax (Leica Instruments, Buffalo Grove, IL), bilateral 

guide cannula (26GA single cannula cut 5MM below pedestal; dummy cannula: 5MM with 

0.5MM projection; injector: 5MM with 0.5MM projection) (Plastics One; Roanoke, VA) 

were lowered into the CeA (AP: −1.02, ML: ±2.25, DV: −4.4). Mice recovered for ≥1 week 

before experiment start.
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2.6 Drug Administration

On DID test days animals underwent micro-injection of the experiment-specific drug 

or appropriate vehicle ~30 minutes prior to test start. Drugs were as follows (vehicle 

in each experiment was the solution respective drugs were dissolved in): Somatostatin, 

Tocris, Minneapolis, MN (3μg/0.5μl/side 5% DMSO in saline); L-054,264, Tocris, 

Minneapolis, MN (2.7μg/0.5μl/side made up 1:3 DMSO:Saline) (SST2R agonist); 

L-803,087 trifluoroacetate, Tocris, Minneapolis, MN (3μg/0.5μl/side made up 1:3 

DMSO:Saline) (SST4R agonist)(Prévôt et al., 2017). A Latin-square design was used in 

each experiment. Animals were randomly assigned to drug or vehicle treatment on test day 

1, then received the alternative treatment on test day 2 of a second DID cycle [See Fig. 

2a]. In experiment 4 a third week was added, in which animals were randomly assigned 

to groups to receive one of three treatments on each of the three test days [See Fig. 4a]. 

Infusions for microinjected drugs occurred as previously published at a rate of 0.5 μL/min 

using a Hamilton syringe (Reno, NV) attached to a Harvard Apparatus PHD 2000 infusion 

pump (Holliston, MS)(Robinson et al., 2019). After infusion, injectors remained in guide 

cannula for an additional 0.5–1 min for diffusion. As animals underwent a 3-day abstinence 

from ethanol or sucrose following each test day, potential carry-over effects 24h following 

injection were not specifically evaluated. Following brain extraction and section mounting 

(see IHC methods) cannula placements were verified through use of a digital camera (Roper 

Scientific), mounted on an optical microscope (Leica DM6000).

2.7 Statistical Analysis

GraphPad Prism (GraphPad Software, Inc. La Jolla, Ca) was used to analyze and graph 

all data. T-tests, One- or Two-way ANOVAs and Dunnett or Bonferroni post-hoc tests 

were used as described in individual experiments. All data are reported as the mean ± 

standard error of the mean and considered significant if p<0.05. A trend towards significance 

was defined as p<0.06. Animals were removed from analysis if: 1) they were found by a 

Grubbs test (Alpha=0.05) to be a significant outlier; 2) due to cannula misplacement (uni or 

bilateral); or 3) due to cannula obstruction on day of microinjection. Cannula placement was 

determined by locating the end of the guide cannula and adding injector projection length 

(0.5MM).

3.0 Results

3.1 Three DID Cycles Reduces CeA SST Expression

SST immunoreactivity in the CeA and BLA following water (female (F) N=9; male (M) 

N=10) or 3 cycles of binge-like ethanol (female N=3; male N=10) was assessed. Two-way 

ANOVA revealed a significant impact of treatment in which in the CeA ethanol decreased 

SST expression [F(1,28)=5.73, p=0.02], with no effect of sex [F(1,28)=0.1, p=0.76; 

interaction: F(1,28)=0.1, p=0.76] (data not shown). Following combination of male and 

female mice, student’s t-test detected ethanol exposure resulted in a significant reduction 

in % area positive for SST fluorescence expression relative to water treated animals 

[ t=3.025, p=0.005] [Fig. 1a]. No impact was observed in the neighboring BLA [Treatment: 

F(1,24)=0.77, p=0.21; sex: [F(1,24)=1.2, p=0.28; interaction: F(1,24)=1.6, p=0.21] (data not 

shown) (water N=16; ethanol N=12) [t=0.3069, df=26; p=0.76] [Fig. 1b].
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3.2 Intra-CeA SST Decreases Binge-Like Ethanol Intake

Two cohorts (total N=17, 8 excluded due to cannula obstruction or misplacement) underwent 

ethanol and sucrose intake. Treatment timeline detailed in Figure 2a. Two-way (treatment 

× time) ANOVAs were used to analyze the Latin Square data and t-test to analyze total 

intake. Bonferroni’s multiple comparisons test detected CeA microinjection of SST reduced 

total ethanol intake during hour 1 of the DID test alone (N=9) [Treatment: F(1,8)=4.27, 

p=0.073; time: F(1,8)=0.896, p=0.37; interaction: F(1,8)=27.19, p=.001; Bonferroni’s: hour 

1: p=0.001; hour 2: 0.23]. T-test did not detect a reduction in total ethanol intake [t=2.005, 

df=9, p=0.76] [Fig. 2b]. This first hour reduction in ethanol intake occurred in both male 

and female animals (F N=5, M=4) [treatment: F(1,7)=14.98, p=0.01; sex: F(1,7)=0.233, 

p=0.64; interaction: F(1,7)=0.296, p=0.6] (data not shown). (BEC: vehicle: 94.17 ± 21.83 

mg/dl; SST: 88.34 ± 27.23 mg/dl; t-test: t=0.2687, df=8, p=0.8; data not shown). Identical 

administration did not impact sucrose intake (N=13) [treatment: F(1,12)=0.384, p=0.55; 

time: F(1,12)=5.685, p=0.04; interaction: F(1,12)=0.349, p=0.57] [Fig. 2c]. Placement 

checks for experiment [Fig. 2d].

3.3 Intra-CeA SST Reduces Anxiety-Like Behavior and Not General Locomotion on the 
Elevated Plus Maze

Unpaired student’s t-test were used to analyze intra-CeA SST administration impact on 

behavior in the EPM behavioral assay. As no sex effect was observed in IHC or DID 

studies, sexes were analyzed together. SST administration increased % time spent in the 

open arms of the EPM (open arm time/(open+closed arm time)) (Vehicle N=7, SST N=4) 

[t-test: t=2.352, df=9, p=0.04] [Fig. 3a] without any such impact in number of total arm 

entries [t=1.054, df=9, p=0.34] [Fig. 3b] or open arm entries [t=0.47, df=9, p=0.93] [Fig. 

3C].

3.4 Intra-CeA SST4R Agonism Reduces Binge-Like Ethanol Consumption

One cohort (total N=18, 8 excluded due to cannula obstruction or misplacement) underwent 

three weeks of ethanol DID testing. As no impact of SST administration was observed in 

sucrose intake above, sucrose consumption was not evaluated in this test. As no sex effect 

was observed in IHC or DID studies, sexes were analyzed together. Treatment timeline 

detailed in Figure 4a. Two-way (treatment × time) ANOVAs were used to analyze the 

hourly Latin Square data and One-way ANOVAs to analyze total intake. Two-Way ANOVA 

detected no significant impact of treatment on hourly intake (N=10 (F=6, M=4)) [Treatment: 

F(2,20)=3.37, p=0.051; time: F(1,10)=2.28, p=0.16; interaction: F(2,20)=0.32, p=.73]. Total 

ethanol intake of the two-hour test period was evaluated using One-way ANOVA with 

Dunnett’s multiple comparisons test. Analysis revealed use of the SST4R agonist L-803,087, 

but not the SST2R agonist L-054,264, reduced total ethanol intake relative to vehicle 

treatment [F(1.532,13.79)=4.774, p=0.03; Bonferroni’s: SST2R p=0.11, SST4R=0.03] [Fig. 

4b] (BEC: vehicle: 123.8 ± 12.6 ml/dl; SST2R: 88.1 ± 12.75 mg/dl; STT4R: 62.54 ± 15.14 

mg/dl; One-way ANOVA: F(1.771, 15.94)=4.866, p=0.02; Bonferroni’s: SST2R p=0.1, 

SST4R p=0.04; data not shown). Placement checks for experiment [Fig. 4c].
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4.0 DISCUSSION

In this work we demonstrate a novel role of the CeA SST system in regulating binge-like 

ethanol intake. Intra-CeA administration of synthetic SST reduced binge-like ethanol intake 

in both male and female animals. That the impact of intra-CeA SST occurred only during 

the first hour of testing is likely due to the short half-life of SST within the brain (Blake et 

al., 2004). This reduction is likely mediated by activation of the SST4R, as microinjection of 

a SST4R but not SST2R reduced total ethanol intake. However, as we did not conduct a full 

dose-response assessment with the SST2R agonist, and in light of the fact that there was a 

trend for reduced binge-like ethanol intake with this compound (Fig. 4), we cannot definitely 

rule out a potential role of the SS2R. Higher doses of the SST2R agonist may be required 

to significantly impact binge-like ethanol intake. We further found that when brains were 

collected immediately after the last drinking session following three weeks of binge-like 

ethanol consumption there was a significant reduction of SST expression in the CeA, but 

not the neighboring BLA, indicating a specific impact of binge-like ethanol intake on this 

nucleus. Finally, consistent with previous research here we found the CeA administration 

of SST was anxiolytic evidenced by a significant increase in open-arm time on the EPM 

test. This work, taken in context with previous literature, lends further support for the SST 

system as a potential therapeutic target for AUDs, even in their earliest stages.

It has been over 30 years since brain SST was first observed to be altered by ethanol 

exposure in rodents (Barrios et al., 1990) and to be reduced in post-mortem brain tissue of 

clinic AUD patients (Koponen et al., 1990). Despite this, intense attention has only recently 

been paid to the role of this densely expressed neuropeptide in AUDs. Our present findings 

are in keeping with the growing current literature in which binge-like ethanol intake is 

associated with reduced SST activity and enhanced SST activity induces decreased ethanol 

intake. Within the prelimbic subdivision of the medial prefrontal cortex (mPFC) binge-like 

or high dose ethanol exposure induces hypoactivity in SST+ cells (Dao et al., 2021; Li et 

al., 2021). Interestingly, the Dao study found both inhibition and activation of this SST+ 

population resulted in decreased binge-like ethanol intake. This finding was suggested to 

be due to the opposing impact of SST+ activity on glutamatergic and GABAergic signaling 

within the tightly regulated microcircuitry of the mPFC (Dao et al., 2021). Of interest, 

acute inhibition of cortical SST+ cells increase anxiety-like behavior, suggesting a potential 

mechanism through which decreased SST+ signaling in this region may impact the drive to 

consume ethanol (Soumier and Sibille, 2014).

SST+ cells comprise a significant portion of CeA cells, indeed representing the majority 

of cells within the lateral nucleus of the CeA (McCullough et al., 2018). In addition to 

sending outputs of its own, the lateral nucleus serves as an important afferent point in the 

CeA, acting to synthesize incoming information and potently modulate outgoing signals 

from the neighboring medial nucleus (itself containing a significant SST+ population) 

(McCullough et al., 2018). SST is thus poised to significantly impact behavior via both 

efferent projections to downstream regions and by regulation of CeA microcircuitry. SST+ 

CeA cells are notably involved in numerous behaviors known to influence initial ethanol 

intake and relapse following continued use and withdrawal. CeA SST+ cells are strongly 

activated by food and water intake in deprived animals, and activation of CeA SST+ cells 
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both drive appetitive behavior (Kim et al., 2017). This population also suppresses active 

defensive behaviors via inhibition of non-SST+ CeA cells, resulting in gating of the fear 

response (Kim et al., 2017; Li et al., 2013). In keeping with this role of modulating the 

fear response, CeA SST+ cells are critically involved in fear learning and expression (Penzo 

et al., 2015). Given the high co-morbidity of AUDs and impaired fear-response behaviors, 

such as post-traumatic stress disorder, this may suggest impaired CeA SST+ activity as 

a contributing factor to both disorders. CeA SST+ has also recently been shown to play 

an important role in modulation of chronic pain, another condition frequently co-morbidly 

expressed with AUDs (Maleki et al., 2019; Wilson et al., 2019). In a neighboring region 

of the extended amygdala, the bed nucleus of the stria terminalis (BNST), chemogenetic 

activation of SST+ cells reduced binge-like ethanol intake in female mice, with no impact 

of inhibition (Suresh Nair et al., 2022). This may suggest increased BNST SST+ signaling 

serves a protective role against binge-like ethanol intake, particularly in female animals, but 

tonic SST+ signaling is not required to drive the initial behavior. Within the present work, 

SST system manipulation was found to reduce binge-like intake in both male and female 

mice, potentially indicating a more generalized role of CeA SST signaling or suggesting 

co-expressed peptides or neurotransmitters released by manipulation of the whole cell 

population may sex-specifically influence behavior. The extended amygdala is known to 

be highly sexually dimorphic both at baseline and in their signaling response to ethanol 

exposure, highlighting the need for further investigation into sex differences in AUDs 

and potential treatments (Hitzemann et al., 2022). Of note, activation of CeA SST+ cells 

indirectly increase BNST SST+ signaling, indicating perturbation of SST signaling within 

the CeA may have a significant impact on this BNST population(Ahrens et al., 2018). In the 

above work focused on manipulating SST+ populations, it is important to consider that the 

specific role of SST relative to co-expressed neuropeptides or the neurotransmitter GABA 

in specific behaviors remains to be fully evaluated. It is also important to note that while 

we demonstrated that binge-like ethanol drinking reduced SST levels within the CeA and 

that infusion of SST and SST4R agonist into the CeA blunted binge-like ethanol intake, we 

cannot definitively conclude that local CeA SST contributes to the modulating of binge-like 

ethanol intake as SST innervation from sources outside of the CeA (e.g., the BNST) may act 

on CeA SST receptors to modulate binge-like ethanol intake.

Here we found that CeA infusion of SST was anxiolytic in mice with a prior history of 

ethanol drinking as evidenced by increased open-arm time during an EPM test, which is 

consistent with previous work using ethanol-naïve mice (Yeung and Treit, 2012). There is a 

converging body of research highlighting an important role for SST in integrating emotional 

behaviors. For example, knock-out SST rodent models display enhanced emotionality and 

anxiety-like behaviors which are partially ameliorated through intra-amygdala SST injection 

(Kahl and Fendt, 2014; Lin and Sibille, 2015). SST knockout is likewise associated with 

increased stress hormone expression, including elevated cortisol levels (Lin and Sibille, 

2015). Of note, intracerebroventricular (ICV) injection of SST is sufficient to alleviate 

several components of the stress response engaged by enhanced corticotropin releasing 

factor (CRF) signaling (Stengel and Taché, 2017). In keeping with this, SST signaling 

increases in the amygdala following acute stress, potentially counteracting the enhanced 

CRF signaling engaged during stress exposure(Brodin et al., 1994). Given the critical role 
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CeA CRF is known to play in AUDs (Agoglia and Herman, 2018; Nicholas W. Gilpin et 

al., 2015), this suggests CeA SST signaling may influence alcohol-directed behaviors in 

part through regulating extended amygdala CRF signaling. Of note in this interpretation, 

however, is the finding that a majority of CeA SST+ cells co-express CRF (Kim et al., 2017; 

McCullough et al., 2018). This presents a more complicated image than two cell populations 

acting in opposition to regulate stress behavior. Rather, it suggests the intriguing possibility 

the same SST-CRF+ cells are poised to act in potentially opposing manners depending on 

the relative balance of co-expressed neuropeptide expression and release. Given this balance 

is likely disturbed during excessive ethanol intake, it is important to consider that the same 

CeA cell population could either inhibit or aggravate stress behaviors depending on the 

history of ethanol exposure. Of interest, CeA-nucleus accumbens regulation of binge-like 

ethanol intake was found to not involved activation of the SST system (Borrego et al., 2022). 

Together, these data may suggest CeA SST system regulation of binge-like ethanol intake is 

mediated by its impact on anxiety/depressive behaviors and regulation of stress-associated 

signaling mechanisms rather than influence on reward/appetitive signaling. That decreased 

SST expression is found in the prefrontal cortex and amygdala of patients with major 

depressive disorder, a disorder frequently co-occurring with AUDs, lends some clinical 

support to this idea (Guilloux et al., 2012; Lin and Sibille, 2015; Sibille et al., 2011; Tripp et 

al., 2011).

SST2R and SST4R were selected for closer examination in this work due to their 

well-known association with modulating amygdalar regulation of anxiety and depressive 

behaviors (for review see:(Robinson and Thiele, 2020)). Overall, while both receptors 

have been implicated in anxiety and depressive behaviors, evidence suggests a potential 

preferential role for SST2R in anxiety-related behaviors. SST2R knockout results in an 

overall increase in anxiety-like behavior, depressive-behavior, stress sensitivity, and cortisol 

levels(Prévôt et al., 2018, 2017; Viollet et al., 2000). ICV administration of a SST2R 

antagonist increases anxiety-like behavior on the EPM, a finding further supported by the 

finding exogenous SST-induced anxiolysis is blocked by intra-amygdalar administration of 

the same SST2R antagonist (Engin and Treit, 2009; Yeung and Treit, 2012). In contrast, 

SST4R impact on anxiety-like behavior has been mixed, with some studies finding SST4R 

likewise inhibits anxiety and stress behavior (Scheich et al., 2017, 2016) and others 

observing no impact on behavior (Nanda et al., 2008; Prévôt et al., 2017). SST4R has 

been consistently shown to modulate depressive-like behavior, with knock-out increasing 

and agonists decreasing measures of depressive behavior at baseline and following stress 

exposure(Prévôt et al., 2017; Scheich et al., 2017, 2016). That SST4R agonism decreased 

binge-like ethanol intake in this work is in keeping with the limited previous literature 

assessing the relationship between ethanol exposure and SST receptors. Low dose chronic 

ethanol exposure decreases nucleus accumbens SST4R expression in rats(Jonsson et al., 

2014) and the SST4R promoter region is methylated in 22% of clinical AUD patients 

relative to 2% of the general population(Berent et al., 2017). SST4R has also recently 

been highlighted as a potential target for neuropathic pain treatment, against suggesting 

a potential role for the SST system in the co-morbidity of alcohol abuse and chronic 

pain(Kántás et al., 2019).
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There are several caveats that need discussion. First, as noted above we did not perform 

dose-response analyses in the study that assessed the effect of SST2R and SST4R agonist 

on binge-like ethanol intake. Thus, while the dose of SST2R agonist that we chose did 

not significantly blunted binge-like ethanol intake, in the absence of assessment of higher 

doses we cannot rule out a potential role for the SST2R in the modulation of binge-like 

ethanol intake. Another caveat is that mice tested on the EPM and sucrose consumption 

tests had a prior history of binge-like ethanol intake. As noted above, while previous work 

demonstrates similar anxiolytic effects when SST was infused into the CeA of ethanol-naïve 

mice, it is possible that ethanol-induced plasticity prevented us from observing subsequent 

effects of CeA-infused SST on sucrose drinking. Related, it is also possible that SST 

blunted binge-like ethanol intake but not sucrose drinking because the 3% sucrose solution 

used in the present study was a more salient reinforcer for the mice relative to the 20% 

ethanol solution. Finally, while we assessed SST levels in mouse brains that were collected 

immediately after the last binge-like ethanol drinking session, it will be important in future 

work to assess SST levels after periods of abstinence following binge-like ethanol drinking.

In conclusion, these results support an important role of the CeA SST system in regulating 

binge-like drinking. This system is well-situated to exert significant influence over 

numerous behaviors associated with the motivation to consume ethanol, including anxiety, 

depressive, fear, and pain-related behavior, via modulating activity of CeA microcircuits and 

downstream efferent targets. We identify the SST4R as a notable mediator of this behavior, 

lending support to future investigation into this receptor and for its potential as a therapeutic 

target.
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Highlights

• Binge-like ethanol intake reduces SST expression in the CeA

• Intra-CeA SST administration reduces binge-like ethanol consumption and 

anxiety-like behavior on the elevated plus maze

• Intra-CeA SST administration does not impact sucrose intake or general 

locomotion

• Intra-CeA agonism of the SST 4, but not SST2, receptor decreases binge-like 

ethanol consumption

• These effects appear to occur in both male and female mice
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FIGURE 1. Binge-Like Ethanol Intake Reduces CeA SST Expression.
Three weeks of DID ethanol intake reduced SST expression in the A) central nucleus of 

the amygdala (CeA), but not B) basolateral nucleus of the amygdala (BLA) relative to 

water exposed animals. C) exemplar images of SST expression in the amygdala; scale bar = 

200μm. ** = p < 0.01 in student’s t-test.
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FIGURE 2. Intra-CeA SST Reduces Binge-Like Ethanol Intake.
A) Experimental timeline. B) Intra-CeA microinjection of SST reduced binge-like ethanol 

intake in the first hour of the two hour DID test. C) This first hour reduction occurred in 

both male and female animals. D) Intra-CeA SST microinjection did not alter sucrose intake. 

E) Cannula placement. ** = p < 0.01 in Bonferroni’s multiple comparisons test. ## = p < 

0.01 in Two-Way ANOVA.
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FIGURE 3. Intra-CeA SST Reduces Anxiety-Like Behavior in the EPM.
Intra-CeA SST microinjection significantly A) increased total time spent in the open arms of 

the EPM, B) with no impact on total arm or C) open arm entries. * = p = 0.04 in student’s 

t-test.
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FIGURE 4. Intra-CeA SST4R Agonism Reduces Binge-Like Ethanol Intake.
A) Experimental timeline. B) Intra-CeA microinjection of the SST4R agonist (L-803,087; 

3μg/0.5μl/side), but not the SST2R agonist (L-054,264; 2.7μg/0.5μl/side) significantly 

reduced total binge-like ethanol intake in the two hour DID test. C) Cannula placement. 

* = p < 0.05 in Bonferroni’s multiple comparisons test.
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