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Homer2 within the central nucleus of the amygdala modulates
withdrawal-induced anxiety in a mouse model of binge-drinking

K.M. Leel, M.A. Coelho?, K.R. Sern?, and K.K. Szumlinskil 2"

1Department of Psychological and Brain Sciences, University of California Santa Barbara, Santa
Barbara, CA, USA, 93106-9660

2Department of Molecular, Cellular and Developmental Biology and the Neuroscience Research
Institute, University of California Santa Barbara, Santa Barbara, CA, USA, 93106-9625

Abstract

A history of binge-drinking decreases protein expression of the glutamate-related scaffolding
protein Homer2 within the central nucleus of the amygdala (CEA), coinciding with behavioral
signs of negative affect. To assess the functional relevance of this protein change for withdrawal-
induced hyper-anxiety, adult (PND 56) and adolescent (PND 28) male C57BL/6J mice were
administered an intra-CEA infusion of an adeno-associated viral vector (AAV) carrying either
cDNA to express Homer2 (H2-cDNA) or GFP as control. Mice underwent 14 days of binge-
drinking under multi-bottle, limited-access conditions and were assayed for behavioral signs of
negative affect during withdrawal using the light-dark box, marble burying, and forced swim tests
(FST). Following behavioral testing, all animals experienced 5 days of drinking to evaluate the
effects of prior alcohol experience and Homer2 manipulation on subsequent alcohol consumption.
During protracted (4 weeks) withdrawal, adolescent alcohol-experienced GFP controls showed
increased signs of negative affect across all 3 assays, compared to water-drinking GFP animals,
and also showed elevated alcohol consumption during the subsequent drinking period. Homer2-
cDNA infusion in adolescent-onset alcohol-drinking animals was anxiolytic and reduced
subsequent alcohol consumption. Conversely, Homer2-cDNA was anxiogenic and increased
drinking in water-drinking adolescents. Unfortunately, the data from adult-onset alcohol-drinking
animals were confounded by low alcohol consumption and negligible behavioral signs of anxiety.
Nevertheless, the present results provide novel cause-effect evidence supporting a role for CEA
Homer2 in the regulation of both basal anxiety and the time-dependent intensification of negative
affective states in individuals with a history of binge-drinking during adolescence.

Keywords
binge drinking; adolescence; Homer2; amygdala; anxiety; alcoholism

"Correspondence: Karen K. Szumlinski, Ph.D., karen.szumlinski@psych.ucsb.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 2

1. Introduction

Binge-drinking is the most prevalent form of alcohol abuse in the United States, with
approximately 1 in 6 American engaging in binge drinking an average of 4 times per month
(Centers for Disease Control and Prevention, 2013). This pattern of consumption is
especially prevalent in adolescents and over 90% of the alcohol consumed by underage
individuals is in the form of binge drinks (Centers for Disease Control and Prevention,
2014). Although the majority of binge-drinkers do not meet the criteria for dependence
(Esser et al., 2014), frequent binge-drinking is one of the strongest risk factors for
alcoholism (Dawson et al., 2005; Hasin & Beseler, 2009; Saha et al., 2007). Chronic binge-
drinking often results in the development of tolerance to the pleasurable/hedonic effects of
acute alcohol that serve as positive reinforcers of drinking, leading to an escalation of intake
(reviewed in Koob & Moal, 1997). Simultaneously, repeated bouts of intoxication and
withdrawal can lead to increasing severity of withdrawal symptoms during periods of
abstinence, including negative affective consequences such as anxiety, depression, agitation,
and general dysphoria. Over time, withdrawal-induced negative affect in chronic binge-
drinkers is theorized to facilitate the transition to addiction in non-dependent individuals by
shifting the primary motivation for drinking from positive to negative reinforcement (Koob,
2013; Koob & Le Moal, 2001).

The negative affective consequences of alcohol withdrawal are primarily associated with
drug-induced adaptations within extended amygdala circuitry- consisting of the bed nucleus
of the stria terminalis (BNST), the shell subregion of the nucleus accumbens (AcbSh), and
the central nucleus of the amygdala (CEA). Negative affect is classically associated with an
increase in amygdalar activation (Beesdo et al., 2009; Davis & Whalen, 2001; Peluso et al.,
2009; Shackman & Fox, 2016) and the CEA dysfunction is critically implicated in alcohol
withdrawal-induced negative affect (reviewed in detail by Gilpin et al., 2015). Chronic
alcohol exposure induces glutamatergic plasticity via both pre- and post-synaptic adaptations
(Lack et al., 2007; Lovinger & Roberto, 2013; Siggins et al., 2005; Stuber et al., 2010).
These changes contribute to CEA hyperactivation during withdrawal, which is associated
with negative affective states.

Prior research has shown that drug-induced restructuring of glutamatergic synapses often
involves Homer proteins (reviewed in Szumlinski, Ary, & Lominac, 2008). Homer proteins
are intracellular scaffolding proteins located abundantly in the post-synaptic density that
exert regulatory control over glutamatergic signaling (Shiraishi-Yamaguchi & Furuichi,
2007). The ‘long-form’ Homer isoforms (Homerlb/c/d, Homer2a/b, and Homer3) are
constitutively expressed throughout many addiction-relevant brain regions including the
Ach, PFC, and the amygdala (Ary et al., 2013; Soloviev et al., 2000; Verpelli et al., 2012),
where they directly influence glutamatergic signaling by regulating the trafficking,
distribution, and function of group 1 metabotropic glutamate receptors (mGIuRs) and
NMDA receptors (Brakeman et al., 1997; Tu et al., 1998).

Alcohol-induced synaptic plasticity within the extended amygdala circuitry is theorized to
involve, in part, increases in the expression of Homer proteins - Homer2 isoforms in
particular (Cozzoli et al., 2009, 2012, 2014; Haider et al. 2015; Lee et al., 2016; Lum et al.,
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2014; Obara et al., 2009; see also Cui et al., 2013 and Szumlinski et al., 2008 for review).
Homer2 knockout mice are alcohol-averse and —intolerant and these phenotypes are reversed
via adeno-associated viral vector (AAV)-mediated Homer2 expression within the nucleus
accumbens shell (AcbSh) (Szumlinski et al., 2005). Likewise, AAV-mediated expression of
Homer2 within the AcbSh augments alcohol reward, reinforcement and behavioral
sensitization (Szumlinski, Ary, Lominac, et al., 2008), while Homer2 knock-down in this
region reduces binge-drinking, without influencing water or sweet solution intake (Cozzoli
etal., 2009, 2012). Within the CEA, AAV-mediated Homer2 knockdown significantly
reduces binge-drinking, particularly of high alcohol concentrations (Cozzoli et al., 2014) and
CEA Homer2 maintains voluntary binge-drinking through group 1 mGluR-dependent
pathways involving phospholipase C and PKCe (Cozzoli et al., 2016; Cozzoli et al., 2014).
Taken together, our prior work argued that a Homer2-dependent hyper-glutamatergic state
during alcohol withdrawal promotes the positive reinforcing properties of alcohol to drive
excessive intake (Cui et al., 2013; Szumlinski, Ary, & Lominac, 2008).

In contrast to its role in regulating the positive reinforcing properties of alcohol, we know
very little regarding Homer2’s potential role in the negative reinforcing properties of this
drug. HomerZknockout mice exhibit wild-type levels of basal emotionality (as well as
cognitive, sensorimotor and gross motor function) (Szumlinski et al., 2004, 2005) and do not
exhibit stress-alcohol cross-sensitization of locomotor activity (Quadir et al., 2016), but no
study to date has examined how Homer2 impacts alcohol-induced changes in affect. Recent
western blotting data from our laboratory showed that the manifestation of negative affect
during alcohol withdrawal closely aligned with reductions in Homer2 protein expression
within the CEA. For example, mice with a 14-day history of binge- drinking during
adulthood show increased anxiety and reduced CEA Homer2 expression during acute (24 h)
withdrawal and both effects dissipate with the passage of time (Lee et al., 2015, 2017c). In
contrast, adolescent binge-drinkers show negligible signs of behavioral dysfunction during
acute withdrawal and no change in CeA Homer2 expression (Lee et al., 2016), but a marked
negative affective state incubates in these animals during protracted (4 weeks) withdrawal
and the mice exhibit hyper-anxiety, as well as reduced CEA H2 expression, when tested as
young adults (Lee et al., 2017c). Importantly, irrespective of the age of drinking onset,
withdrawal-induced negative affect is positively related to increased subsequent alcohol
consumption. Our prior behavioral data are consistent with other clinical and preclinical
literature regarding the enduring consequences of adolescent alcohol exposure indicating
increased mood disorders, cognitive impairment, and excessive alcohol consumption
(McBride et al., 2005; Nixon & McClain, 2010; Spear, 2014; Tapert & Schweinsburg, 2005)
and our correlational immunoblotting findings argue a potential role for alcohol withdrawal-
induced changes in CEA Homer?2 expression in the manifestation of a negative affective
state, including the incubation of a negative affective state in those with a history of
adolescent-onset binge-drinking.

In the present study, we sought to determine if the observed reduction in CEA Homer2 was
functionally relevant to the manifestation of anxiety and excessive alcohol consumption
during withdrawal using an AAV-mediated gene transfer approach to introduce Homer2
locally within the CEA (H2-cDNA). We presumed that H2-cDNA infusion within the CEA
Homer2 should attenuate the binge-drinking induced reduction in protein expression and
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reduce anxiety in adult and adolescent alcohol-experienced animals, during early and
protracted withdrawal, respectively. Moreover, if withdrawal-induced anxiety is a negative
reinforcer of subsequent drinking, we hypothesized also that Homer2 ‘rescue’ should block
withdrawal-induced drinking.

2. Methods

The binge-drinking and behavioral testing procedures in this study were identical to those
used previously in our lab (Lee et al., 2015, 2016) and are briefly summarized below. The
timeline of experimental procedures is outlined in Figure 1. All procedures were conducted
in compliance with the National Institutes of Health Guide for Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 2014) and approved by the IACUC of the
University of California, Santa Barbara.

2.1 Subjects & study design

This study used male C57BL/6J mice (Jackson Laboratory, Sacramento, CA) that were
either PND 28 (adolescents) or PND 56 (adults) at the onset of drinking. Animals were
housed in age-matched groups of 4 per cage in a climate-controlled vivarium under a reverse
light/dark cycle (lights off at 10am), with food and water available ad /ibitum except during
the 2-h alcohol drinking period. The study design consisted of 2 age groups (adults or
adolescents), 2 drinking groups (alcohol or water), and 2 AAV groups (H2-cDNA or GFP);
n=12/group.

2.2 Viral transfection

2.2.1 Viral vectors—The AAVs were obtained from the laboratory of Dr. M. Klugmann
(University of New South Wales, Sydney, Australia), as in our prior transgenic studies (e.g.
Cozzoli et al., 2012; Cozzoli et al., 2009; Szumlinski et al., 2006; Szumlinski, Ary, Lominac,
et al., 2008) and a description of the procedures for generating the AAVs, as well as the
resultant changes in H2 expression, has been described therein. In short, Homer2b was
expressed as an N-terminal fusion protein with the hemagglutinin (HA) tag in a recombinant
AAV backbone containing the 1.1 kb cytomegalovirus immediate early enhancer/chicken -
actin (CBA) promoter (H2-cDNA). This AAV has been previously validated via western
blotting to successfully overexpress H2 (Ary et al., 2013; Haider et al., 2015). The same
backbone encoding human Renilla green fluorescent protein (GFP) was used as an AAV
control.

2.2.2 Craniotomy & virus infusion—Maximal neuronal transduction by our AAVS is
observed approximately 3 weeks post-infusion (Klugmann & Szumlinski, 2008), which
complicated the timing of AAV infusion in the younger animals. While it would have been
ideal to infuse the AAVs 3 weeks prior to the onset of binge-drinking in both adolescent and
adult mice, the obvious difficulties conducting accurate craniotomies on preweanling mice
preventing us from adopting this procedural time-line. As such, we opted for both adults and
adolescents to undergo surgery at the same age (PND 42-48), approximately 3 weeks prior
to behavioral testing to allow for maximal transfection to occur in mice of both drinking-age
groups (Klugmann & Szumlinski, 2008). Thus, surgery occurred prior to the 14-day
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drinking period in adults and afterward in adolescents. Under isoflurane gas anesthesia, 33-
gauge injector cannulae (12 mm long; threaded through a 24-gauge adapter for stability)
were used to deliver bilateral infusions of H2-cDNA or GFP directly into the CEA [AP:
-1.25; ML: £2.70; DV: -2.70 mm from Bregma, according to Paxinos & Franklin (2004)].
Infusions were delivered at a rate of 0.05 pl/min for 5 minutes (total vol=0.25 pl/side).
Injector cannulae were left in place for an additional 5 minutes before removal. The incision
site was closed with a small animal wound clip. Mice were left to recover, undisturbed (with
the exception of post-operative monitoring and routine cage maintenance) for a minimum of
7 days before further experimentation.

2.3 Multi-Bottle-Choice Drinking-in-the-Dark (DID) Procedures

Half of the animals from each drinking-age group were subjected to 14 consecutive days of
binge-drinking under 3-bottle DID procedures. Alcohol access was restricted to 14 days for
all animals, corresponding to the approximate duration of early-mid adolescence in mice
(Spear, 2000). Each day, animals were separated into individual cages, allowed to habituate
to the drinking cage for a minimum of 45 min and then given simultaneous access to bottles
containing 10, 20, and 40% (v/v) unsweetened ethanol solutions for 2 h, beginning 3 h into
the circadian dark cycle (Lee et al., 2017¢c; Rhodes et al., 2005). Control animals received
water only. Daily alcohol consumption was calculated by weighing the bottles immediately
before and after the drinking period and expressed as a function of the animal’s body weight
(9/kg). Submandibular blood samples were collected from all alcohol-drinking animals on
day 11 of drinking, immediately upon conclusion of the 2-h drinking period. Blood alcohol
concentration (BAC) was determined using an Analox alcohol analyzer (model AM1,
Analox Instruments USA, Lunenburg, MA).

2.4 Behavioral testing

Based on our previous work showing robust anxiety in adult drinkers during acute (24-h)
alcohol withdrawal and adolescent drinkers during protracted (4-weeks), both adult and
adolescent drinkers and (water-drinking controls) were behaviorally tested at PND 70 as
indicated in Figure 1. Thus, behavioral testing was conducted during adulthood for both age
groups. However, in this study, the terms “adult’ and ‘adolescent’ refer to the age of alcohol
exposure. Behavioral testing was conducted during the animals’ circadian dark phase and
consisted of the light-dark box, marble burying test, and Porsolt forced swim test (FST)
(exactly as conducted in Lee et al., 2016, 2017a, 2017c). In the light-dark box, the dependent
measures were: the number of light-side entries, latency to first light-side entry, total time
spent on the light side, and the total distance traveled. Decreased interaction with the light
side compared to control animals was interpreted as a sign of increased anxiety. Distance
traveled provided an index of general locomotor activity. In the marble burying test, the
dependent measures were: the number of marbles buried, latency to first begin burying, and
total time spent burying. Increased burying behavior was interpreted as a sign of increased
anxiety. In the FST, the dependent measures were: the number of immobile episodes, latency
to first immobile episode, and total time spent immabile. In prior work, we have observed an
age-dependent effect of alcohol withdrawal in this assay; both adults and adolescents exhibit
decreased immobility in early withdrawal (Lee et al., 2016), while adolescents exhibit
increased immobility during later withdrawal (Lee et al., 2017a, 2017¢). Thus, the FST is a
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sensitive assay of alcohol-induced affective dysregulation that is capable of detecting age by
alcohol interactions in behavior

2.5 Subsequent drinking in adulthood

Approximately 24 h following the conclusion of behavioral testing, all animals, including
previously alcohol-naive animals, were subjected to an additional 5 days of drinking
(following the same procedures as the initial 14-day exposure) in order to assess the effects
of prior alcohol experience and H2-cDNA on alcohol consumption in adulthood.
Additionally, the drinking behavior of previously-naive H2-cDNA alcohol control animals
allowed us to characterize the effects of Homer2 expression on binge-drinking in adulthood,
independent of previous alcohol experience.

2.6 Brain tissue collection & verification of AAV transduction

Approximately 24 h following the final alcohol presentation of the 5-day DID, animals were
euthanized with an overdose of Euthasol® (Virbac AH, Fort Worth, TX) and transcardially
perfused with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde, as
described previously (e.g. Lee et al., 2015). Brains were removed and cold-stored in
cryoprotectant (30% ethylene glycol, 30% glycerol in PBS) until slicing. Tissue was
sectioned (40 um) along the coronal plane on a vibratome at the level of the amygdala (as
depicted in Paxinos & Franklin, 2004). Immunohistochemistry was performed using
standard procedures employed previously in our laboratory (e.g. Cozzoli et al., 2009;
Goulding et al., 2011; Szumlinski, Ary, Lominac, et al., 2008; Szumlinski et al., 2004;
Szumlinski et al., 2005) Tissue sections from H2-cDNA infused mice were stained with an
antibody against the hemagglutinin (HA) tag using a mouse anti-HA primary antibody
(Biolegend, San Diego, CA; 1:1000 dilution), followed by biotinylated anti-mouse
secondary IgG (Vector Laboratories, Burlingame, CA; 1:2,000 dilution) and visualized with
with 3,3’-diaminobenzidine (DAB). Following staining, sections were mounted on slides,
dehydrated, and cover-slipped. GFP transfection of control animals was detected using a
GFP tag antibody (Invitrogen, Carlsbad, CA; 1:200 dilution) and fluorescence microscopy.
Slides were examined and photographed using a Nikon Eclipse E800 microscope equipped
with a Hamamatsu CCD camera (model C4742-95) and MetaMorph® imaging software
(Molecular Devices, Sunnyvale, CA). Any animals that failed to show positive AAV
transfection within the CEA (Fig. 2) were excluded from the final analysis of the data.

2.7 Statistical analysis

A repeated-measures ANOVA was used to analyze intake data for all alcohol-drinking
animals with age as the between-subject factor in order to determine if there was a difference
in alcohol consumption between adults and adolescents across the 14-day drinking period.
Adult and adolescent alcohol drinkers were analyzed independently via repeated-measures
ANOVA with AAV as the between-subject factor to assess for any intake differences
between H2-cDNA and GFP animals. A Pearson’s correlational analysis was conducted for
all alcohol-drinking animals to determine the relationship between alcohol intake and
resulting BACs sampled on day 11 of drinking. The 5-day drinking data were analyzed
separately within each drinking-age group using a repeated-measures ANOVA and Tukey-
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Kramer multiple comparison tests to compare the effects of H2-cDNA to GFP within
alcohol-experienced and -inexperienced animals.

All behavioral data were analyzed separately within each drinking-age group using Tukey-
Kramer multiple comparison tests. A significant ANOVA is not a prerequisite for planned
pairwise comparison procedures such as Tukey’s HSD, which provides conservative
protection against Type | error while maximizing statistical power (Cardinal & Aitken, 2006;
Hayter, 1984; Kramer, 1956). This approach is particularly powerful, and often considered
preferable to the traditional ANOVA (Games, 1971; Hancock & Klockars, 1996; Rosnow &
Rosenthal, 1989; Ruxton & Beauchamp, 2008; Wilkinson & Inference, 1999), in studies
such as this that contain multiple a priori comparisons of interest. Specifically, we were
interested in between-group comparisons of GFP versus H2-cDNA animals within each
drinking group and alcohol versus water within GFP animals (to assess the effect of alcohol,
independent of transgenic manipulation). Dependent samples t-tests were conducted
separately in alcohol-experienced adult and adolescent drinkers for within-group
comparisons of average intake during the initial 14-day drinking period with intake during
the subsequent 5-day drinking period.

Statistical outliers were identified using the £1.5%IQR rule and excluded from analyses. All
data depicted in figures represent mean + SEM of the number of the number of animals
indicated in parentheses; a=0.05, though statistical trends (p<0.10) are also reported.
Calculations and analyses were performed using add- StatPlus®-0 for Microsoft Excel and
SPSS v.21 statistical software (IBM, 2012).

3.1Animal exclusion

Animals were omitted entirely from data analysis based unsuccessful or misplaced viral
transduction, staining complications rendering it impossible to confirm viral transduction,
and attrition due to surgical complications. As presented in Table 1, final sample sizes for
analysis were 9-12 per group and the group sizes are indicated in all figures.

3.2 Alcohol consumption

Across the entire 14-day drinking period, adult animals consumed an average of 2.96 + 0.12
g/kg and adolescents an average of 6.12 + 0.19 g/kg. The repeated-measures ANOVA
showed a significant between-subjects effect of age [F(1,42)=48.42, p<0.001], but no within-
subject effect of Day or Age by Day interaction (p’s>0.05). Thus, adolescents drank
significantly more alcohol than adults across the entire 14-day drinking period and adults
maintained low levels of alcohol intake throughout. Within each age group, the repeated-
measures ANOVA showed no significant difference in alcohol consumption between adult
animals previously infused with GFP or H2-cDNA [GFP: 3.01 + 0.20 g/kg vs. H2-cDNA:
2.93 +0.22 g/kg; p=0.793] and there was also no differences in the alcohol intake between
adolescent mice subsequently infused with GFP or H2-cDNA [GFP: 5.96 + 0.35 g/kg vs.
H2-cDNA: 6.26 * 0.32 g/kg; F(1,21)=0.426, p=0.521]. On day 11 of drinking when blood
was sampled, adolescent alcohol drinkers had an average alcohol consumption of 6.25
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+ 0.29 g/kg with a resulting BAC of 105.49 + 4.84 mg/dl, which is above the 80 mg/dI
NIAAA criterion for binge-drinking. Unfortunately, adult animals had an average alcohol
consumption of 2.78 + 0.17 g/kg with a resulting BAC of 57.27 + 3.54 mg/dl and thus, were
not engaged in binge-drinking. Alcohol intake was significantly correlated with BAC across
all animals (r=0.892, p<0.001). While we were concerned that the low levels of alcohol
intake by adult mice would be insufficient to elicit changes in affect, little is known
regarding the behavioral or biological consequences of repeated low-dose alcohol
consumption and thus, we retained the adult animals in the study.

3.3 Effects of alcohol and CEA Homer2 in adolescent animals during protracted withdrawal

When tested as adults on PND70 in the light-dark box, GFP alcohol-drinking mice spent less
time on the light side (0=0.004; Fig. 3A), made fewer light-side entries (p=0.019; Fig. 3B),
and trended toward a longer latency to first light-side entry (p=0.079; Fig. 3C), compared to
GFP water-drinking mice, supporting greater anxiety-like behavior during protracted
withdrawal in adolescent-onset alcohol-drinking mice. In alcohol-drinking mice specifically,
H2-cDNA significantly increased light-side time (p=0.039) and a trend toward more light-
side entries (p=0.052), compared to GFP-infused alcohol-drinking controls. No H2-cDNA
effect was observed on the latency to first light-side entry p>0.10). Thus, CEA H2-cDNA
blunts the negative affective state produced by a history of adolescent-onset alcohol-
drinking. In water-drinking mice, the effects of H2-cDNA were mixed in the light-dark box
test; relative to GFP-infused mice, H2-cDNA significantly decreased light-side time
(0=0.002) and tended to increase the latency to first light-side entry (p=0.062), but had no
effect on light-side entries (p>0.10). There were no significant group differences in total
distance traveled (p%>0.10; Fig. 3D), indicating that neither a history of adolescent binge-
drinking or CEA Homer2 expression influences gross motor activity.

In the marble burying test, GFP alcohol-drinking animals buried more marbles (p=0.008;
Fig. 4A) and spent more time burying (p=0.039; Fig. 4B), compared to GFP water-drinking
animals, confirming the presence of an anxiogenic state in control mice. In alcohol-drinking
mice, H2-cDNA significantly decreased marbles buried (p=0.015) and tended towards less
time spent burying (p=0.077) in alcohol-drinking mice, compared to GFP alcohol-drinking
animals, but there was no effect on the latency to start burying (p>0.10). In water-drinking
animals, H2-cDNA increased marbles buried (p=0.025) and time spent burying (p=0.044),
compared to GFP water-drinking animals. There were no significant group differences in the
latency to begin burying (p's>0.10; Fig. 4C). Thus, as observed in the light-dark back, the
effects of an intra-CEA H2-cDNA infusion upon an animal’s affective state varied as a
function of adolescent-onset drinking experience.

In GFP-infused animals. alcohol-drinking mice spent more time immobile compared to their
water-drinking animals (p=0.039; Fig. 5A), had a shorter latency to first immobility
(p=0.024; Fig. 5B), and tended to show more immaobile episodes (p=0.059; Fig. 5C) in the
FST. In water-drinking animals, there was a trend toward less time spent immobile in H2-
cDNA animals compared to their GFP controls (p=0.088). However, there was no other
effect of H2-cDNA in either the water or alcohol-drinking groups (p%>0.10). Thus, CEA
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Homer2 expression does not appear to play a major role in regulating depressive-like
behaviors in the FST.

3.4 Effects of alcohol and CEA Homer2 in adult animals during early withdrawal

Not surprisingly given their low levels of alcohol intake (see Sect. 3.1.), adult mice infused
with GFP did not exhibit signs of anxiety-like behavior on any of our assays (see Table 2
and Fig. 6 grey bars; p’s>0.065). Likewise, there were also no significant effects of H2-
cDNA infusion on the behavior of the alcohol-experienced animals (p°s>0.10; Table 2 and
Fig. 6, black vs. grey bars).

However, we did observe some effects of intra-CEA H2-cDNA infusion on the behavior of
water-drinking animals and the significant findings are presented in Fig. 6 (left columns),.
Specifically, H2-cDNA animals spent less time on the light-side compared to GFP (p=0.028;
Fig. 6A), with a similar trend observed for light-side entries (0=0.075; data not shown), but
no effects on the latency to first light-side entry (p>0.10) or distance traveled (p>0.10). In
the marble-burying test, H2-cDNA animals spent more time burying compared to GFP
(0=0.023; Fig. 6B), but no group differences were observed for the number of marbles
buried or the latency to start burying (0%>0.10). In the FST, H2-cDNA-infused animals
spent less time immobile, compared to GFP controls (p=0.042; Fig. 6C), and there was also
a trend toward fewer immobile episodes (p=0.062), but no effect on the latency to first
immobility in either drinking group (0 %>0.10).

3.5 Effect of H2-cDNA on alcohol consumption in alcohol-experienced and alcohol-
inexperienced animals

During the subsequent 5-day drinking period, adolescent alcohol-experienced GFP-infused
animals drank more alcohol compared to their alcohol-inexperienced GFP counterparts
(p=0.013, Fig. 7A), suggesting the maintenance of a more “adolescent-like” drinking
phenotype in the alcohol-experienced adolescent controls. H2-cDNA significantly increased
intake in alcohol-inexperienced mice, compared to their GFP controls (p=0.029). In contrast,
H2-cDNA tended to reduce alcohol consumption in alcohol-experienced adolescent mice
(0=0.057; Fig. 7A). There was no difference in intake between adult alcohol-experienced
and -inexperienced animals infused with GFP (p>0.10; Fig. 7B). However, as observed for
alcohol-inexperienced adolescent mice, H2-cDNA significantly increased alcohol intake in
alcohol-inexperienced adult mice (p=0.019; Fig. 7B), with a similar trend observed in
alcohol-experienced animals (p=0.066; Fig. 7B). Dependent-samples t-tests conducted
within each drinking group showed that both H2-cDNA [t(9)=8.86, £’s<0.001] and GFP
[t(10)=6.31, p<0.001] animals with adolescent alcohol experience drank significantly less
alcohol, on average, during the subsequent drinking period compared to the initial 14-day
drinking period. This likely reflects the well-characterized ontogeny of alcohol-intake (e.g.,
Lee et al., 2016; Moore et al., 2010; Spear & Varlinskaya, 2005; Strong et al., 2010;), given
that the 2" round of drinking occurred during adulthood (starting on PND 71). In contrast,
there was a significant escalation of alcohol intake in H2-cDNA adult alcohol-drinking mice
[t(10)=3.68, p=0.004], but not in their GFP-infused counterparts [t(11)=1.12, p=0.288].
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4. Discussion

Replicating our prior work (Lee et al., 2016, 2017a, 2017b, 2017c) and other reports in the
literature (Doremus et al., 2005; Moore et al., 2010; Spear & Varlinskaya, 2005; Strong et
al., 2010; Vetter et al., 2007), adolescent animals in the present study consumed significantly
more alcohol across the 14-day drinking period than adults and were, by definition, engaged
in binge-drinking. However, the average alcohol intake and resultant BACs in adult animals
were below the levels typically observed under in our multi-bottle, limited alcohol-access,
binge-drinking models (e.g. Cozzoli et al., 2014; Lee et al., 2016, 2017a, 2017b, 2017c).
Indeed, the adult mice in this study were infused intra-CeA with H2-cDNA/GFP prior to the
onset of their initial binge-drinking session, raising the possibility that our AAV infusion
procedures or post-infusion effects of these procedures negatively impacted the initial
alcohol drinking of the adult mice in the present study. It is noteworthy that we observed no
overt signs of AAV-induced neurotoxicity or tissue damage upon histological examination of
the adult tissue - the appearance of these sites were comparable to those exhibited by the
adolescent-onset animals infused post-drinking. Further, we have never observed detrimental
effects of our AAV-GFP vector (or our H2-cDNA vector, for that matter) upon any measure
of alcohol reward or reinforcement in adult laboratory rodents when infused 2—-3 weeks prior
to testing (e.g., Cozzoli et al., 2012, 2014; Haider et al., 2015; Szumlinski et al., 2005,
2008).

While infrequent, it is not unprecedented for an occasional cohort of animals to exhibit low
alcohol intakes. To date, we have been unable to pin-point a specific cause for this low-dose
alcohol intake, but it does not appear to vary systemically with the season, the colony room
in which the mice are housed, the experimenter or the animal care staff. Nevertheless, the
adult mice in this study provided an opportunity to extend our earlier indication that the
severity of alcohol withdrawal-induced negative affect is proportional to the amount of
alcohol consumed during adulthood (Lee et al., 2015, 2017a, 2017c) by demonstrating that a
repeated history of low-dose alcohol consumption (~ 3 g/kg/day) produces negligible signs
of withdrawal-induced negative affect nor does it increase the subsequent propensity to
binge-drink. Thus, while precluding our ability to assay the effects of CEA H2-cDNA
infusion upon withdrawal-induced negative affect in adult-onset drinkers, the present results
nonetheless argue that repeated low-dose alcohol consumption in adulthood is insufficient to
elicit the neurobiological adaptations that drive alcohol withdrawal-induced changes in
affect.

Also replicating our prior work (Lee et al., 2015, 2016, 2017a, 2017b, 2017c), a history of
binge alcohol-drinking elicited a hyper-anxious state during withdrawal, which is theorized
to contribute to the negative reinforcing properties of alcohol abuse (Koob & Le Moal, 1997,
Koob & Moal, 1997). This negative affective state is associated with reduced Homer2
expression within the CEA (Lee et al., 2017c) and the present data for adolescent-onset
binge-drinking mice provides novel evidence that this neuroadaptation actively regulates
alcohol withdrawal-induced anxiety.
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4.1 Homer2 cDNA infusion reverses the hyper-anxious phenotype of adolescent-onset
drinking mice during protracted withdrawal

Replicating the results from our previous reports (Lee et al., 2016, 2017a, 2017c), animals
with adolescent alcohol-experience showed robust signs of negative affect during protracted
withdrawal, as indicated by increased indices of anxiety-like behavior in the light-dark box
and marble-burying test and increased signs of depression-like ‘behavioral despair’ (i.e.
increased immobility) in the FST. The fact that adolescent-onset drinkers do not exhibit
overt signs of negative affective during early withdrawal (Lee et al., 2016) argue that this
negative affective state, and its neurobiological underpinnings, incubate during protracted
withdrawal (Lee et al., 2017c). Indeed, mice with a history of adolescent-onset binge-
drinking exhibit a number of protein changes within the AcbSh and CeA in protracted
withdrawal that are not manifest in early withdrawal (Lee et al., 2016, 2017c). Further, many
of the protein changes observed during protracted withdrawal in adolescent-onset drinkers
resemble those exhibited by adult-onset drinkers during early withdrawal when they
manifest a hyper-anxious phenotype (Lee et al., 2016, 2017¢). One such change that we
pursued in the present study is reduced Homer2 expression within the CEA (Lee et al.,
2017c¢). This neuroadaptation is opposite that reported in our prior immunoblotting studies
of mice with a 30-day history of binge-drinking (Cozzoli et al., 2014), but its functional
relevance has not been pursued in our prior work.

Herein, an intra-CEA infusion of H2-cDNA, administered following a 2-week history of
binge-drinking during adolescence, exerted an anxiolytic effect, as indicated by a reversal of
some of the signs of anxiety-like behavior in the light-dark box and marble-burying tests.
Notably, however, the cDNA-mediated reversal of hyper-anxiety in these assays was not
complete; some measures appeared to be more sensitive to the effects of CEA H2-cDNA
infusion than others. These data argue, not unexpectedly, that the withdrawal-induced
decrease in CEA Homer2 expression is not the sole mediator of withdrawal-induced
negative affect. Consistent with this notion, H2-cDNA infusion did not alter any dependent
measure in the FST, despite the manifestation of depressive-like signs in GFP-infused
controls. The disparate findings between our assays of anxiety- versus depression-like
behaviors may relate to the nature of the stressor (physical versus psychological) or the
possibility that H2-cDNA selectively gates output from the CEA to mesocorticolimbic
structures driving withdrawal-induced anxiety, but not depressive-like states. Nevertheless, it
is important to note that not only did intra-CEA H2-cDNA infusion reverse the hyper-
anxious phenotype of adolescent-onset drinkers, it also attenuated their subsequent alcohol
consumption. These data provide novel evidence to support an important role for CEA
Homer2 expression in gating the negative reinforcing properties of alcohol that drive
excessive intake. Given the limitations of our study of adult alcohol-experienced animals, an
obvious future direction is to replicate this aspect of the experiment in an adult cohort that
exhibits binge-levels of alcohol consumption and determine whether or not reversing the
reduction in CEA Homer2 expression observed during early withdrawal in adult-onset
drinkers can attenuate the manifestation their hyper-anxious phenotype. Further, future
studies should probe how Homer2 influences CEA output, as well as characterize the
Homer2-dependent molecular interactions within the CEA that drive that output, in animals
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with histories of adolescent- versus adult-onset drinking to better understand their unique

temporal patterning of withdrawal-induced negative affect (Lee et al., 2017c¢).

4.2 CEA Homer2 cDNA infusion drives hyper-anxiety and alcohol consumption in alcohol-

naive mice

Fascinatingly, the capacity of CEA H2-cDNA infusion to reverse the hyper-anxious
phenotype of adolescent-onset binge-drinkers did not reflect some general anxiolytic effect
of AAV infusion. In fact, intra-CEA H2-cDNA infusion was anxiogenic in both water-
drinking adolescent and adult controls on measures obtained from the marble-burying and
light-dark shuttle tests. Furthermore, in adult water-drinking controls, H2-cDNA infusion
reduced the time spent immobile in the forced swim test. While reduced immobility in this
assay is classically interpreted as an “anti-depressive” phenotype (e.g., Porsolt et al., 1977),
we have shown consistently that adult mice in early alcohol withdrawal exhibit reduced
immobility on the forced swim test (Lee et al., 2015, 2016, 2017a,b,c) — an effect that can be
reversed by pretreatment with anxiolytic drugs (Lee et al., 2017b). Based on this prior work
and the fact that H2-cDNA control adults exhibited hyper-anxiety on certain measures in the
light-dark shuttle and the marble-burying tests, we interpret the he reduced immobility
expressed by these animals in the forced swim test as reflecting a panicked state (see also
Ferre et al., 1994).

Further, consistent with the prior evidence that AchSh H2-cDNA infusion augments alcohol
reward and reinforcement (Szumlinski et al., 2005, 2008) and our previous indication that
CEA Homer2 drives binge-drinking behavior in adult mice (Cozzoli et al., 2014), CEA H2-
cDNA infusion also augmented the alcohol intake exhibited by adult mice drinking alcohol
for the first time. It is interesting to note that when behavioral effects of H2-cDNA were
observed in adult water controls (e.g., Fig. 6; 7b), the direction of the effects was
comparable to that observed in their alcohol-experienced counterparts, but with a lesser
magnitude (i.e., the GFP-cDNA differences were statistically significant in water controls,
but not in alcohol-experienced animals). The present data are the first to demonstrate that
CEA H2-cDNA infusion during late adolescence/early adulthood is sufficient to both induce
some signs of hyper-anxiety and augment subsequent alcohol consumption, raising the
possibility that elevated CEA Homer2 expression might drive directly the negative
reinforcing properties of alcohol.

4.3. Reconciling disparities in the role for CEA Homer2 in regulating anxiety

Homer2 is glutamate receptor scaffolding protein that regulates various aspects of glutamate
transmission within extended amygdala structures, ranging from the maintenance of basal
extracellular glutamate content to the activational state of specific intracellular signaling
pathways and its expression is generally considered necessary for normal excitatory
neurotransmission (for reviews, Szumlinski et al., 2008). Consistent with this reasoning, the
anxiogenic effects of H2-cDNA infusion within the CEA of alcohol-naive mice are in line
with an abundant literature implicating amygdalar hyper-activation in clinical anxiety,
depression and withdrawal-induced negative affect (Davidson, 2002; Davis, 1992; Gilpin et
al., 2015; Ketter et al., 1996; Servan-Schreiber et al., 1998; Stein et al., 2007). However, our
2-week binge-drinking paradigm reduces CEA Homer?2 expression (Lee et al., 2017¢) and
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herein, H2-cDNA infusion exerted an anxiolytic effect on some measures in mice with a
prior history of adolescent-onset binge-drinking. While the precise relation between the
chronicity/amount of binge-drinking and the direction of the effect of alcohol withdrawal
upon CEA Homer?2 expression requires a considerable parametric study, the disparities in
results across our studies argue that either increased or decreased CEA Homer2 expression
can result in the manifestation of a negative affective state that augments subsequent
alcohol-taking, likely via shifts in group 1 mGlu receptor function.

Indeed, several lines of evidence support the notion that an imbalance in the relative
expression of different Homer isoforms results in behavioral and neurochemical anomalies
of relevance to a number of different neuropsychiatric disorders, including depression and
addiction (Ary et al., 2013; Gould et al., 2015; Szumlinski et al., 2006). As inducible
Homer1 gene products (e.g., Homerla) act as dominant negatives to disrupt constitutive
Homer isoform binding to interacting partners and alter mGlu and NMDA receptor function
(e.g., Kammermeier et al., 2000; Park et al., 2013; Xiao et al., 1998), the majority of this
work has focused on the interplay between constitutively expressed versus inducible
Homer1 gene products (e.g., Klugmann et al., 2005; Lominac et al., 2005; Szumlinski et al.,
2006; Tappe and Kuner, 2009). Even within this line of Homer1-related work, both over- or
under-expression of Homerla results in comparable cognitive dysfunction in fear-
conditioning models (Banerjee et al., 2016; Mahan et al., 2012), which is a finding in-line
with our disparate results for CEA Homer2 expression and anxiety.

To date, we have failed to detect any alcohol-induced changes in the expression of
constitutively expressed Homer1 isoforms in the brain across a variety of alcohol delivery
paradigms (Cozzoli et al., 2012; Cozzoli et al., 2014; Cozzoli et al., 2009; Goulding et al.,
2011; Lee et al., 2015, 2017c; Obara et al., 2009; Szumlinski, Ary, Lominac, et al., 2008).
Thus, either an increase or a decrease in CEA Homer?2 levels will be predicted to imbalance
the relative expression of Homer1 versus Homer2 isoforms in this region. Less well-studied
than the effects of imbalancing different Homer1 gene products, we have reported previously
that cocaine-induced changes in the relative levels of constitutively expressed HomerI and
Homer2 gene products, at least within the prefrontal cortex, are critical for gating the
rewarding and reinforcing properties of this drug (Ary et al., 2013; Gould et al., 2013). Thus,
it is entirely possible that any alcohol-induced disruption in the Homerl-Homer2 balance
within the CEA is sufficient to produce a negative affective state that drives excessive
drinking. Indeed, Homer2 is more occlusive than Homerl1 with respect to the efficiency
through which Groupl mGlu receptors signal to voltage-gated ion channels /n7 vitro
(Kammermeier & Worley, 2007) notably, to inhibit Cav2.2 and Cav2.3 (Beqollari &
Kammermeier, 2013; Kammermeier, 2008; Kammermeier et al., 2000; Won et al., 2009), but
it remains to be determined how this property relates to Homer2 regulation of groupl mGlu
function /n vivo, let alone behavior. Given that capacity of an intra-CEA infusion of mGlul
and mGlu5 inhibitors to regulate binge-drinking require Homer2 (Cozzoli et al., 2014), and
systemic treatment with mGIu5 inhibitors blunt alcohol withdrawal-induced negative affect
(Lee et al., 2017a), future work will focus on better understanding the biochemical
consequences of manipulating CEA Homer2 expression /n vivo in relation to the negative
reinforcing properties of alcohol.
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4.5 Conclusions

In conclusion, the present study provides novel insight into the role of CEA Homer2 in basal
and alcohol-induced increases in anxiety, as well as alcohol consumption. Together these
data provide evidence of an anxiogenic and pro-drinking effect of H2-cDNA infusion within
the CEA. Conversely, restoring CEA Homer2 levels in animals with adolescent alcohol
experience exerts a protective effect against withdrawal-induced anxiety and escalated
alcohol consumption in adulthood. If relevant to humans, these data argue idiopathic or
alcohol-induced changes in CEA Homer2 expression as important for the etiology of
negative affect, the negative reinforcing properties of alcohol and the ontogeny of alcohol
abuse.
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Highlights
. Age-related differences were observed with respect to alcohol intake and the

subsequent manifestation of a negative affective state during withdrawal.

. The negative affective state elicited by adolescent-onset binge-drinking
incubated with the passage of time in withdrawal.

. Over-expression of Homer2 within the central nucleus of the amygdala (CeA)
exerted an anxiolytic effect and reduced subsequent alcohol consumption in
adolescent-onset drinking mice.

. Conversely, Homer2 over-expression was anxiogenic and increased drinking
in alcohol-naive controls.
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Figure 1.
Experimental timeline for this study of the effects of infusing AAVs into the CEA of mice

with a history of binge-drinking during either adulthood or adolescence upon the
manifestation of withdrawal-induced anxiety (tested on PND 70) and subsequent drinking.
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Figure 2.
Verification of viral transduction of neurons selectively within the CEA. (A) Illustration of

the sampling region used to verify the subregional selectivity of AAV transduction.
Representative 20X micrographs of immunostaining for (B) AAV-transfected HA-tagged
Homer2b and (C) AAV-transfected GFP control. The 40X inserts indicate that transduction
occurred within both the cell bodies and processes of the neurons.
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(12)
T (10)
©) +
(11)
|
Water Alcohol

Light-side entries

Water Alcohol
Distance traveled

The effects of adolescent alcohol experience and intra-CEA infusion of Homer2-cDNA (H2-
cDNA) on (A) the time on the light side (sec), (B) the number of light-side entries, (C) the
latency to the first light entry (sec) and (D) the total distance traveled in the light-side in a
light-dark box test (m). In GFP-infused animals (grey bars), alcohol-experienced mice
(Alcohol) exhibited signs of hyper-anxiety, but no change in locomotor activity. H2-cDNA
infusion (black bars) reversed the hyper-anxiety exhibited by alcohol-experienced mice,
while this same treatment produced mixed effects in water-drinking mice. + p<0.05 vs.
respective water control (adolescent drinking effect). * p<0.05 vs. respective GFP control

(H2-cDNA effect).
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Water Alcohol
Latency to start burying

The effects of adolescent alcohol experience and intra-CEA infusion of Homer2-cDNA (H2-
cDNA) on (A) the number of marbles buried, (B) the time spent burying (sec), (C) the
latency to begin burying (sec) in a marble-burying test. In GFP-infused animals (grey bars),
alcohol-experienced mice (Alcohol) exhibited some signs of hyper-anxiety. H2-cDNA
infusion (black bars) reversed the hyper-anxiety exhibited by alcohol-experienced mice, and
produced an anxiogenic effect in water-drinking mice. + p<0.05 vs. respective water control
(adolescent drinking effect). * p<0.05 vs. respective GFP control (H2-cDNA effect).
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Figure 5.
The effects of adolescent alcohol experience and intra-CEA infusion of Homer2-cDNA (H2-

cDNA) on (A) the time spent immobile (sec), (B) the latency to first immabile episode (sec),
(C) the number of immobile episodes in a Porsolt swim test. In GFP-infused animals (grey
bars), alcohol-experienced mice (Alcohol) exhibited signs of depressive-like behavior. H2-
cDNA infusion (black bars) did not significantly influence behavior of either alcohol- or
water-drinking (Water) animals. + p<0.05 vs. respective water control (adolescent drinking
effect).
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The effects of adult alcohol experience and intra-CEA infusion of Homer2-cDNA (H2-
cDNA) on (A) the time spent in the light-side of the light-dark box (sec), (B) the time spent
marble-burying (sec), (C) the total time spent immobile in the FST (sec). The remainder of
the data is presented in Table 2. In GFP-infused animals (grey bars), alcohol-experienced
mice (Alcohol) failed to exhibit signs of anxiety- or depressive-like behavior. H2-cDNA
infusion (black bars) produced an anxiogenic effect in water-drinking controls (Water), but
did not significantly influence behavior in alcohol-experienced animals. * p<0.05 vs. GFP
control (cDNA effect).
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Figure 7.

The effects of alcohol experience and intra-CEA infusion of H2-cDNA on the alcohol intake
exhibited by mice with a prior history of drinking either water (Inexperienced) or alcohol
(Alcohol-experienced) during (A) adolescence or (B) adulthood. In GFP-infused animals

(grey bars),

adolescent-onset alcohol-experienced mice exhibited greater alcohol intake

relative to first-time drinkers. This alcohol history effect was less pronounced in adult mice.
H2-cDNA infusion (black bars) augmented the alcohol intake exhibited by first-time
drinkers but did not significant alter alcohol intake by alcohol-experienced animals. +
p<0.05 vs. respective Inexperienced control (drinking history effect). *p<0.05 vs. GFP
control (cDNA effect).
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Summary of the final sample sizes employed in the statistical analyses of the data.

Water Alcohol

GFP | cDNA | GFP | cDNA
Adults 11 11 12 11
Adolescents | 12 9 11 10
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