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Abstract

Genetic predisposition to heavy drinking is a risk factor for alcohol misuse. We used selectively
bred crossed high alcohol-preferring (cHAP) mice to study sex differences in alcohol drinking and
its effect on glutamatergic activity in dorsolateral (DLS) and dorsomedial (DMS) striatum. We
performed whole-cell patch-clamp recording in neurons from male and female cHAP mice with 5-
week alcohol drinking history and alcohol-naive controls. In DMS, alcohol-naive males’ neurons
displayed lower cell capacitance and higher membrane resistance than females’ neurons, both
effects reversed by drinking. Conversely, in DLS neurons, drinking history increased capacitance
only in males and changed membrane resistance only in females. Altered biophysical membrane
properties were accompanied by disrupted glutamatergic transmission. Drinking history increased
spontaneous excitatory postsynaptic current (SEPSC) amplitude in DMS and frequency in DLS
female neurons, compared to alcohol-naive females, without effect in males. Acute ethanol
differentially impacted DMS and DLS neurons by sex and drinking history. In DMS, acute alcohol
significantly increased sEPSC frequency only in neurons from alcohol-naive females, an effect
that disappeared after drinking history. In DLS, acute alcohol had opposing effects in males and
females based on drinking history. Estrous cycle also impacted DMS and DLS neurons differently:
SEPSC amplitudes were higher in DMS cells from drinking history than alcohol-naive females,
whereas estrous cycle, not drinking history, modified DLS firing rate. Our data show sex
differences in cHAP ethanol consumption and neurophysiology, suggesting differential
dysregulation of glutamatergic drive onto DMS and DLS after chronic ethanol consumption.
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Introduction

Alcohol is the most widely misused drug in the United States. According to the National
Survey on Drug Use and Health in 2019, 6.3% of American adults (18 and older) reported
engagement in heavy alcohol use, and 5.6% of this age group had alcohol use disorder
(AUD). AUD has been defined as a chronic, relapsing brain disease characterized by the
impaired ability to stop or control the use of alcohol despite the adverse consequences
(NIAAA, 2020).

The emergence and persistence of AUD result from long-lasting alcohol-induced changes in
the brain. Alcohol produces a variety of neuroadaptations that contribute to the development
of alcohol misuse. Chronic alcohol exposure not only affects excitatory and inhibitory
transmission, but also alters the release of many neuromodulators, disrupting neuronal
connectivity and synaptic function in multiple brain structures (Wilcox et al., 2014; Pleil et
al., 2015; Ma et al., 2018; Gerchen et al., 2019; McGinnis et al., 2020; also see Abrahao et
al., 2017). One brain region crucially involved in alcohol misuse is the striatum, the largest
nucleus of the basal ganglia, which is comprised almost entirely of GABAergic medium-
sized spiny neurons (MSNSs), accounting for as much as 95% of the neuronal population
(Smith and Bolam, 1990; Gerfen and Wilson, 1996). The striatum receives projections from
virtually all areas of the cerebral cortex, activating MSNs through a topographically
organized glutamatergic projection system (Lei et al., 2004; Reiner et al., 2010). Notably, the
dorsal part of the striatum, originally considered a motor structure, performs important
reward-related functions, including motivated behavior and substance misuse (Lovinger and
Alvarez, 2017; Nonomura et al., 2018). Anatomically, the dorsal striatum is subdivided into
dorsomedial striatum (DMS) and dorsolateral striatum (DLS), which play distinct roles in
alcohol use. The DMS mainly engages in goal-directed behavior (Balleine and O’Doherty,
2010) and is hypothesized to contribute to alcohol seeking (Wang et al., 2015; Ma et al.,
2018), whereas the DLS plays a key role in habit formation (Jog et al., 1999; Balleine and
O’Doherty, 2010) and, therefore, might contribute to compulsive use of alcohol.
Accordingly, prolonged alcohol self-administration in rodents produces habit-like
responding with a gradual shift from DMS to DLS control (Corbit et al., 2012). Similarly,
human studies have shown an overreliance on stimulus-response habit learning in alcohol-
dependent patients as compared with healthy controls (Sjoerds et al., 2013). Habitual
responses are inflexible, and it has been suggested that compulsive drive to seek drugs,
including alcohol, is a form of adapted habit (Everitt and Robbins, 2005; Nelson and
Killcross, 2006; Luscher et al., 2020). Understanding how drugs of abuse alter neuronal
function to promote compulsive seeking is a central goal of addiction research.

An important consideration is that the effects of misused drugs on neural circuits can be
influenced by genetics, particularly in alcohol dependence. Genetic determinants of alcohol
misuse have long been a focus of alcohol research, due to ample evidence for genetic
contribution to AUD. For instance, a history of AUD in first-degree relatives confers greater
risk to develop disordered drinking (Walters, 2002; Agrawal and Lynskey, 2008).
Interestingly, the risk of offspring developing AUD significantly increases if the disorder is
present in both parents (Mellentin et al., 2016; Yoon et al., 2013). Similarly,
multigenerational family history of AUD is highly associated with more severe recurrence of
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alcohol misuse (Moss et al., 2007). Because genetic predisposition to drink alcohol is an
important feature of AUD, preclinical rodent models based on genetic selection for alcohol
preference are a meaningful tool to understand the bases of alcohol misuse.

Selective breeding involves screening offspring for high and low alcohol consumption or
preference, with those at the extremes of the distribution selected for mating over multiple
generations (see Bell et al., 2017). Genetic selection has successfully mimicked some
aspects of AUD in rodents (Bell et al., 2017; Hansen and Spuhler, 1984; Li et al., 1987;
Oberlin et al., 2011; Matson and Grahame, 2013). In mice, for example, multiple lines of
low and high alcohol-preferring (LAP and HAP) mice have been selectively bred, all of
which consistently self-administer pharmacologically relevant quantities of alcohol that
correlate with high blood ethanol concentrations (BEC) (Oberlin et al., 2011; Matson and
Grahame, 2013). Two HAP progenitor lines, HAP1 and HAP2, were reciprocally crossed to
generate the crossed HAP (cHAP) line (Oberlin et al., 2011), yielding a useful phenotype for
high alcohol consumption. The alcohol intakes reported in the cHAP line are among the
highest known in murine models of alcoholism, exceeding alcohol consumption from both
progenitor lines in four generations (Oberlin et al., 2011). In addition, cHAP mice have been
shown to develop functional tolerance and to reach BECs from voluntary drinking
comparable to those targeted in forced alcohol exposure paradigms, like alcohol vapor
exposure, to produce alcohol dependence (Oberlin et al., 2011; Matson and Grahame, 2013;
Lopez et al., 2017). Despite understanding the behavioral impact of genetic selection on
alcohol-related behaviors, preexisting differences in neural function in these genetic lines of
alcohol-preferring mice are poorly understood.

Recent evidence has shown dysregulated neurotransmission in alcohol-naive HAP mice,
exhibiting altered neuronal excitability in the striatum, particularly in DLS, when compared
to LAP mice, suggesting basal differences in excitatory transmission (Fritz et al., 2019).
Although cHAP mice have not been physiologically characterized, they display behavioral
phenotypes suggestive of enhanced reliance on DLS function in the areas of habit-like
behavior and drinking despite negative consequences. Even acute administration of alcohol
is sufficient to promote the expression of habit-like behavior in cHAP mice (Houck and
Grahame, 2018). Furthermore, they willingly drink alcohol containing the bitter tastant
quinine, with alcohol experience increasing tolerance to very high levels of quinine,
suggesting that cHAP mice have an innate aversion resistance (Houck et al., 2019). The
underlying mechanisms driving this compulsive-like behavior in cHAP mice remain
unknown.

Identifying aspects of neurophysiology resulting in vulnerabilities to compulsively consume
alcohol may be key to finding new therapies to treat AUD. Given the propensity to develop
habit-like behavior and compulsive-like drinking, we sought to investigate physiological
properties of glutamatergic transmission in DMS and DLS neurons of cHAP mice and
determine whether sex or alcohol drinking history produced different patterns of neuronal
activity. We hypothesized that bath application of alcohol would acutely change spontaneous
excitatory postsynaptic currents (SEPSCs) in alcohol-naive cHAP mice, and that chronic
alcohol drinking would alter neuronal function. Given that female cHAP mice consume
more alcohol than their male counterparts (Oberlin et al., 2011), we also theorized that sex
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differences may exist in DMS or DLS function in cHAPs whether alcohol-naive or with a
chronic drinking history.

2. Materials and Methods
2.1 Subjects

Adult (9-13 weeks old) male and female cHAP mice, bred on site, were single housed and
kept under controlled conditions of humidity and temperature, with water and food available
ad libitum, and maintained on a 12-h reverse light/dark cycle. Details about the derivation
and characterization of cHAP mice were published previously (Oberlin et al., 2011). The
experimental procedures were carried out in accordance with the IUPUI School of Sciences
Animal Care and Use Committee and adhered to guidelines set forth by the National
Institutes of Health.

2.2 Two-Bottle Choice Alcohol self-administration

Forty-seven mice were randomly assigned to either the control group (OW; n=11 per sex) or
the alcohol exposure group (5W; n=12 female, n=13 male), counterbalanced by sex and
family. Mice from both groups were single housed in parallel and handled once a week for
the cage change and for the recording of body weight, so that drinking fluid access
(described below) was the only difference between the groups. Mice in the control group had
a single water bottle available for the 5 weeks prior to recording. Mice in the alcohol
exposure group had 5 weeks of free access to alcohol according to the two-bottle choice
(TBC) paradigm: mice were provided continuous home cage access to two bottles, one
containing ethanol (10% v/v; EtOH 190 proof, Decon Labs, Inc.) and one containing regular
tap water. Each bottle was filled with 20-30 mL of drinking solution that was replenished
every other day. At the start of the dark cycle (10:00 am), the consumption from each bottle
was recorded three times a week for a total duration of five weeks. The position of the
bottles was alternated every other day as a control for positional preference. The starting
date of TBC was staggered so that the end of treatment aligned with the electrophysiological
experiment day, as only one animal per day was euthanized for whole-cell patch-clamp
recordings. Similarly, control mice were individually housed for the same duration prior to
recording as alcohol-exposed mice.

2.3 Whole-cell patch-clamp electrophysiology

2.3.1 Brain slice preparation—Mice were deeply anesthetized with isoflurane (~20 s),
decapitated, and brains were rapidly removed from the skull and immediately placed in
oxygenated (95% 0,/5% CO») ice-cold cutting solution containing, in mM: 194 Sucrose, 30
NaCl, 4.5 KCI, 1.2 NaH,PO4, 26 NaHCOg3, 1 MgCl,, 10 glucose (pH 7.4, ~310 mOsm).
Coronal brain slices, 300 um thick, were cut using a vibrating-blade microtome (Leica VT
1200S, Leica Biosystems, Wetzlar Germany). Slices were then placed in oxygenated
artificial cerebrospinal fluid (aCSF) containing, in mM: 124 NaCl, 4.5 KClI, 1.2 NaH,POy,
26 NaHCOg3, 1 MgCly, 10 glucose (pH 7.4, 300 mOsm), to rest at room temperature for at
least 1 h prior to recording.
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2.3.2 Electrophysiological recordings—After the resting period, individual slices
were transferred to a recording chamber fixed to the stage of an upright microscope and
continuously perfused with oxygenated aCSF (2 mL/min) containing the GABA, receptor
blocker bicuculine (10 uM, Tocris Bioscience, Bristol, UK) to isolate SEPSCs. Patch
micropipettes (resistance 3-6 MQ) were fabricated from borosilicate glass capillaries (1.5
mm outer diameter, 1.12 mm inner diameter) using a horizontal puller (P-1000, Sutter
Instruments, Novato, CA). Recording pipettes were filled with a CsMeSO3z-based internal
solution containing, in mM: 120 CsMeSO3, 5 NaCl, 10 HEPES, 1.1 EGTA, 0.3 Na-GTP, 4
Mg-ATP (pH 7.4, 290 mOsm). Whole-cell recordings were obtained from DMS and DLS
neurons with the voltage clamped at =60 mV. Between 1 and 3 neurons per region/animal
were recorded. Approximate coronal sections and demarcated DMS and DLS regions from
which neurons were selected are illustrated (Supplemental Figure 1). Cells were visualized
using a Nikon Eclipse FN-1 microscope with a 40X water immersion objective and an
ORCA-FLASH sCMOS camera (Hamamatsu) with differential interference contrast
imaging. Recordings were obtained using a MultiClamp 700B amplifier and Digidata 1550B
digitizer (Molecular Devices, Sunnyvale, CA). All recordings were filtered at 2 kHz and
digitized at 10 kHz. Data were acquired using Clampex 11 software (Molecular Devices,
Sunnyvale, CA). Neurons were selected based on visual examination of cell shape and size
characteristic of MSNSs. After patching cells, only neurons whose capacitance (>40 pF) and
membrane resistance (<300 MQ) were within the range specified for MSNs proceeded to
SEPSC recording, whereas those with characteristic properties of interneurons were
discarded. Basic membrane properties were determined with a depolarizing step voltage (5
mV) using the membrane test function integrated in the pClamp software. Neurons were
allowed to equilibrate to the whole-cell configuration for at least 5 minutes prior to
collecting sEPSC recordings. Access resistance ranged from 10-25 MQ and was monitored
throughout the experiment; recordings with changes in access resistance greater than 20%
were not included in the data analysis. Following equilibration, SEPSC data were collected
for at least 5 minutes to establish SEPSC baseline. To examine the acute effect of ethanol, a
subset of cells was superfused with EtOH (50 mM). Data were analyzed over 2-minute bins,
with the baseline bin selected just prior to EtOH application and the acute effects of ethanol
analyzed beginning 6 to 8 minutes after the onset of ethanol application. We used an EtOH
concentration previously reported for similar electrophysiological recordings in mouse slices
(Wilcox et al., 2014). Data analysis for event detection and measurements of SEPSC
amplitude, frequency, rise time and decay constant were performed by generating a
customized command for event detection using the Template Search module in Clampfit 11
(Molecular Devices). We generated two categories of templates: one for fast rise time and
another for slow rise time. To ensure a high degree of similarity of the events, we selected a
match threshold value of 4 following manufacturers’ recommendations.

2.4 Blood Ethanol Concentrations

Single blood samples for BECs were collected on the last day of TBC. Trunk blood was
sampled after decapitation around dark cycle onset; samples were centrifuged for 5 min at
5000 rpm to separate the plasma. Alcohol concentrations were measured using the Analox
alcohol analyzer (AM1 Analox Instruments, Lunenburg, MA) as in (Linsenbardt and
Boehm, 2013; Rangel-Barajas et al., 2020). Briefly, 5 uL plasma samples were loaded into a
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detection channel and the oxygen uptake of the analyte was estimated using oxidoreductase
enzyme as a catalytic reagent (alcohol reagent kit; Analox Instruments, Lunenburg, MA).
Calibration of the equipment with an ethanol standard analyte (100 mg/dL) was performed
before samples were analyzed.

2.5 Estrous cycle phase determination

Single vaginal smears were collected at the time of brain collection to determine estrous
cycle phase. After anesthesia, a cotton swab was moistened with sterile water and gently
inserted into the vagina (~3—-4 mm). The swab was slowly rotated to collect cell samples,
and the samples were immediately transferred to slides and examined under a light
microscope (Leica DMil Microsystems, Wetzlar Germany) to determine the stage of the
estrous cycle. Three phases were used for classification based on cytology of the vaginal
smear: a) diestrus: characterized by prominent leukocytes with a few epithelial and cornified
cells; b) proestrus: identified by numerous round, nucleated cells, uniform in size; and c)
estrus: mainly consisting of abundant anucleated cornified epithelial cells with irregular size
and shape. Samples were obtained only at the end of alcohol self-administration to avoid
interference with drinking behavior. Due to small sample size for proestrus, only estrus and
diestrus were included in the examination of cycle effects on SEPSC parameters.

2.6 Statistical Analysis

All data are expressed as mean + standard error of the mean (SEM). Two-way analysis of
variance (ANOVA) was used to determine significant treatment effects, with factors as listed
below. Significant interactions in two-way ANOVAs were followed up with post hoc Sidak’s
multiple comparisons test.

Behavior: Weight-normalized alcohol intake was calculated as (grams alcohol consumed
per day)/(mouse weight in kg), and average daily consumption was reported over five weeks.
Preference ratios were calculated as (volume of ethanol solution consumed)/(total fluid
intake volume). Intake and preference data were analyzed by two-way ANOVA, with the
between-subjects factor sex and within-subjects factor day as the repeated measure.
Correlational determinations were performed with linear regression analysis to determine the
best fit and to obtain the coefficient of determination (r2).

Electrophysiology: Parameters of spontaneous currents were averaged over 2-minute
epochs to assess SEPSC amplitude, frequency, rise time and decay time. To examine acute
ethanol effects, baseline measurements were performed in the 2 minutes immediately before
ethanol application and ethanol’s effects measured at least 6 minutes after the onset of 50
mM EtOH application. Changes in SEPSC parameters following EtOH application were
expressed as percent of baseline, calculated as (average following 50 mM EtOH
application)/(average at baseline). All electrophysiological data were analyzed by two-way
ANOVAs comparing the factors drinking history (OW and 5W) and sex (male and female).
Acute ethanol effects were expressed as percent of baseline and individual treatment groups
assessed by one-sample t-tests relative to 100%, indicating no change from baseline.
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Estrous Cycle: Distribution of mice in estrous cycle phases was analyzed by Chi-square
(XZ) in conjunction with Fisher’s test to calculate the exact p-value. Electrophysiological
data were analyzed by two-way ANOVAs with the factors estrous cycle and drinking history.

Analyses were performed using GraphPad Prism 8.0a Software (San Diego, CA).
Significance for all statistical comparisons was set at p<0.05.

3. Results

3.1 Voluntary oral alcohol intake and blood ethanol levels

To determine voluntary alcohol intake, cHAP mice were given free choice between alcohol
(10% v/v) and water for five weeks (Figure 1). Analysis of estimated weight-normalized
intake via two-way RM-ANOVA with sex and day as factors determined significant
differences by sex [F(14.23) = 24.53, p<0.0001], day [F(14322) = 9.56, p<0.0001], and their
interaction [F/z4 327 = 2.28, p=0.005]. Post hoc examination of the sex by day interaction
indicated that females consumed significantly more alcohol than males beginning on day 18
of drinking and continuing for the rest of the treatment period (Sidak’s multiple comparisons
test, p<0.01; Figure 1A). Estimated average weekly alcohol intakes confirmed that male and
female drinking was similar in the first two weeks of access but diverged in weeks 3-5
(Supplemental Figure 2A-E). Despite the differences in weight-normalized alcohol intake,
no sex differences were found in ethanol preference over five weeks of drinking history
(Week 1: female, 87.16 + 2.4%, male, 84.37 + 2.7%; Week 5: female 98.85 + 1.5%, male
95.47 + 0.8%; F(1,23= 1.04, p=0.31; Supplemental Figure 2F). To estimate the strength of
association between alcohol intake and BECs, we performed correlational analyses using
drinking data from the last day of access, immediately preceding the BEC measurement
(Figure 1B and C). A strong and significant correlation between alcohol intake and BEC was
detected for both groups (Female: r?=0.80, p<0.0001; Male: r?= 0.62, p=0.001).

3.2 Basic membrane properties of neurons from DMS and DLS

Basic membrane properties were recorded at a holding potential of -60 mV (Table 1). We
analyzed the mean membrane capacitance (Cm), mean membrane resistance (Rm), and
mean decay time () using two-way ANOVA with sex and drinking history as factors. In the
DMS, we found significant main effects of sex and sex by drinking history interactions for
both Cm and Rm (Cm, sex [F, 62=4.04, p=0.048], interaction [F; 7=4.89, p=0.030]; Rm,
sex [Fz, 6275.53, p=0.021], interaction [F; g2~ 4.54, p=0.036]). Post hoc analyses showed
a significantly lower capacitance in male neurons, as compared to female neurons, but a
higher resistance in neurons from male mice, as compared to females, specifically within
alcohol-naive mice. Surprisingly, these sex differences were not evident after five weeks of
drinking. In fact, the Rm was significantly reduced in neurons from males with a drinking
history (from 171 + 30 to 85.5 + 9.5 MQ; OW and 5W, respectively, Sidak’s multiple
comparisons test, p<0.05). Interestingly, membrane properties in the DLS were primarily
affected by past alcohol consumption. There was a main effect of drinking history

[F(z, 597403, p=0.049], likely carried by increased Cm in male mice after 5W drinking
(from 88.9 £ 7.6 to 118.5 + 9.2 pF). Changes in Rm in DLS also were observed after
drinking history, with significant sex by drinking history interaction [F; 5g~4.55, p=0.037]
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due to a significantly higher Rm in female neurons after drinking history (from 91.9 + 19.8
to 148.2 £ 22.7 MQ, Sidak’s multiple comparisons test p<0.05) that was not observed in
males. The mean t was unchanged by sex or drinking history in either DMS or DLS (see
Table 1).

3.3 Increase in amplitude of SEPSC in neurons from female DMS after five weeks of
drinking history

We next examined the impact of drinking history on spontaneous glutamatergic activity,
particularly whether it differed by sex. Representative traces from female (Figure 2A) and
male (Figure 2B) DMS neurons illustrate differential effects of past alcohol intake on
neuronal activity by sex. The mean amplitude of SEPSCs from DMS neurons increased after
five weeks of drinking history in female (from 13.35+0.67 to 16.81+0.64 pA) but not male
mice (from 15.64+1.05 to 14.45+0.72 pA; Figure 2C). Two-way ANOVA with sex and
drinking history as factors determined significant interaction between the variables, but not
main effects (interaction [~ 69=8.81, p=0.004]; sex [Fz,69/=0.002, p=0.96]; drinking
history [£/7,69/=2.08, p=0.15]), and post hoc Sidak’s multiple comparisons test confirmed a
significant difference between OW and 5W alcohol in female (p=0.014) but not male
neurons. Interestingly, there was no effect in SEPSC mean frequency or decay constant in
any of the groups (Figure 2D and F), but sex differences were detected in the SEPSC rise
time (sex [Fz,69/=6.92, p=0.010], Figure 2E) without effect of drinking history or interaction
between the factors (drinking history [F; 69~0.02, p=0.88]; interaction [F g91.7,
p=0.19]).

3.4 Altered sePSC in DLS neurons after five weeks of drinking history

Alcohol drinking history differentially impacted DLS and DMS neurons, as illustrated by
the representative traces from female (Figure 3A) and male (Figure 3B) neurons. In contrast
to DMS, drinking history did not change sEPSC amplitude (Figure 3C), but instead altered
frequency (Figure 3D) in DLS neurons. In females, the mean sEPSC frequency was
significantly increased after five weeks of drinking (from 3.86+0.34 to 5.75+0.59 Hz), while
male neurons were not affected (from 4.2+0.58 to 3.72+0.0.41 Hz). Analysis by two-way
ANOVA confirmed a significant interaction between drinking history and sex [F; 55~5.62,
£~=0.02], and post hoc Sidak’s multiple comparisons confirmed this interaction was due to
increased frequency in female (p=0.03) but not male (£=0.90) neurons. There was also a
significant difference between the female 5W and male 5W groups (Sidak’s multiple
comparisons test, p=0.03). Interestingly, other kinetic parameters of SEPSC were found to be
different in the DLS as well. Sex differences were found in the mean rise time (sex main
effect [~ 55=7.01, p=0.01], Figure 3E) and in the mean decay constant (sex main effect
[F(1,5575.93, p=0.01], Figure 3F), without effects of drinking history or interactions
between the factors.

3.5 Ethanol acutely alters spontaneous activity of DMS and DLS neurons differently by
sex and drinking history

Next, we investigated the effect of acute EtOH treatment on neuronal activity, and whether
this differed by sex or by alcohol drinking history. For these experiments, we perfused EtOH
(50 mM) onto slices after collecting baseline SEPSC measurements and examined the

Neuropharmacology. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rangel-Barajas et al.

Page 9

change in sSEPSC after EtOH application, expressed as percent of baseline (see Methods).
Like baseline measures, acute ethanol effects differed in DMS (Figure 4) and DLS (Figure
5) neurons. For DMS neurons (representative traces, Figure 4A, B), two-way ANOVA found
a significant interaction for amplitude [~ 3276.9 , p=0.01; Figure 4C], with no main effects
by sex or drinking history [sex [F; 32~0.077 p=0.78]; drinking history [F; 32~1.86,
p=0.18]. Despite the significant interaction, post hoc comparisons did not yield significant
effects, although there was a trend in males (OW vs 5W, female: p=0.59, male p=0.057). No
significant changes of amplitude from baseline were detected by one-sample t-test after
EtOH application for any of the groups. Unlike amplitude, SEPSC frequency analysis by
two-way ANOVA found a main effect of sex [F; 32~5.06, p=0.03] that did not interact with
drinking history. One-sample t-tests determined a significant increase in frequency after
EtOH application only in alcohol-naive females ([f5=3.19, p=0.01]; Figure 4D), which likely
contributed to sex differences found by two-way ANOVA. No additional interactions or
main effects were detected for kinetic parameters of SEPSC (Figure 4E-F). Paired analysis
of the non-normalized data for DMS sEPSC, including demonstration of individual data
points, can be found in the supplementary material (Supplemental Figure 3).

Acute EtOH application differently affected DLS neurons (representative traces, Figure 5A—
B), as compared to DMS neurons. Two-way ANOVA detected an interaction between sex
and drinking history in response to acute EtOH application for SEPSC amplitude
([F(z,3174.22, p=0.048]; Figure 5C), likely due to opposite directions of change in acute
EtOH effects in neurons from drinking history males and females, compared to same-sex
alcohol-naive controls, although no post hocs or one-sample t-test were significant.
Distinctly from DMS, sEPSC frequency was not significantly changed after acute EtOH
application, regardless of sex or drinking history, as determined by two-way ANOVA
(Figure 5D). Analysis of DLS sEPSC kinetic properties by two-way ANOVA showed a
significant interaction between sex and drinking history ([Fz 3;~4.8, p=0.03]; Figure 5E),
an effect that was likely driven by drinking history in female mice (5W), as the acute effect
of EtOH showed a trend to increase the rise time [£= 2.3, p=0.054]. On the other hand,
decay constant analysis did not yield interactions or main effects in the two-way ANOVA
(Figure 5F), nor were changes from baseline found for any group when analyzed by one-
sample t-test. Paired analysis of the non-normalized data for DLS SEPSC, including
presentation of individual cells’ data points, can be found in the supplementary material
(Supplemental Figure 4).

3.6 Estrous cycle and changes in mean amplitude of SEPSC from DMS neurons

Previous studies differ in reporting the impact of estrous cycle on alcohol intake, with some
indicating cycle does not affect alcohol intake (Moore and Lynch, 2015; Priddy et al., 2017;
Satta et al., 2018) and others demonstrating cycle-related changes in alcohol self-
administration (Roberts et al. 1998). The impact of estrous cycle at the time of euthanasia
can affect neurons’ acute responses to ethanol application (Logrip, et al., 2017), although
this also can vary (Kirson et al. 2018). Females’ reduced sensitivity to sedative effects of
alcohol, relative to males, are pronounced in proestrus and diestrus, an effect that was
associated with reduced sIPSC frequency (Cha et al., 2006). Thus, we examined whether
estrous cycle impacted sEPSC parameters in female mice during estrus and diestrus (Figure
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6). The distribution of mice in estrus and diestrus at euthanasia significantly differed
between alcohol naive and 5W drinking history females. Alcohol-naive female mice were
mostly allocated in estrus (81%), with only 9% of the mice in diestrus, whereas in the
drinking history group, mice were mostly allocated in diestrus (50%), with 20% in estrus
(X2:8.09, df=19, p=0.017). While estrous cycle was not associated with differences in
alcohol intake (p=0.91) or BEC (p=0.80) attained prior to euthanasia, differences in SEPSC
parameters were observed when data were stratified by cycle. DMS neurons had
significantly higher mean sEPSC amplitudes in the drinking history group than cells from
the alcohol-naive mice, regardless of cycle (drinking history [£/; 32~15.93, p=0.004];
Figure 6A), while no differences were found in mean SEPSC frequency in DMS (Figure 6B).
Other sEPSC kinetic parameters in DMS were examined and no significant differences were
found (data not shown). In DLS cells, however, no significant differences were observed in
amplitude (Figure 6C), but there was a significant main effect of estrous cycle on SEPSC
frequency ([Fz,26=4-39, p=0.046]; Figure 6D). The impact of estrous cycle on acute alcohol
effects could not be determined since the subset of neurons from the baseline analyses that
were tested for acute EtOH effects were imbalanced across estrous cycle phases by group
and thus insufficient to produce reliable ANOVA analyses.

4. Discussion

Familial incidence of alcohol use disorder is well documented (Walters, 2002; Agrawal and
Lynskey, 2008). In preclinical research, alcohol-preferring rodents have shown some
hallmarks of human AUD; such models have been extremely useful and have led to
important findings on motivational aspects and neural substrates mediating alcohol misuse.
For this study, we used cHAP mice as a preclinical model of a family history of heavy
drinking. Through selective breeding, cHAP mice were derived using two high alcohol-
preferring lines as progenitors. It is important to note that the alcohol intakes reported for
these mice are among the highest in rodent lines (Oberlin et al., 2011; Matson et al., 2014),
surpassing both progenitor lines in four generations (see Oberlin et al., 2011). Here, we
found interesting sex differences in drinking patterns that generated neurophysiological
alterations in putative MSNs from the dorsal striatum.

4.1 Sex Differences in voluntary alcohol self-administration in cHAP mice

In many animal models, female rodents drink more than males (Oberlin et al., 2011; Garcia-
Burgos et al., 2010; also see Priddy et al., 2017), yet only a small percentage of preclinical
studies have included female rodents to understand this sex difference. Here we evaluated
alcohol-drinking patterns over five weeks in female and male cHAP mice. In agreement with
previous studies (Oberlin et al., 2011; Matson and Grahame, 2013; Matson et al., 2014), we
found extremely high alcohol consumption under 24-h free-choice access to TBC.
Interestingly, after two weeks, female mice consumed significantly higher amounts of
alcohol than males. Sex differences were reported previously in cHAP mice, with higher
mean alcohol intakes in female mice, but only after two or three weeks of drinking history
(Matson et al., 2014). It is noteworthy that in our study, both females and males showed very
similar patterns of intake escalation in the first 16 days of TBC, but female mice continued
to escalate, while males did not. Matson and colleagues (2014) reported that escalation in
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cHAP mice was accompanied by the development of behavioral tolerance. Thus, sex
differences in tolerance might account for the divergent patterns of escalation of alcohol
consumption found here.

Accordingly, higher alcohol intakes correlated with greater BECs. Previously, it was
reported that cHAP mice reached BEC over 250 mg/dL with free-choice alcohol
consumption (Matson and Grahame, 2013). Consistently, we found a positive and significant
correlation between BECs and EtOH intake in both female and male mice. While these
BECs demonstrate pharmacologically relevant alcohol intake in both sexes, the source of the
higher BECs where intake was similar between the sexes is unknown. One possibility may
be sex differences in alcohol metabolism, as one study showed slower alcohol metabolism in
females vs. males when the alcohol dose was delivered intragastrically, but not
intraperitoneally (Desroches et al., 1995), though it should be noted that BECs did not differ
by sex in the progenitor HAP1 mice after 30-min scheduled alcohol consumption (Grahame
and Grose, 2003). It is noteworthy that we collected blood samples only once at euthanasia,
to avoid stress effects from multiple sample collection, and that our correlation with intake
spans a 24-h drinking period. This may represent a limitation for interpretation of this
predictive analysis, since amounts of drinking in the interval immediately prior to BEC
sampling could, at random, differ by sex, increasing the strength of association with BECs in
females vs. males. Although the study of specific patterns of intake and their correlations
with BECs in cHAP mice was not the aim of the present work, it would be interesting to
explore in future studies. Nonetheless, the fast acquisition of alcohol drinking and
substantial intake histories in both male and female cHAP mice support the need to elucidate
basal and alcohol drinking modulation of neurophysiological properties in the DMS and
DLS, brain regions important for promoting drinking as a goal-directed behavior and as a
habitual response, respectively.

4.2 Changes of basic membrane properties of neurons from DMS and DLS

Passive membrane properties of a neuron refer to inherent membrane characteristics of
conduction that can affect electrical signaling. For instance, the membrane capacitance, or
Cm, can affect the time course of electrical signals as they travel across the cell membrane
area, while the resistive membrane properties, or Rm, can affect the efficiency of conduction
of electrical signals (Hille, 2001). Therefore, we analyzed these parameters in putative
MSNs from both regions of dorsal striatum, DMS and DLS, in alcohol-naive mice and after
five weeks of drinking.

We found a significantly lower Cm in alcohol-naive male mice as compared to females in
DMS neurons. Unexpectedly, this effect was no longer observed after five weeks of
drinking. Sex differences in capacitance of DMS neurons in alcohol-naive mice were
surprising. As capacitance reflects aspects of cell membrane area, this could be indicative of
morphological differences prior to alcohol exposure, such as somatic size and/or dendritic
arborization. In contrast to DMS, neurons from DLS displayed an enhanced Cm after
chronic alcohol exposure, again only in male mice. Interestingly, it has been reported that
chronic alcohol exposure increased the number of dendrites in MSNs from the nucleus
accumbens of alcohol-preferring male rats (Zhou et al., 2007). Conversely, unaltered
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morphology and spine density of neurons from DMS and DLS was reported after chronic
alcohol exposure in C57BL/6J mice (Wilcox et al., 2014). Hence, further studies are needed
to determine if baseline sex differences in capacitance and consequent reversion by chronic
alcohol history are associated with an altered neuronal morphology inherent to the cHAP
line.

Intrinsic neuronal properties like resistance are maintained by a combination of factors,
including cell size, number of channels, channel subunit composition, and neurotransmitter
transporters, in such a way that specific conductances can affect the input resistance of a
neuron (Marder and Goaillard, 2006). Here, we found sex differences in resistive properties
of the membrane. The Rm in DMS neurons in alcohol-naive male mice was higher than
females. This might reflect a lower number of conductive membrane channels or be due to
changes in the structural integrity of neurons, like lower membrane surface area. Consistent
with a possible change in morphology, the Cm was lower in alcohol-naive male mice, as
discussed above. Importantly, the Rm was significantly reduced after five weeks of drinking
history. In the striatum, inwardly rectifying potassium conductances highly contribute to
reduction of input resistance (Nisembaum and Wilson, 1995). Thus, adjustment of number
and/or properties of potassium channels after chronic alcohol exposure in male mice might
play a role in this effect. In DLS, on the other hand, no sex differences were observed in
alcohol-naive mice, but females displayed a higher Rm after five weeks of drinking history,
without changes in Cm. This suggests that altered resistance could be associated with
changes in the activity and/or distribution of conductive channels after chronic alcohol
exposure, rather than morphological changes. Although changes in biophysical membrane
properties are expected to influence synaptic integration, observed sex differences in the
capacitance and resistance of neurons from alcohol-naive mice were not coupled with
significant differences in SEPSC amplitude or kinetics. This disconnect might result from
differential activation of dopamine or acetylcholine receptors by sex, both of which can alter
membrane resistance (Pineda et al., 1995; Pacheco-Cano et al., 1996), or from co-occurring
differences in other factors (e.g. ion channel expression, glutamate receptor subunit
composition or transporter expression) that might oppose the observed divergence in
membrane capacitance. Future studies to directly address differential expression of
conductive channels and their contribution to observed electrophysiological properties in
cHAP mice are important to provide further insight into the role these channels play in
striatal MSN function. Nonetheless, these findings indicate that in the striatum of cHAP
mice, there are baseline sex differences in biophysical membrane properties that are region
specific. Furthermore, chronic alcohol exposure differentially alters basic membrane
properties in male and female DLS.

4.3 Altered glutamatergic inputs to DMS and DLS after alcohol drinking history

MSNSs in the striatum receive glutamatergic input from widespread areas of the cortex and
subthalamus (Lei et al., 2004; Reiner et al., 2010; Mathai and Smith, 2011). At rest, striatal
MSNs have a negative holding potential that keeps these neurons in a so-called “down”
state, a feature that makes MSNs fire sparsely and depend on coordinated excitatory synaptic
input to initiate spiking (Wilson and Kawaguchi, 1996). Neuroadaptive changes in
glutamatergic transmission in the dorsal striatum have been implicated in addictive
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processes, including the development of alcohol drinking (Wang et al., 2007; Wang et al.,
2010; Cheng et al., 2017; Gremel and Lovinger, 2017). Thus, to study if high drinking
patterns observed in female cHAP mice were associated with altered excitatory synaptic
transmission, we analyzed the effect of chronic alcohol consumption by cHAP mice on
multiple parameters of excitatory synaptic transmission onto DMS and DLS, compared to
alcohol-naive cHAP mice.

In DMS, five-week drinking history significantly increased the mean amplitude of SEPSC
only in female mice, without changing the frequency, suggesting that chronic alcohol
exposure altered neural signals at the postsynaptic level. The lack of effect of drinking on
male current amplitude contrasts with previous data following 7-9 weeks of low-intensity
drinking in Wistar Han rats, where alcohol experience increased the amplitude of evoked
field potentials, relative to alcohol-naive neurons (Lagstrom et al., 2019). Whether these
differences arise from strain, alcohol consumption patterns or recording type (field vs. whole
cell) remains to be determined. Interestingly, there was also a main effect of sex in the
kinetics of glutamatergic responses, as male mice had a higher SEPSC mean rise time than
females, regardless of drinking history. This effect suggests sex differences in the
postsynaptic action of glutamate. The lack of differences in frequency suggests that chronic
alcohol exposure did not change glutamate release in cHAP DMS, but rather altered the
postsynaptic integration of glutamate-gated currents. Similarly, after six weeks of binge-like
alcohol drinking in C57BL/6J male mice, no changes in SEPSC mean frequency were
observed in DMS (Wilcox et al., 2014). In contrast, recent studies found elevated SEPSC
frequency in DMS from alcohol-naive HAP mice when compared to LAP mice (Fritz et al.,
2019). Augmented EPSC frequency also was found in primates, especially in the anterior
portion of the caudate nucleus (which is similar to DMS in rodents), accompanied by
increased amplitude of inhibitory postsynaptic currents (IPSC) and kinetic parameters such
as rise time and decay constant (Cuzon Carlson et al., 2018). Potentiated inhibitory
GABAergic frequency and amplitude have been reported as well in a specific cell population
in the DMS (Chen et al., 2017). Future studies are needed to explore if imbalances of GABA
and glutamate occur in cHAP mice after drinking history and whether sex is a mitigating
factor.

Several lines of evidence point to a possible overreliance on DLS neural activity after
chronic alcohol exposure in both humans and animal models (Sjoerds et al., 2013; Corbit et
al., 2012). Indeed, in cHAP mice, a single acute administration of ethanol is sufficient to
evoke habit-like behavior (Houck and Grahame, 2018), suggesting an enhanced reliance on
DLS function. We found that after five weeks of drinking, there was an increase in
presynaptic glutamate release, based on the significantly higher sEPSC frequency in DLS
neurons from female mice. Although no changes in amplitude were found, there were other
sex differences in the SEPSC kinetic parameters rise time and decay constant. In agreement
with our findings, higher frequency of SEPSC was found in DLS from alcohol-naive HAP
mice, as compared to LAPs, specifically in line 2 (Fritz et al., 2019), which is one of the
progenitor lines used to generate the cHAP line (Oberlin et al., 2011). Long-term drinking
history in primates also induced an increased firing rate in the caudoventral portion of the
putamen, which is similar to the DLS in rodents (Cuzon Carlson et al., 2011). In contrast,
after chronic alcohol consumption, no changes were observed in SEPSC frequency in DLS
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from C57BL/6J mice, but rather changes in sIPSC were reported (Wilcox et al., 2014), while
the amplitude of evoked field potentials in DLS from Wistar Han rats was decreased
(Lagstrom et al., 2019). Elevated sIPSC frequency and amplitude also were reported in HAP
compared to LAP mice (Fritz et al., 2019). Interestingly, GABAergic interneurons from DLS
may play a key role in these effects. It was recently reported that ablation of fast-spiking
interneurons significantly reduced compulsive-like alcohol consumption and sIPSC
amplitude (Patton et al., 2021). Our data and the recent evidence of increased excitability in
MSNs from DLS in alcohol-naive HAP mice (Fritz et al., 2019) suggest that genetic
mechanisms might underlie altered glutamatergic transmission in cHAP DLS, an effect that
may be derived from the HAP progenitor line, thereby increasing the risk of compulsive-like
alcohol consumption in cHAP mice. Importantly, changes in SEPSC parameters were not
associated with BECs at euthanasia or final ethanol intake measurements, as no significant
correlations were found (Supplemental Table 1). It should be noted that the current studies,
as well as previous comparisons of HAP and LAP mice, do not distinguish between
neuronal subtypes in the striatum, particularly with respect to dopamine receptor expression.
In MSNs expressing dopamine D1 receptors, chronic intermittent alcohol exposure was
shown to strengthen glutamatergic transmission and enhance excitability (Wang et al., 2015;
Renteria et al., 2017; Cheng et al., 2017), whereas increased GABAergic transmission was
observed mainly in MSNs containing D2 dopamine receptors (Cheng et al., 2017). Thus, cell
type-specific effects of chronic alcohol exposure in cHAP mice are an important venue of
future investigation.

4.4 Acute effects of alcohol on glutamatergic transmission are altered by drinking history

Acute response to alcohol is directly related to development of disordered drinking, as males
with low initial response to alcohol have shown heightened risk for developing AUD, a
phenotype more commonly seen in those with a family history of alcohol misuse (Schuckit,
1994). Additionally, a central feature of escalating alcohol intake is the development of
tolerance to alcohol’s effects (Abrahao et al., 2017). However, neuronal responses to acute
alcohol application in cHAPs, as well as the impact of chronic alcohol intake on acute
responses to alcohol at the neuronal level, were not known. To test cHAP striatal neurons’
response to acute alcohol exposure, we perfused 50 mM EtOH onto slices from alcohol-
naive and 5-week alcohol-experienced mice. In DMS, we found a significant sex by drinking
history interaction for SEPSC amplitude, indicating that the impact of past drinking on
alcohol’s acute effects differed in males and females. However, this interaction did not yield
significant post hoc comparisons, nor did one-sample t-tests identify any group as
significantly different from baseline after alcohol treatment, although for males, we did
observe a trend for a difference in acute EtOH effects based on drinking history. The lack of
significant change in amplitude after alcohol treatment may indicate an overall blunted
alcohol response in the cHAP line, relative to rodents without a family history of high
alcohol preference, which have shown decreased field potential amplitude following alcohol
superfusion, regardless of drinking history (Lagstrom et al., 2019). While the literature does
not provide context for our observations in cHAP females, the impact of acute alcohol in
male DMS neurons has varied. The suppression of postsynaptic responses by acute EtOH is
supported by studies showing concentration-dependent reduction in SEPSC amplitude in
Sprague-Dawley rat dorsal striatum (Choi et al. 2006), noting that responses to 50 mM
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EtOH were highly variable and significant ethanol effects were only observed after 100 mM
EtOH treatment. Our data also showed a very modest, not significant reduction in SEPSC
amplitude after 50 mM EtOH application in male neurons, with a subset of cells increasing
rather than decreasing amplitude (Supplemental Figure 3E). Thus, one explanation of our
findings would be an insufficiently high acute alcohol concentration to overcome variability
in individual response. However, other studies support the use of 50 mM EtOH as sufficient
to reduce glutamatergic current amplitude, particularly when isolating the NMDA
component of the response following local stimulation. When measured in whole-cell
configuration, ethanol significantly reduced the amplitude of pharmacologically isolated
NMDA currents (Yin et al., 2007; Wang et al., 2010), but either reduced (Lagstrom et al.,
2019) or had no effect (Yin et al., 2007) on the amplitude of extracellularly recorded field
potentials. It remains to be determined whether postsynaptic differences exist in cHAP
neurons even prior to alcohol drinking that would blunt sensitivity to acute alcohol exposure;
this is an important future direction of study.

Contrary to the equivocal findings for amplitude, acute EtOH increased event frequency in
alcohol-naive female mice, indicative of potentiated presynaptic glutamate release, but this
effect was absent in females with an alcohol drinking history and in all males. The lack of
alcohol-induced change in frequency in alcohol-naive males aligns with Choi and colleagues
(2006), who observed no acute EtOH-induced change in paired-pulse ratio, another indicator
of presynaptic release, in dorsal striatal MSNs. Few studies have examined the effects of
acute EtOH on alcohol-naive females, so determining whether acute EtOH consistently
increases SEPSC frequency in female DMS MSNs, or specifically in cHAP females, is an
important future investigation.

In DLS, on the other hand, SEPSC parameters were bidirectionally affected by drinking
history, such that both amplitude and rise time were higher in neurons from female cHAPs
but lower in neurons from male mice with 5-week drinking history, as compared to neurons
from same-sex alcohol-naive mice. Although within-sex comparisons did not yield
significant effects of drinking history, the data indicate there may be differences in how male
and female neurons adapt to drinking history. Unlike DMS, no change was observed in
SEPSC frequency for DLS neurons, suggesting no change in glutamate release at DLS
synapses following acute alcohol superfusion, regardless of alcohol history or sex. This
finding contrasts with the observation that 3 days of alcohol injections significantly
decreased glutamate release, resulting in an increased paired-pulse ratio, in male Sprague-
Dawley rats (Abburi et al., 2016). How 3 days of alcohol injections, which produced
locomotor tolerance in males, relate to 5 weeks of drinking, marked by escalation of intake
indicative of building tolerance, in their ability to alter synaptic function remains to be
determined. A critical future direction lies in identification of the molecular adaptations
producing the observed physiological changes in acute alcohol responses after drinking,
particularly how these adaptations differ by sex, resulting in the divergent impacts on DMS
and DLS sEPSCs observed in male and female cHAP mice.
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4.5 Estrous cycle effects on glutamatergic activity

The role of circulating hormones, which differ across the estrous cycle in females, to
modulate synaptic responsivity remains understudied, although estradiol has been shown to
modulate excitatory synaptic efficacy in both male and female neurons, albeit via different
mechanisms (Jain et al., 2019). Some studies have suggested that neural changes across the
estrous cycle alter the effectiveness of alcohol. For instance, IPSC frequency was lower in
hippocampal neurons from females than from males, and female rats showed less sensitivity
to the sedative effects of ethanol than males, particularly during proestrus and diestrus, but
not estrus and metestrus phases (Cha et al., 2006). Indeed, the subunit composition of
GABA receptors significantly changed during diestrus (Lovick et al., 2005), suggesting
one possible source for differential sedation across the estrous cycle. Subunit composition of
GABA receptors has been shown to regulate binge drinking and some behavioral effects of
ethanol withdrawal (Melon et al., 2019). Estrous cycle effects on excitatory synaptic
physiology have been demonstrated in the central nucleus of the amygdala (Logrip et al.,
2017; Kirson et al., 2018), but the impact of cycle on dorsal striatal physiology remains
unknown. Thus, we sought to assess if estrous cycle impacted any changes observed in
SEPSC in cHAP females. We found that drinking history may alter estrous phase distribution
of female mice, as mice were more likely to be in diestrus and proestrus phases than in
estrus after 5 weeks’ drinking. This may be due to disruption of normal cyclicity by chronic
alcohol, which has previously been demonstrated (Sanchis et al., 1985). Conversely, most
alcohol-naive mice were in estrus on the day of recording. For DMS neurons, although
SEPSC amplitude was generally higher after 5-week drinking, the magnitude of increase was
more striking during diestrus. We also observed a main effect of estrous cycle on DLS
SEPSC frequency, suggesting greater glutamate release in estrus, as compared to diestrus.
No baseline differences were observed for DMS frequency, DLS amplitude, or kinetic
parameters of SEPSCs in either striatal subdivision. Although estrous cycle does not seem to
alter alcohol intake in free-cycling rodents (Priddy et al., 2017; Roberts et al., 1998),
hormone levels associated with different phases of the estrous cycle might modify synaptic
organization. To the best of our knowledge, the effect of estrous cycle on excitatory
transmission in dorsal striatal MSNSs is unknown. In NAc core, however, sex differences
were found in mEPSC frequency during proestrus and estrus but not diestrus, and lower
amplitude observed in females during diestrus and estrus, as compared to mEPSC from male
rats (Proafio et al., 2018). Interestingly, the authors also demonstrated increased intrinsic
excitability of neurons during diestrus but decreased excitability during estrus and proestrus.
Importantly, these sex differences disappeared after gonadectomy, indicating that sex and
cycle differences in ventral striatal neural activity might be caused by sex-specific hormone
expression. One important consideration is that sex differences in excitatory synapse
morphology may account for the differences we observed, as previous studies found that
female rats have more glutamatergic input onto the distal dendrites of MSNs in NAc
(Forlano and Woolley, 2010). An important limitation to consider in the interpretation of our
data is imbalance in sample sizes when data were stratified by estrous phase, resulting in
several groups with low cell numbers (i.e., DLS 0W-diestrus and 5W-estrus). Although the
recordings came from different subjects, low sample size remains a caveat. Thus, additional
studies are needed to specifically investigate the contribution of estrous cycle and hormone
levels to SEPSC activity in the dorsal striatum of cHAP female mice. Nonetheless, these
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results emphasize the importance of considering biological variables inherent to female
mice.

4.6 Summary

Due to very high voluntary alcohol intake, the cHAP mouse line presents a useful model for
examining neuroadaptations associated with excessive alcohol intake. Here we characterize
sex differences in cHAP DMS and DLS neurons, demonstrating how a history of significant
alcohol intake differentially impacts glutamatergic transmission in male and female neurons
and alters acute responses to alcohol application. The findings described herein lay the initial
foundation for future investigation into the molecular bases of physiological differences in
cHAP neurons. Such studies may reveal determinants of excessive alcohol intake,
enumerating possible novel targets for medication development to treat excessive drinking in
individuals with a family history of AUD.
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Highlights:
. Sex differences in voluntary alcohol self-administration
. Altered glutamate transmission onto dorsal striatum induced by alcohol
drinking history
. Drinking history changed neurons’ responses to acute alcohol treatment
. Estrous cycle affected glutamatergic transmission
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Figure 1. Females consume more alcohol and display greater blood ethanol levels than males.
(A) Male (black symbols) and female (white symbols) cHAP mice were provided two-bottle

choice access to 10% (/1) alcohol and water in the home cage for 5 weeks. Intake was
measured and bottle position alternated 3 times per week. Data are presented as mean +
SEM weight-normalized alcohol intake, calculated as (g alcohol consumed)/(body weight in
kg), averaged across 2 or 3 days. (B-C) Correlation between weight-normalized alcohol
intake on the day prior to euthanasia and the blood ethanol content (BEC) obtained at the
time of euthanasia for females (B) and males (C). # p<0.01, female vs. male. 7=12 female,

/=13 male.
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Figure 2. Sex and alcohol history affect baseline properties of DMS neurons.
Mice were given access to 10% (/1) alcohol and water in the home cage for 5 weeks (5W,

filled bars & white dots) or water alone (OW, open bars & black dots) prior to euthanasia.
Whole-cell spontaneous excitatory postsynaptic currents (SEPSCs) were recorded from
dorsomedial striatal (DMS) neurons and properties of the currents measured and averaged
across a 2-minute time window. Representative traces are shown for female (A) and male
(B) neurons following OW (top) and 5W (bottom) drinking history. (C) Amplitude of
SEPSCs increased after 5W alcohol intake, compared to OW, for females only. (D)
Frequency of sEPSCs did not differ by sex or drinking history. (E) Rise time was higher for
males than females, regardless of drinking history. (F) Sex and drinking history did not
significantly impact decay time. Histograms represent mean + SEM. @ p<0.05, sex by
drinking history interaction, # p<0.05, OW vs. 5W, * p<0.05 main effect of sex, as indicated.
Number of cells: 7=19, 0W female, 7=18, 5W female, 7=17, 0W male, 7/=20, 5W male;
from 6-8 mice per group.
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Figure 3. Sex and alcohol history affect baseline properties of DLS neurons.
Mice were given access to 10% (/1) alcohol and water in the home cage for 5 weeks (5W,

filled bars & white dots) or water alone (OW, open bars & black dots) prior to euthanasia.
Whole-cell spontaneous excitatory postsynaptic currents (SEPSCs) were recorded from
dorsolateral striatal (DLS) neurons and properties of the currents measured and averaged
across a 2-minute time window. Representative traces are shown for female (A) and male
(B) neurons following OW (top) and 5W (bottom) drinking history. (C) Amplitude of
SEPSCs did not differ by sex or drinking history. (D) Frequency of SEPSCs was increased
after drinking in females, and frequencies were higher in 5W female than 5W male neurons.
(E) Rise time was higher for males than females, regardless of drinking history. (F) Decay
time was higher in male than in female neurons, regardless of drinking history. Histograms
represent mean + SEM. @ <0.05, sex by drinking history interaction, # p<0.05 between
groups, as indicated; * p<0.05 main effect of sex, as indicated. Number of cells: 7=15, OW
female, 7=15, 5W female, 7=15, OW male, /=14, 5W male; from 6 to 8 mice per group.
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Figure 4. Acute effects of alcohol on DMS neurons differ by sex and drinking history.
Mice were given access to 10% (/1) alcohol and water in the home cage for 5 weeks (5W,

filled bars & white dots) or water alone (OW, open bars & black dots) prior to euthanasia.
Whole-cell spontaneous excitatory postsynaptic currents (SEPSCs) were recorded from
dorsomedial striatal (DMS) neurons and properties of the currents measured and averaged
across a 2-minute time window before (baseline) and after application of 50 mM ethanol
(EtOH) to the slices. Representative traces at baseline and after EtOH treatment are shown
for neurons from female (A) and male (B) mice with OW (top) and 5W (bottom) drinking
history. (C) Acute alcohol treatment slightly increased SEPSC amplitude in 5W males,
compared to OW, but slightly decreased amplitude in 5W females, compared to OW. (D)
Acute alcohol changed sEPSC frequency more in females than in males, significantly
increasing frequency only in OW females. Acute alcohol application did not alter rise time
(E) or decay time (F). Histograms represent mean + SEM baseline-normalized values,
calculated as (SEPSC parameter after 50 mM EtOH application)/(SEPSC parameter at
baseline). @ p<0.05, sex by drinking history interaction, * p<0.05, main effect of sex; &
p<0.05 vs. 100% (one-sample t-test). Number of cells: 7=10, OW female, /=9, 5W female,
m=9, OW male =8, 5W male; from 4 to 6 mice per group.
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Figure 5. Acute effects of alcohol on DLS neurons differ by sex and drinking history.
Mice were given access to 10% (/1) alcohol and water in the home cage for 5 weeks (5W,

filled bars & white dots) or water alone (OW, open bars & black dots) prior to euthanasia.
Whole-cell spontaneous excitatory postsynaptic currents (SEPSCs) were recorded from
dorsolateral striatal (DLS) neurons and properties of the currents measured and averaged
across a 2-minute time window before (baseline) and after application of 50 mM ethanol
(EtOH) to the slices. Representative traces at baseline and after EtOH treatment are shown
for neurons from female (A) and male (B) mice with OW (top) and 5W (bottom) drinking

history. (C) Acute EtOH changed sEPSC amplitude differently by sex and drinking history.

(D) Frequency of sEPSCs did not differ by sex or drinking history. (E) Acute EtOH
increased rise times in 5W but not OW females and OW but not 5W males. (F) Decay
constants did not differ by sex or drinking history. Histograms represent mean = SEM
baseline-normalized values, calculated as (SEPSC parameter after 50 mM EtOH
application)/(SEPSC parameter at baseline). @ p<0.05, sex by drinking history interaction.
Number of cells: /=9, OW female, 7=8, 5W female, 7=8, OW male, /=9 D, 5W male; from
to 6 mice per group.
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Figure 6. Estrous cycle effects on spontaneous excitatory postsynaptic potentials.
Mice were given access to 10% (/1) alcohol and water in the home cage for 5 weeks (5W,

filled bars & white dots) or water alone (OW, open bars & black dots) prior to euthanasia.
Estrous cycle was determined at euthanasia. Whole-cell spontaneous excitatory postsynaptic
currents (SEPSCs) were recorded from dorsomedial striatal (DMS; A,B) and dorsolateral
striatal (DLS; C,D) neurons and properties of the currents measured and averaged across a
2-minute time window. In DMS, amplitude (A) but not frequency (B) differed by drinking
history, with higher amplitude currents after 5W EtOH, independent of cycle. In DLS,
amplitude (C) did not differ by drinking history or estrous cycle, but frequency (D) was
higher in estrus than in diestrus. Histograms represent mean + SEM. § p<0.05, main effect
of drinking history, * p<0.05, main effect of cycle, as indicated. Number of cells from DMS:
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O0W; diestrus, =7 estrus, /=12, 5\W; diestrus, /=12, estrus, //=5. Number of cells from DLS:
OW; diestrus, /=4 estrus, =11, 5W; diestrus, /=11, estrus, 7=4. Number of animals, 6 to 8
mice per group.
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