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Abstract

Ketamine is a fast acting experimental antidepressant with significant therapeutic potential for
emotional disorders such as major depressive disorder and alcohol use disorders. Of particular
interest is binge alcohol use, which during intermittent withdrawal from drinking involves
depressive-like symptoms reminiscent of major depressive disorder. Binge drinking has been
successfully modeled in mice with the Drinking in the Dark (DID) paradigm, which involves daily
access to 20% ethanol, for a limited duration and selectively during the dark phase of the circadian
light cycle. Here we demonstrate that DID exposure reduces the cell surface expression of NMDA-
and AMPA-type glutamate receptors in the prelimbic cortex (PLC) of female but not male mice,
along with reduced activity of the mammalian target of rapamycin (mTOR) signaling pathway.
Pretreatment with an acute subanesthetic dose of ketamine suppresses binge-like ethanol
consumption in female but not male mice. Lastly, DID-exposure reduces spontaneous
glutamatergic synaptic transmission in the PLC of both sexes, but synaptic transmission is rescued
by ketamine selectively in female mice. Thus, ketamine may have therapeutic potential as an
ethanol binge suppressing agent selectively in female subjects.
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INTRODUCTION

Alcohol use disorder (AUD) is a chronic relapsing disorder, in which social alcohol
consumption escalates to compulsive intake and physiological dependence, and is one of the
costliest public health disorders in the US (Koob and Le Moal, 2008; Prevention, 2006;
Rehm et al., 2014). Binge drinking is defined as consuming a large amount of alcohol such
as a minimum of four drinks for women and five drinks for men in a period of 2 h or less,
resulting in a blood alcohol concentration of at least 0.08 mg/dl (NIAAA, 2017). Finding
treatments for AUDs has been hampered by the complex mechanism of action of ethanol and
the large and diverse number of receptors, ion channels, neurotransmitters, and
neuromodulators implicated in its actions (Abrahao et al., 2017). In particular, acute ethanol
has been shown to inhibit the function of N-methyl-D-aspartate (NMDA)- (Lovinger et al.,
1989; Ren et al., 2013; Woodward and Pava, 2009) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate receptors (NMDARs and AMPARS) (Frye
and Fincher, 2000) and to reduce corresponding synaptic currents (Roberto et al., 2006),
suggesting that these receptors might serve as targets for treatment of AUDs (Lovinger,
1996).

AUDs are highly comorbid with major depressive disorder (MDD) (Briére et al., 2014), and
both these disorders exhibit marked sex differences (Erol and Karpyak, 2015; Kessler et al.,
2005; Kornstein et al., 2000). Males are more likely to self-medicate for mood disorders
with alcohol (Turner et al., 2018). However, early life stress, which is an established
vulnerability factor for both AUDs and MDD, results in more frequent diagnosis of AUDSs in
women than men (Enoch, 2011). Moreover, the “gender gap” in AUDs is rapidly closing,
highlighting the need for novel therapeutic interventions especially for women (reviewed by
Keyes et al., 2008).

The prefrontal cortex has emerged as a primary substrate of pathology for both AUDs and
MDD. Chronic intermittent ethanol (CIE) leads to increased neural excitability, alterations in
apical dendritic morphology, and decreased NMDA receptor currents in layer 2/3 pyramidal
cells of the prelimbic cortex (PLC) (Holmes et al., 2012; Pleil et al., 2015b). These
phenotypes together are reminiscent of corresponding changes in human and rodent studies
of MDD and chronic stress models of depressive disorder (Banasr et al., 2007; Drevets et al.,
2008; McEwen and Morrison, 2013; Rajkowska et al., 1999). By contrast, layer 5 neurons in
the medial prefrontal cortex (mPFC) of a similar CIE model of mice were shown to exhibit
increased NMDA receptor currents (Kroener et al., 2012), suggesting that exposure to
alcohol induces distinct layer specific forms of neural plasticity.

Ketamine is a rapid acting antidepressant with efficacy even in otherwise treatment resistant
MDD (Lener et al., 2017; Wilkinson et al., 2017). In preclinical models, ketamine has been
shown to be effective also at attenuating fear-related behavior (McGowan et al., 2017),
stress-induced depression-related behavior (Brachman et al., 2016), alcohol withdrawal-
induced emotional behavior (Holleran and Winder, 2017; Vranjkovic et al., 2018) and in
reducing alcohol preference in a strain of alcohol-preferring rats (Rezvani et al., 2017).
Thus, ketamine may be a promising therapeutic for AUDs. Evidence from MDD patients
(Abdallah et al., 2017; Chowdhury et al., 2017) and stress-induced rodent models of MDD
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indicate that structural alterations of neurons and functional defects in glutamatergic
transmission in the prefrontal cortex can be reversed for a prolonged period by a single dose
of ketamine, along with antidepressant-like behavioral effects (Li et al., 2011; Ren et al.,
2016). The above mentioned alterations in glutamatergic transmission in the mPFC of
models of CIE exposure suggest that ketamine may act on the same substrate also for AUDs.

The mechanism of acute ketamine-induced neuroplasticity that is associated with it’s
therapeutic effects is currently of intense interest. Consistent with ketamine’s established
function as a non-competitive NMDAR antagonist, its mechanism of action upon
administration at subanesthetic doses is thought to involve selective and transient
antagonism of NMDARs on tonically active interneurons that leads to transient disinhibition
of neural networks, followed by a glutamate surge and activation of the mammalian target of
rapamycin (mTOR) signaling pathway and changes in dendritic MRNA translation
(reviewed in Monteggia et al., 2013; Wohleb et al., 2017). However, some of ketamine’s
active metabolites are known to act as agonists of AMPARS rather than antagonists of
NMDARs, and they appear to more directly lead to activation of glutamatergic neurons by a
mechanism independent of mMTOR (Zanos et al., 2018). Nevertheless, withdrawal from
chronic ethanol consumption and chronic stress-induced depressive-like behavior seem to
converge on similarly impaired prefrontal glutamatergic transmission (Holmes et al., 2012;
Kristen E. Pleil et al., 2015b; Yuen et al., 2012) and altered mTOR signaling (Chandran et
al., 2013; Neasta et al., 2014). Moreover, ketamine- induced activation of the mTOR
pathway contributes to normalization of both alcohol- and chronic stress-induced
impairments of NMDA-receptor function, as well as to normalization of ethanol drinking
behavior and emotional reactivity (Sabino et al., 2013; Tang et al., 2015; Zhou et al., 2014).

Similar to the CIE exposure protocol mentioned above, the Drinking in the Dark (DID)
model of binge-like ethanol consumption of rodents is designed to mimic repeated cycles of
intoxication and withdrawal observed among human social drinkers with AUD, with the
important distinction that the animals self-administer ethanol (Lowery-Gionta et al., 2012;
Pleil et al., 2015b; Rhodes et al., 2007, 2005; Sparta et al., 2008). Using this protocol, we
here found that female but not male mice subjected to DID display reductions in the cell
surface expression of AMPARs and NMDARs, along with reduced activity of the mTOR
pathway. Accordingly, we hypothesized that ketamine might suppress binge-like ethanol
consumption, perhaps in a sex-specific manner. Indeed, pretreatment with a single
subanesthetic dose of ketamine effectively suppressed binge drinking in female but not male
mice. Functionally, the DID protocol resulted in a selective reduction of the frequency but
not amplitude of spontaneous glutamatergic currents recorded from pyramidal cells, in a sex-
specific manner. Moreover, ketamine restored glutamatergic synapse function selectively in
female mice. These data suggest that ketamine and similarly acting rapid experimental
antidepressants hold promise for the treatment of binge drinking behavior.

2. MATERIALS AND METHODS
2.1 Subjects

All animal experiments were approved by the Pennsylvania State University Institutional
Animal Care and Use Committee. C57BL/6J mice (males and females, strain 000664, The
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Jackson Laboratory) were bred in house and maintained on a 12:12 h light cycle in a
temperature-controlled and humidity-controlled vivarium. All mice were 6 weeks of age
when transferred to a reverse light cycle room (lights off at 7 a.m.) and single housed, and
they were allowed to acclimate for one week prior to the start of the DID protocol. They
were maintained on a reversed 12:12 h light cycle throughout the experiment. Mice had ad
libitum access to food and water, except as described during the DID protocol. The
behavioral assessments were all conducted during the dark phase of the light cycle, starting
at approximately 10 a.m. and 3 h after the lights went off. Mice used for cell surface
biotinylation, western blot, and electrophysiology were euthanized at 10 a.m. on the binge
day, a time that coincided with behavioral assessment.

Ketamine (Ketaset HCI, Zoetis, Parsippanv-Trov Hills, NJ) was diluted freshly with sterile
0.9% saline immediately prior to injection.

2.3 Cell Surface Biotinylation

Cell surface biotinylation of coronal mouse brain slices was performed as described
(Kilpatrick et al, 2016), Briefly, the mice were euthanized by cervical dislocation and the
freshly isolated brains sliced into 1 mm coronal sections using a brain matrix, incubated in
Img/ml sulfo-NHS-SS-biotin (ThermoFisher, Waltham, MA, USA) in pre-chilled
oxygenated aCSF on ice for 30 min and then washed twice with 50 mM glycine and three
times with Img/ml BSA in pre-chilled oxygenated aCSF. The mPFC was dissected from
slices, extracted, and split into aliquots used as total extracts or purification of biotinylated
cell surface fractions using NeutrAvidin beads (ThermoFisher, Waltham, MA, USA)
followed by analyses of protein concentrations and then analyzed by western blot. Based on
routine analyses of B-actin as a cytosolic protein reference, the affinity purified cell surface
fractions were enriched for cell surface proteins at least 120fold (Kilpatrick et al, 2016).

2.4 Western Blotting

Western blotting was completed as described (Fuchs et al 2017, Kilpatrick et al 2016). For
analyses of mTor and eukaryotic elongation factor 2 (eEF2) phosphorylation, whole tissue
lysates from mPFC were prepared in a solution containing 50 mM Tris-HCI (pH 8.0),
150mMNaCl, 2 mM EDTA, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 1 mM NaV0s,
5 mM NaF and a protease inhibitor cocktail (Roche, Basel, Switzerland) and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins separated on gels were
transferred to polyvinylidene difluoride membranes and probed with rabbit anti-phosphor-
MTOR (Ser2448) (1:500, no. 5536), mouse anti-mTOR (1:500, no. 4517), rabbit anti-
phosphor-eEF2 (T56) (no. 2331), rabbit anti-eEF2 (no. 2332) (all from Cell Signaling
Technology, Danvers, MA, USA) and mouse anti”-tubulin antibodies (no. T8328, Sigma
Aldrich, St. Louis, MO, USA). For quantitation, the mTOR and eEF2 protein bands were
normalized to B-tubulin analyzed on the same or parallel blots, as described (Fuchs et al.,
2017). lonotropic glutamate receptors of total extracts and affinity-purified cell surface
biotinylated protein fractions from mPFC brain slices were probed with mouse anti-GluN1
(1:500,556308, BD Biosciences, Franklin Lakes, NJ, USA), and rabbit anti-GluA2/3 (1:500,
07-598, Millipore, Burlington, MA, USA). For quantitation, the corresponding protein
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bands were normalized to B-actin quantitated in blots of total mPFC lysates of these same
samples, using mouse anti-p- actin (1:5000, A00702, Genscript. Piscataway, NE, USA)
(Kilpatrick et al 2016). Blots were developed with goat anti-mouse IRDye 680RD and goat
anti-rabbit IRDye 800CW (1:5000, LI-COR, Lincoln, NE, USA) and quantitated using an
Odyssey CLx imager (LI-COR, Lincoln, NE, USA) and Image Studio software (LI-COR).

2.5 Behavioral analyses

Drinking in the Dark.—DID experiments were conducted as described previously (Pleil
et al, 2015b) with male and female mice subjected to DID in sequential, separate
experiments. The mice received 20% ethanol (Koptec, Decon Labs, King of Prussia, PA)
w/v for 2 h in drinking water, 3 h into the dark cycle (i.e. 10 a.m.) on three sequential days.
On the fourth day, they received 20% ethanol for 4 h. Following the binge day, mice had
three days of abstinence before repeating the one-week cycle in the subsequent week. The
mice underwent four cycles of DID in total. The mice that were subjected to behavioral and
electrophysiological analyses (Figures 2 and 3) received saline habituation injections (i.p.)
12 h before the binge of DID cycle 2 and 3; during cycle 4 the mice received saline or
various doses of ketamine, i.p., (Ketaset HCI, Zoetis, diluted in 0.9% saline, i.p.), either
three days or 12 h before the binge, as indicated in Figure 1. As a behavioral measure, the
amount of ethanol consumed during the binge cycle 4 (see Figure 2A) was compared to that
consumed during cycle 3. Control mice were housed under the same condition (singly
housed) in the same room. All mice were weighed and cages changed weekly. The mice
underwent no additional handling.

Sucrose DID.—Sucrose DID, a measurement of alcohol-independent reward, was
conducted as follows. The mice received 10% sucrose in water for two weeks (Rinker et al.,
2017). The mice received 10% sucrose in water three h into the dark cycle on three
sequential days. On the fourth day, they received 10% sucrose in water for 4 h. The mice
underwent two cycles total. During cycle 2, the mice received ketamine (3 mg/kg, i.p.) 12 h
before the sucrose binge. The amount of sucrose consumed during week 2 was compared to
that during week 1.

Loss of Righting Reflex (LORR).—The latency to recover from LORR after alcohol
administration was assessed as described (Lee et al., 2011). Briefly, 12 h following 3.0
mg/kg ketamine or vehicle injection (i.p.), the mice were injected with 3.2 g/kg ethanol (i.p.)
and immediately placed on their backs. The animals that righted themselves were
immediately returned to their backs. The latency to recover the righting reflex was defined
as the total amount of time post ethanol it took the animals to right themselves to all four
paws, three consecutive times.

2.6 Slice Electrophysiology

Whole-cell patch clamp electrophysiology recordings were done as previously described
(Crowley et al., 2016; Pleil et al., 2015a). The mice were deeply anesthetized by exposure to
5% isoflurane and rapidly decapitated. The brains were removed and immediately placed in
ice cold high-sucrose artificial cerebrospinal fluid (high sucrose aCSF, in mM: 194 sucrose,
20 NacCl, 4.4 KClI, 2 CaCly, 1 MgCl», 1.2 NaH,P0,4, 10.0 glucose, and 26.0 NaHCO3 (pH
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7.4), and saturated with 95% 0,/5% CO0,) and 300 pm coronal sections containing the PFC
were prepared on a vibratome (Leica VT 1200s). Slices were transferred to oxygenated and
heated aCSF (31°C, in mM: 124 NaCl, 4.4 KClI, 2 CaCly, 1.2 MgS04, 1 NaH,P0,4, 10.0
glucose, and 26.0 NaHCO0s3), where they remained until use. Recording electrodes (3-7 mO)
were pulled on a Flaming- Brown MicroPipette Puller and filled with a cesium-
methanesulfonate based intracellular solution (in mM: 135 Cs- methanesulfonate, 10 KClI,
10 HEPES, 1 MgCl», 0.2 EGTA, 4 Mg-ATP, 0.3 GTP, 20 phosphocreatine, pH 7.4) allowing
for the recording of both IPSCs (spontaneous inhibitory post-synaptic currents, not shown)
and EPSCs (spontaneous excitatory post-synaptic currents) (Crowley et al., 2016).
Recordings were performed in PLC layer 2/3 pyramidal neurons, identified in coronal
sections by anatomical landmarks such as the emergence of the corpus callosum and anterior
commissure and corresponding to sections between +2.19 mm and -1.50 mm relative to
bregma and dorso-ventrally as the region proximal to the midline between 0.3 and 1.3 mm
from the pia (Crowley et al., 2016; Pleil et al., 2015a).

Pyramidal cells were identified by location from the midline and morphology, consistent
with previously published electrophysiology in PLC layer 2/3 pyramidal neurons (Pleil et
al., 2015b; Lowery-Gionta et al., 2018). Pyramidal cells were held at-55 mV to isolate
SEPSCs and 10 mV to isolate sIPSCs. mEPSCs and mIPSCs were recorded under identical
conditions, but in the presence of 500 nM tetrodotoxin. Input resistance and access
resistance were continuously monitored throughout all experiments, and cells in which
changes in access resistance exceeded 20% were excluded from data analyses. Signals were
digitized at 10 kHz and filtered at 3 kHz using a Multiclamp 700B amplifier and analyzed
using Clampfit 10.3 software (Molecular Devices, Sunnyvale, CA). Recordings were
performed in a maximum of two neurons per mouse, with a minimum of four mice per
condition, and n’s reported reflect the number of neurons for each measure.

2.7 Statistics

All datasets were confirmed to be normally distributed, and no statistical outliers were
identified (Grubb’s test). All groups were compared by unpaired two sided f-tests or two-
way ANOVA (alcohol history x drug treatment) as appropriate. Significant main effects were
followed by Fisher’s LSD tests. For all experiments, p < 0.05 was used as the threshold for
significance. For comparisons between drug and baseline effects, week 3 of the DID
protocol was used as baseline. Data were analyzed and graphed in GraphPad Prism version
7.0 and figures were assembled in Adobe Illustrator. All data represent means + standard
errors of the mean of biological replicates.

3 RESULTS

3.1 Binge drinking reduces expression of glutamate receptors in the PFC of female, but
not male, mice

Glutamatergic transmission and mTOR signaling are recognized as key effectors of ethanol
consumption (Lovinger, 1996; Morisot and Ron, 2017). To begin to assess whether altered
expression or function of these same substrates play a role in escalated ethanol consumption
in a repeated binge consumption and withdrawal protocol, we made use of the DID
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paradigm (Material and Methods, Figure 1A). To begin to assess possible changes in
glutamatergic transmission, we assessed DID-induced changes in the cell surface and total
expression of NMDARs and AMPARs, using antibodies directed against GIuN1 and
GIuA2/3, respectively as essential subunits required for assembly and representative of these
receptors. Female and male mice were exposed to water or DID for four weeks, followed by
quantitation of GIuN1 and GluA2/3 subunits in cell surface-biotinylated fractions and total
extracts from mPFC (Figure 1B). DID-exposed female mice showed reductions in cell
surface GIuN1 (% = 4.118, p=0.003, n = 5 water and DID, Figure 1C) with no measurable
change in total expression (# = 1.855, p=0.10, n = 5 water and DID, Figure 1D). Cell
surface GIuA2/3 subunits were similarly decreased (& = 2.742, p=0.025, n =5 water and
DID, Figure 1E) with no alteration in total expression (% = 1.132, p=0.29, n = 5 water and
DID, Figure 1F). Interestingly, and in contrast to female mice, the DID protocol did not
affect expression of these same proteins in male mice (GIuN1 surface: & =0.29, p=0.78, n
=5 water and DID, total, % = 0.83, p=0.43, n = 5 water and DID; GIuA2/3 surface: &5 =
1.87, p=0.098, n = 5 water and DID, total, 5= 1.79, p=0.11, n = 5 water and DID, Figure
1 G-K), Thus, the DID protocol result in female-specific downregulation of cell surface
AMPARs and NMDARs.

In order to further assess whether ethanol binge drinking involved altered signaling by the
mTOR pathway, we next assessed changes in the phosphorylation state of mMTOR and eEF2,
a key downstream target of mTOR that is known to be regulated by stress and antidepressant
drug treatments (Chandran et al., 2013; Li et al., 2010; Opal et al., 2014). While
phosphorylation of mTOR at Ser2448 results in increased mTOR pathway activity, this
results in reduced inhibitory phosphorylation of its downstream effector, eEF2 at T56 and
overall increased mRNA translation (Heise et al., 2014). Therefore, reductions in the p-
MTOR/MTOR and eEF2/p-eEF2 ratios are both indicative of reduced mTOR activity.
Analyses of these two proteins in medial prefrontal cortex (mPFC) extracts of female mice
subjected to the DID protocol showed a significant main effect of alcohol on
phosphorylation of these two proteins (two-way ANOVA, A3 15) = 6.55, p=0.0218,n=5
water mTOR, n =5 DID mTOR, n =5 water eEF2, n = 4 DID eEf2, Figure 1L,M),
indicative of reduced mTOR pathway activity. In addition, post hoc tests revealed a near-
significant effect of the DID protocol also on eEF2/p-eEF2 (p= 0.067, Figure 1M).
Corresponding analyses of male mice, however, showed only a trend of DID induced
downregulation of mMTOR pathway activity (two-way ANOVA, £ 19 = 4.499, p=0.060, n =
6 all groups) (Figure 1N-O) and insignificant changes in p-mTOR and p-eEF2 (Fisher’s
LSD, p=0.07 mTOR, p=0.1895 eEF2). Thus, the DID protocol results in female specific
downregulation of glutamate receptors, and this effect was associated with reduced mTOR
pathway activity that was more readily evident in female than male mice.

3.2 Ketamine attenuates binge drinking in female but not male mice

The DID exposure induced defects of mPFC glutamate receptor expression and mTOR
pathway activity were reminiscent of similar alterations described in preclinical models of
MDD. Moreover, antidepressant behavioral effects of ketamine have been shown to involve
normalization of these defects (Li et al., 2011b; Ren et al., 2016; Zhou et al,, 2014).
Therefore, to assess whether ketamine suppresses binge-like ethanol consumption, male and
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female mice were subject to the DID protocol, followed by assessment of ethanol drinking
behavior and analyses of synaptic transmission in brain slices. The mice were treated with
ketamine or vehicle either three days before the fourth week ethanol binge (i.e. before the
start of the fourth week DID cycle) or 12 h before the binge (i.e. 10 p.m. the night prior to
ethanol binge in the fourth week, Figure 1A). There was no sex difference in ethanol
consumption in saline-treated mice, indicating that males and females binged at roughly the
same levels (2 =1.789, p=0.097, n = 8 females, n = 6 males, Figure 2A). When a
subanesthetic dose of ketamine (3 mg/kg i.p.) was administered to female mice, either three
days (Figure 2B) or 12 h before the final binge (Figure 2C), there was a significant decrease
in g/kg ethanol consumed as compared to week 3 baseline levels (3 days: &1 =2.037, p=
0.05, n = 11 saline, n = 12 ketamine; 12 h: £, = 3.088, p=0.0056, n = 11 saline, n = 12
ketamine). In order to assess whether ketamine altered the sedative properties of ethanol, a
separate cohort of female mice was subject to loss of righting reflex (LORR) tests.
Analogous to the 12 h ketamine treatment protocol above, the mice were treated with 3
mg/kg ketamine or saline 12 h before injection with a sedative dose of ethanol (3.2 g/kg).
There was no difference in the time to recovery from LORR in mice treated with ketamine
vs. saline (5o = 0.6172, p=0.52, n = 11 saline, n = 12 ketamine), indicating that the
ketamine-induced reduction in ethanol consumption was not due to a ketamine-induced
alteration of ethanol’s sedative effects (Figure 2D). In addition, we assessed whether
ketamine alters rewarding properties of other appetitive liquids. Mice were subjected to two
weeks of sucrose DID (Rinker et al., 2017), with daily access to 10% sucrose during a
limited period in the dark phase of the light cycle, analogous to the ethanol DID protocol.
Pretreatment with 3 mg/kg ketamine 12 h before the sucrose binge did not alter sucrose
consumption (% = 0.3682, p=0.7278, n = 6 both groups), suggesting that ketamine-induced
suppression of the ethanol binge was not due to an unspecific reduction of hedonic drive
(Figure 2E).

We next tested for predicted effects of ketamine on binge ethanol drinking in male mice
(Figure 2F). At a dose of 3 mg/kg, ketamine failed to alter binge ethanol consumption at
both the 12 hour and 3 day pretreatment timepoints (12 hour: 3 =1.583, p=0.1375,n=7
saline, n = 9 ketamine; 3 days: #4 = 1.065, p=0.3047, n = 7 saline, n = 9 ketamine). To
address whether the absence of ketamine effects in male mice were due to sex-specific
differences in ketamine’s efficacy, we further tested whether higher doses of ketamine would
be effective. However, neither pretreatment with 6 mg/kg nor 10 mg/kg ketamine
measurably affected the ethanol binge at 12 h post ketamine (6 mg/kg, tig =1.014, p=
0.3239, n = 6 saline, n = 14 ketamine; 10 mg/kg, g = 1.668, p=0.1125, n =6 saline, n = 14
ketamine) (Figure 2F). Thus, ketamine sex-specifically suppresses ethanol binge drinking in
female but not male mice, in accordance with ethanol binge drinking induced reductions of
glutamate receptor expression in female but not male mice.

3.3 Ketamine rescues alterations in binge-drinking induced spontaneous
neurotransmission.

In search of a sex-specific cellular functional correlate of binge drinking and its suppression
by ketamine we next assessed possible changes in glutamatergic synapse function. We
recorded spontaneous excitatory postsynaptic currents (SEPSCs) from layer 2/3 pyramidal
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neurons of the PLC (representative traces, Figure 3A,D). Mice were exposed to four cycles
of DID or standard drinking water. Female mice were administered 3 mg/kg ketamine 12 h
before sacrifice, while males were administered 6 mg/kg ketamine 12 h before sacrifice. In
female DID-exposed mice, the SEPSC amplitude remained unaffected (two-way ANOVA,
F1 25 =0.065, p=0.56 (ethanol), £ 5 =0.027, p=0.24 (ketamine), Fq o5 = 0.053, p=0.25
(interaction), cell numbers for female SEPSCs, n = 5 water saline, n = 7 water ketamine, n =
10 DID saline, n = 10 DID ketamine) (Figure 3B). However, the SEPSC frequency of female
DID-exposed mice showed a significant interaction between ethanol history and ketamine
treatment (two-way ANOVA, F; 5g =5.261, p= 0.030), without main effects of ethanol
(F1,25 = 0.040, p= 0.84) or ketamine (£ 25 = 0.3147, p= 0.58) (Figure 3C). Most
remarkably, the DID-induced reduction of the SEPSC frequency was completely restored to
control levels 12 h after ketamine treatment (p = 0.026). By contrast, ketamine had no effect
on the same parameter of ethanol-naive mice (p = 0.285).

We found no effect of ethanol exposure or ketamine treatment on mEPSC amplitude,
matching the results seen with SEPSCs [two-way ANOVA, £ 35 = 1.44, p=0.239
(ketamine), F 3o = 0.0183, p=0.8932 (ethanol), F; 3 = 1.777, p=0.192 (interaction), cell
number for all mEPSC experiments, n = 7 water saline, n = 11 water ketamine, n =9 DID
saline, n = 10 DID ketamine] (Figure 3E). Interestingly and in contrast to the SEPSC
frequency measures reported above, the mEPSC frequency measurements showed no
interaction between DID exposure and ketamine treatment (two-way ANOVA, £ 35 = 2.722,
p=0.108), suggesting that the ketamine-induced increase in SEPSC frequency was driven
entirely by increased presynaptic activity.

Male DID-exposed mice showed a small but significant reduction in SEPSC amplitude (two-
way ANOVA, main effect of ethanol F; 3o = 4.2 99, p= 0.050), cell number for all male
SEPSC experiments, n = 8 water saline, n = 8 water ketamine, n = 8 DID saline, n =11 DID
ketamine). There was no main effect of ketamine F; 35 = 2.122, p=0.173) nor an interaction
of ethanol and ketamine effects (F1 3o = 0.006187, p= 0.961) and post hoc tests were not
significant (representative traces, Figure 3G, H). Male mice also showed a main effect of
ketamine on the SEPSC frequency (two-way ANOVA, Fj 3, = 6.882, p=0.0044) and an
interaction of ketamine and ethanol (/1 32 = 7.132, p = 0.0039) but no main effect of ethanol
(F1,32=0.9115, p=0.170). Post hoc tests revealed that DID reduced the SEPSC frequency
of saline treated mice as compared to water—exposed saline treated mice (Figure 3l), thereby
reproducing the effects seen in females (Figure 3C). In addition, ketamine reduced the
SEPSC of water-exposed mice. However, in contrast to female mice, ketamine failed to
rescue the reduced sESPC frequency of DID-exposed male mice (Figure 3F). Thus,
ketamine induced rescue of DID induced reductions in SEPSCs may contribute to sex-
specific ketamine-induced suppression of binge drinking in female mice.

4. DISCUSSION

Alcohol exposure is known to produce a variety of functional deficits throughout the brain,
including within the medial prefrontal cortex (Pleil et al., 2015b; Rinker et al., 2017). Here,
we found that DID exposure results in reduced cell surface expression of AMPARs and
NMDARs selectively in female mice. Moreover, a subanesthetic dose of ketamine
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prophylactically reduced binge-like ethanol consumption selectively in female but not male
mice. Functionally, glutamatergic synaptic inputs to L2/3 pyramidal cells of the PLC were
downregulated by DID independent of sex, yet ketamine was effective in normalizing this
defect again selectively in female but not male mice. An imperfect correspondence of sex
differences observed between biochemical and functional electrophysiological measurement
should not be surprising as the first measure is representative of all neurons throughout the
entire medial prefrontal cortex while the other is representative of a narrowly defined cell
population specifically in layer 2/3 of the PLC. Future experiments will have to address
whether DID induced impairments of glutamatergic synapses are layer specific and limited
to only glutamatergic neurons or also evident in GABAergic neurons and layer 5 of the PLC
and beyond, and whether sex specificity of DID effects can be attributed to specific
synapses.

The antidepressant potency of ketamine is known to be greater in female than male mice
(Carrier and Kabbaj, 2013; Franceschelli et al., 2015), perhaps due to more rapid drug
conversion into its active metabolite (25,65, 2R, 6R)- hydroxynorketamine in females than
males (Zanos et al., 2016). Nevertheless, we showed that ketamine remained ineffective in
males even when administered at twice the dose that was effective in females, suggesting
that sex specificity did not simply reflect such differences in pharmacokinetics of ketamine
metabolites. Notably, others have consistently demonstrated sexual dimorphism in
ketamine’s behavioral effects also in rats (Carrier and Kabbaj, 2013; Franceschelli et al.,
2015). Male but not female rats display conditioned place preference to ketamine at 10
mg/kg, while female rats are more responsive to locomotor stimulating effects of ketamine
when assessed immediately after ketamine administration (Schoepfer et al., 2017).
Importantly, we showed that ketamine’s binge suppressing effects were not due to unspecific
reductions in reward seeking, as sucrose consumption after DID exposure was unaltered by
ketamine. Moreover, the behavioral effects of ketamine were specific to ethanol drinking and
did not involve increased sedation as the ethanol induced LORR remained unaffected.
Lastly, blood ethanol concentrations (BECs) measured in a separate cohort of DID exposed
mice showed no sex difference (males 56 + 5.0 mg/dl, females 64.12 + 8.7 mg/dl, p= 0.46,
n =5, ttest). However, it is possible that even insignificantly increased BECs in females vs.
males, over the course of 4 weeks of alcohol exposure, led to greater or qualitatively
different forms neural plasticity in female compared to male mice that then were responsible
for the observed female specific effects of ketamine.

Glutamatergic synaptic transmission has long been proposed as a potential target for
treatment of AUDs (Lovinger, 1996; Morisot and Ron, 2017), and ketamine has been
suggested as a treatment for drug addiction (lvan Ezquerra-Romano et al., 2018).
Acamprosate, a promising and effective treatment for alcohol use disorders, is thought to act
through NMDARS, and to some extent, via secondary GABA targets (Kalk and Lingford-
Hughes, 2014), suggesting pharmacological mechanisms similar to those of ketamine.
Indeed, ketamine treatment of animals with defects in prefrontal glutamatergic synaptic
transmission leads to prominent potentiation of not only glutamatergic synaptic transmission
but also GABAergic synaptic transmission (Ren et al., 2016). Topiramate, an antiepileptic
drug thought to target both glutamatergic and GABAergic signaling (though its precise
mechanism is unclear), has also been used successfully, albeit off-label, to treat alcoholism
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(Soyka and Muiller, 2017). Notably, ketamine has recently been shown to attenuate alcohol
preference in alcohol-preferring rats (Rezvani et al., 2017). Our work builds upon these
findings by extending ketamine’s ability to reduce drinking in a clinically relevant model of
a wildtype strain of mice.

The PLC and infralimbic cortex are implicated as key brain regions involved in alcohol
addiction (Koob and Volkow, 2009), stress (Caruso et al., 2018; Lowery-Gionta et al., 2018)
and major depressive disorder (Banasr and Duman, 2008; Drevets, 2000; Rajkowska et al.,
1999), making it a likely candidate for therapeutic intervention via ketamine. Previous work
using the CIE model has shown mixed changes in PLC glutamatergic and GABAergic
transmission. Male C57BL/6J mice did not reveal differences in glutamatergic transmission
in the PLC following four weeks of CIE, although differences were seen in the infralimbic
cortex (Pleil et al., 2015b). However, seven weeks of CIE plus one week of withdrawal led to
increased spine density in the PLC of mice (Varodayan et al., 2018). Adolescent alcohol
exposure can also increase spine density of long/thin spines in layer 5 pyramidal neurons of
the PLC when assessed later in adulthood in rats (Trantham-Davidson et al., 2017). We add
to this literature by demonstrating DID induced reductions in SEPSC frequency in PLC layer
2/3 pyramidal neurons of both male and female C57BL/6J mice as well as differences of
surface expression of NMDARs and AMPARs.

Alcohol has previously been shown to have profound effects on NMDAR and AMPARS in
the PLC. Holmes et al. (2012) have proposed downregulation of NMDARs in layer 2/3 of
the mPFC following CIE, similar to the work shown here. Others have shown that CIE
increases GIuN1, and subsequently alters the AMPA/NMDA ratio, in PLC layer 5 (Kroener
et al., 2012). This increase in NMDAR expression is opposite to the one we found in PLC
layer2/3, suggesting that ethanol withdrawal induces layer-specific forms of neural plasticity.
Alternatively, the relatively short term ethanol exposure that is integral to the DID protocol
used here may capture an initial downregulation of NMDARs that precedes the homeostatic-
like increase in NMDAR function seen following chronic ethanol exposure observed by
Kroener et al. Consistent with this idea, layer 2/3 neurons of the prefrontal cortex project to
layer 5 (Song et al., 2012), suggesting that neural plasticity in layer 2/3 may lead to
secondary changes in layer 5. Taken together, the literature suggests that glutamatergic
transmission in the PLC may undergo dynamic shifts in synaptic transmission dependent on
animal age, species, route of ethanol administration, and duration of exposure and
withdrawal.

While our studies focused on DID and ketamine-induced alterations in the PLC, our findings
by no means imply that plasticity is limited to this brain region. Indeed, the increase in
SEPSC, but not mEPSC recorded from Layer 2/3 glutamatergic neurons points to altered
activity of presynaptic neurons that project to the PLC from elsewhere. A similar ketamine-
induced increase in presynaptic activity has also been reported in a GABAA receptor mutant
mouse model of MDD (Ren et al 2016). Consistent with these findings, Carreno et al (2016)
have shown that optogenetic or pharmacogenetic activation of neural projections from the
ventral hippocampus to the mPFC (but not to the nucleus accumbens) mimicked the delayed
effect of ketamine in alleviating depressive-like behavior. Moreover, pharmacologic
blockade of neural activity in the ventral hippocampus blocked the behavioral effects of
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ketamine. Future experiments should address whether activation of these same projections
from the hippocampus regulate binge drinking of mice.

DID exposure was associated with reduced activity of the mTOR pathway in a sex-
independent manner, although the effect was significant only in females. Reduced mTOR
activity has previously been described in MDD (Jernigan et al., 2011), and stress based
models of MDD (Chandran et al., 2013), while increased mTOR activity is implicated in the
antidepressant mechanism of ketamine and other rapid acting experimental antidepressants
(Li et al., 2010; Tang et al., 2015; Voleti et al., 2013). Future experiments will need to
address whether ketamine also normalizes prefrontal mMTOR pathway activity in DID
exposed mice and whether blocking mTOR prevents ketamine-mediated suppression of
ethanol consumption. Experimentally addressing the latter is not trivial because blocking
mTOR in the nucleus accumbens or systemically prevents alcohol seeking and drinking also
independently of ketamine treatment (Neasta et al., 2010).

In conclusion, we have shown that binge-like ethanol exposure leads to gross perturbations
of glutamatergic transmission in the PLC and that ketamine may act as an effective
therapeutic for binge drinking in female mice. Future work should investigate the layer cell-
type specific, and circuitry specific effects of ketamine modulation of glutamate
transmission in the PFC, elucidate the mechanisms underlying sex differences of treatment
efficacy.
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HIGHLIGHTS

. Drinking in the Dark (DID) reduces surface expression of glutamate receptors
and mTOR pathway signaling in the medial prefrontal cortex and
glutamatergic synaptic inputs to pyramidal cells in layer2/3 of the prelimbic
cortex

. Ketamine prophylactically reduces binge-like ethanol consumption in female,
but not male mice.

. Ketamine normalizes glutamatergic synaptic inputs to pyramidal cells
selectively in female mice, suggesting that normalization of glutamatergic
synaptic transmission in the prelimbic cortex reverses excessive alcohol
drinking.
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Figure 1: Binge drinking reduces expression of glutamate receptors in the PLC of female, but not
male, mice.

(A) Mice were subjected to four cycles of DID or water control conditions followed by
analyses of glutamate receptor and mTOR pathway proteins in cell surface or total extracts
of the PLC (glutamate receptors) or total extracts of the mPFC (mTOR, eEF2)(Figure 1B-
0), behavior (Figure 2), or electrophysiology (Figure 3). In addition to DID exposure, this
schematic indicates that the animals analyzed in Figures 2 and 3 (but not the animals used to
collect the data in Figure 1B-O) received ketamine or saline either 3 days or 12 h before the
ethanol binge. (B-F) DID induced downregulation of cell surface NMDA and AMPARSs in
female mice. Representative western blots for GIuN1, GluA2/3 (surface and total), and actin
(total) for water exposed and DID exposed female mice (B). Female mice subjected to four
cycles of DID showed significant reductions in cell surface GIuN1-containing NMDA
receptors (C), with no change in total receptor expression (D). Female mice subjected to four
cycles of DID showed significant reductions in cell surface GluA2/3-containing AMPA
receptors (E), with no change in total receptor (F). (G-K) Unaltered expression of NMDA
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and AMPARs of DID exposed male mice. Representative western blots for GIuN1, GIuA2/3
(surface and total), and actin (total) for water and DID exposed male mice (G). Male mice
showed unaltered cell surface (H) and total (I) GluN1-containing NMDARS, or surface (J)
and total (K) GluA2/3-containing AMPARSs. (L-M) Downregulation of mTOR signaling in
mPFC of DID exposed female mice. Representative western blots for p-eEF2, total eEF2, p-
MTOR, total mMTOR, and B-tubulin (L). Female DID exposed mice showed decreased overall
mTOR pathway activity in the mPFC as compared to water controls (M) with near
significant reductions in total eEF2 /p-eEF2. (N-O) DID resulted in a similar but
insignificant trend in mTOR signaling in the mPFC of male mice. Representative western
blots for p-eEF2, total eEF2, p-mTOR, total mTOR, and B-tubulin, male mice (N). Male
DID exposed mice showed no significant reductions in mTOR pathway activity in the mPFC
as compared to water controls. Data represent means + SE. *p < 0.05, ** p < 0.01, t-tests.
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Figure 2. Ketamine prophylactically reduces binge like drinking in female, but not male mice.
(A) Saline treated male and female mice consumed similar amounts of ethanol during the

week 4/day 5 binge. (B) Female mice treated with ketamine (3 mg/kg) three days before the
binge drank less ethanol compared to mice administered saline. (C) Female mice
administered ketamine (3 mg/kg) 12 h before the binge reduced their drinking compared to
saline-injected controls. (D) Female mice were assessed for differences in ethanol-induced
loss of righting reflex (LORR) following ketamine or saline. 3 mg/kg ketamine or saline was
injected i.p. 12 h prior to 3.2 g/kg ethanol, i.p. No significant differences in recovery from
LORR were seen. (E) Female mice were subjected to two weeks of 10% sucrose drinking-
in-the-dark. Ketamine (3 mg/kg, 12 h before sucrose DID) did not alter sucrose
consumption. (F) Male mice did not show ketamine-induced changes in DID, across a
variety of timepoints and doses.
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Saline: Ketamine

ES

Figure 3. Ketamine sex-specifically normalizes defects in glutamatergic synaptic transmission of
DID exposed mice.

(A-C). Ketamine rescues DID- induced deficits in glutamatergic transmission in female
mice. (A) Representative traces of SEPSCs in the PLC of water or DID exposed female
mice, 12 h after either saline or 3 mg/kg ketamine treatment. (B) There were no significant
changes in the SEPSC amplitude across groups. (C) There was an interaction between
ethanol history and ketamine treatment on SEPSC frequency. DID mice showed a reduced
SEPSC frequency vs. water controls. When DID mice treated with ketamine were compared
to DID mice treated with water, there was a significant increase in the SEPSC frequency
back to levels of water controls. (D-F) Ketamine fails to rescue DID induced deficits in
glutamatergic transmission in male mice. (D) Representative traces of mEPSCs in the PLC
of water or DID exposed female mice, 12 h after either saline or 3mg/kg ketamine. (E) The
mEPSC amplitude was unaltered following DID. (F) mEPSC frequency was altered
following DID and ketamine treatment. (F) Ketamine reduced mEPSC frequency in DID-
exposed mice only. (G) Representative traces of SEPSCs in the PLC of water or DID
exposed male mice, 12 h after either saline or 6 mg/kg ketamine treatment. (H) There were
no significant changes in SEPSC amplitude between groups. (1) While DID-exposure
reduced the sEPSC frequency comparably to that in female mice, and ketamine reduced
SEPSC frequency in water exposed mice, ketamine did not rescue the DID induced SEPSC
frequency deficit.
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