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ABSTRACT

Glycine receptors (GlyRs) are broadly expressed in the central
nervous system. Ethanol enhances the function of brain GlyRs,
and the GlyRa1 subunit is associated with some of the behavioral
actions of ethanol, such as loss of righting reflex. The in vivo role
of GlyRa2 and a3 subunits in alcohol responses has not been
characterized despite high expression levels in the nucleus accumbens
and amygdala, areas that are important for the rewarding properties
of drugs of abuse. We used an extensive panel of behavioral tests
to examine ethanol actions in mice lacking Glra2 (the gene
encoding the glycine receptor alpha 2 subunit) or Glra3 (the gene
encoding the glycine receptor alpha 3 subunit). Deletion of Glra2 or
Glra3 alters specific ethanol-induced behaviors. Glra2 knockout
mice demonstrate reduced ethanol intake and preference in the

24-hour two-bottle choice test and increased initial aversive responses
to ethanol and lithium chloride. In contrast, Glra3 knockout mice
show increased ethanol intake and preference in the 24-hour
intermittent access test and increased development of conditioned
taste aversion to ethanol. Mutants and wild-type mice consumed
similar amounts of ethanol in the limited access drinking in the dark
test. Other ethanol effects, such as anxiolysis, motor incoordina-
tion, loss of righting reflex, and acoustic startle response, were not
altered in the mutants. The behavioral changes in mice lacking
GlyRa2 or a3 subunits were distinct from effects previously observed
in mice with knock-in mutations in the a1 subunit. We provide
evidence that GlyRa2 and a3 subunits may regulate ethanol
consumption and the aversive response to ethanol.

Introduction

Glycine receptors (GlyRs) constitute the major inhibitory
neurotransmitter receptor system in the brainstem and spinal
cord, and are also found in other parts of the central nervous
system (Betz, 1991). For example, GlyRs are broadly expressed
in brain (Lynch, 2009; Dutertre et al., 2012; Salling and Harrison,
2014) and are located extrasynaptically (Muller et al., 2008; Xu
and Gong, 2010), presynaptically (Jeong et al., 2003; Xiong et al.,
2014), and postsynaptically (Dumoulin et al., 2001), depending on
the brain region and cell type studied. GlyRs from humans
and rats contain three subtypes of « subunits («1-3) and one
B subunit (Grenningloh et al., 1990). In addition, the @4 subunit
is found in mice (Matzenbach et al., 1994) and chicks (Harvey
et al., 2000). GlyRs in adult animals consist of heteromeric a8
and homomeric « subunits (Lynch, 2009; Xiong et al., 2014).

GlyR activation enhances dopamine release in the striatum
(Yadid et al., 1993), nucleus accumbens (NAc) (Ericson et al.,
2006), and ventral tegmental area (Ye et al., 2004), thus
potentially influencing the rewarding properties of drugs of
abuse. Ethanol enhances the function of recombinant (Trudell
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et al., 2014) and native brain GlyRs (Badanich et al., 2013;
Maguire et al., 2014). The work of Badanich et al. (2013)
emphasized a selective effect of GlyRs in ethanol action in
lateral orbitofrontal cortex neurons. Surprisingly, GABAA
receptors made no contribution to the inhibitory effects of
ethanol, and there was only a minor role for glutamate receptors;
instead, most of the inhibition was due to enhancement of GlyR
function. Some of the behavioral effects of ethanol are also likely
due to enhancement of GlyR function because glycine micro-
dialysis into the NAc increases extracellular dopamine and
decreases ethanol consumption in a strychnine-sensitive man-
ner (Molander et al., 2005). Microdialysis of strychnine also
blocks tetrahydrocannabinol- and nicotine-induced dopamine
increases in the NAc, indicating that accumbal GlyRs are
involved in the actions of these drugs, but are not involved in
cocaine or morphine actions (Jonsson et al., 2014). The alcohol
use disorder therapeutic, acamprosate, was also shown to interact
with GlyRs in the NAc to reduce dopamine release and ethanol
consumption (Chau et al., 2010).

Other behavioral studies have further implicated GlyRs
in alcohol actions. Ethanol-induced loss of righting reflex
(LORR) in mice is augmented by the intracerebroventricular
administration of glycine or its precursor serine (Williams
et al., 1995), and these effects were blocked by strychnine
(Ye et al., 2009). The hypnotic effects of ethanol were altered
in spastic and spasmodic mice bearing dysfunctional GlyRa1l

ABBREVIATIONS: CPP, conditioned place preference; Cq, quantitation cycle; CTA, conditioned taste aversion; DID, drinking in the dark; GlyR,
glycine receptor; HIC, handling-induced convulsion; KO, knockout; LORR, loss of righting reflex; NAc, nucleus accumbens; RT, reverse

transcriptase; WT, wild-type.
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subunits (Quinlan et al., 2002). Studies using transgenic mice
expressing a mutation (S267Q) in GlyRa1 subunits (Findlay et al.,
2002), as well as heterozygous knock-in mice with mutations
(Q2661, M287L, or D80A) in the al subunit, demonstrated
changes in ethanol-induced incoordination and LORR (Blednov
et al., 2012; McCracken et al., 2013a). Furthermore, knock-in
mice with a mutation that reduces ethanol sensitivity of the
GlyRa1 subunit show reduced duration of the LORR produced
by ethanol (Aguayo et al., 2014).

Our understanding of alcohol action on GlyRs in vivo is
based largely on studies of the a1 subunit, although o2 and a3
subunits are more abundantly expressed in some brain areas
considered to be important for alcohol-related behaviors (Jonsson
et al., 2009, 2012). For example, in the amygdala and NAc,
GlyRa2 and a3 subunits show equal or greater expression
compared with a1 (Jonsson et al., 2009, 2012; Delaney et al.,
2010). GlyRs expressed in the spinal cord are predominantly
alpB heteromers, whereas brain GlyRs, including those
expressed in reward-related pathways, contain populations of
a2 or a3 homomeric receptors (Muller et al., 2008; Eichler et al.,
2009; Adermark et al., 2011; Chen et al., 2011; Weltzien et al.,
2012). Furthermore, a human genetic linkage study in African
Americans identified GLRA3 (which encodes the human glycine
receptor alpha 3 subunit) as a candidate gene in alcohol
dependence (Han et al.,, 2013). Based on this evidence, we
examined the behavioral actions of ethanol in mutant mice
lacking Glra2 (the gene encoding the glycine receptor alpha 2
subunit) or Glra3 (the gene encoding the glycine receptor alpha
3 subunit).

Materials and Methods

Animals. Generation of Glra2 (B6;129S4-Gira2"™“/J) knockout
(KO) mice was described earlier (Young-Pearse et al., 2006). Breeding
pairs were provided by M. McCall (University of Louisville, Louisville,
KY). Because Glra2 is located on the X-chromosome, all behavioral
analyses were performed on hemizygous (—/Y) and wild-type (WT) (+/+)
male littermates generated from crosses between hemizygous and WT
animals. Generation of Glra3 (B6;1290laHsd-Glra3™"1V"%/J) KO mice
was described earlier (Harvey et al., 2004). Breeding pairs were provided
by H. Betz (Max Planck Institute for Brain Research, Frankfurt,
Germany). Both colonies were backcrossed twice on a C57BL/6J genetic
background. All behavioral analyses were performed on homozygous or
hemizygous KO mice and WT littermates generated from crosses
between heterozygous animals. Two different 129 substrains were used
to generate the KO mice, which may account for the slightly different
ethanol responses that we observed in WT mice from the two strains.
Although we performed two backcrosses on a C57BL/6J background, the
parental 129 strain genotype could still influence behaviors. However, all
KO mice were analyzed with their WT counterparts, thus controlling for
differences in genetic background between WT and corresponding KO
mice. After weaning, mice were housed in the Animal Resources Center
at University of Texas with ad libitum access to rodent chow and water
with 12-hour light/dark cycles (lights on at 7:00 AM). Male mice between
8 and 12 weeks of age were used. Each mouse was used for one
experiment, and all mice were ethanol-naive at the start of each study.
All experiments were approved by the Institutional Animal Care and
Use Committee at The University of Texas (#AUP 2013-00061) and
were conducted in accordance with National Institutes of Health
guidelines regarding the care and use of animals in research.

Ethanol Preference Drinking, 24-Hour Access. A two-bottle
choice protocol was carried out as previously described (Blednov et al.,
2003). Briefly, mice were allowed to acclimate for 1 week to individual
housing. Two drinking bottles were continuously available to each
mouse, and bottles were weighed daily. One bottle always contained

water. Food was available ad libitum, and mice were weighed every
4 days. After 4 days of water consumption (both bottles), mice were
offered 3% ethanol (v/v) versus water for 4 days. Bottle positions were
changed daily to control for position preferences. The quantity of
ethanol consumed (g/kg body weight per 24 hours) was calculated for
each mouse, and these values were averaged for each concentration of
ethanol. Immediately following 3% ethanol, a choice between 6% (v/v)
ethanol and water was offered for 4 days, followed by 9, 12, and finally
15% (v/v) ethanol, with each concentration being offered for 4 days.
Throughout the experiment, evaporation/spillage estimates were calcu-
lated daily from two bottles placed in an empty cage; one bottle contained
water, and the other contained the appropriate ethanol solution.

Preference for Nonalcohol Tastants, 24-Hour Access. WT or
KO mice were also tested for saccharin and quinine consumption
using a two-bottle choice protocol. One tube always contained water,
and the other contained the tastant solution. Mice were offered
saccharin (0.033 and 0.066%) and quinine hemisulfate (0.03 and 0.06 mM),
and intakes were calculated. Each concentration was offered for 4
days, and bottle positions were changed daily. For each tastant, the
low concentration was always presented first, followed by the higher
concentration. Between tastant testing, mice had access to two bottles
of water for 2 weeks.

Ethanol Drinking: 24-Hour Access Every Other Day (In-
termittent Drinking). Intermittent (every other day) access to
ethanol increases voluntary ethanol consumption in rats (Wise, 1973;
Simms et al., 2008) and mice (Melendez, 2011). We assessed ethanol
consumption using intermittent access to 15% and 20% ethanol. Mice
were given access to one bottle of ethanol and one bottle of water
during 24-hour sessions every other day. The placement of the ethanol
bottle was alternated with each drinking session to control for side
preferences. The quantity of ethanol consumed was calculated as g/kg
body weight per 24 hours.

Ethanol Drinking: Limited Access Drinking in the Dark
Phase (One-Bottle Drinking in the Dark). The limited access
drinking test produces pharmacologically significant levels of ethanol
in the blood (Rhodes et al., 2005). Beginning 3 hours after lights off,
water bottles were replaced with bottles containing a 15% ethanol
solution. The ethanol bottles remained in place for either 2 (first
3 days) or 4 hours (day 4) and then were replaced with water bottles.
Other than these short periods of ethanol drinking, mice had
unlimited access to water. The ethanol bottles were weighed before
placement and after removal of the bottles from each experimental
cage. The quantity of ethanol consumed was calculated as g/kg body
weight per 2 or 4 hours.

Loss of Righting Reflex. Sensitivity to the depressant effects
of ethanol (3.6 g/kg) and other drugs (225 mg/kg flurazepam and
175 mg/kg ketamine) was determined using the standard duration of
LORR (sleep time) test in mice. When mice became ataxic, they were
placed in the supine position in V-shaped plastic troughs until they
were able to right themselves three times within 30 seconds. Sleep
time was defined as the time from being placed in the supine position
until the righting reflex was regained.

Conditioned Taste Aversion. Mice were adapted to a water-
restriction schedule (2 hours of water per day) over a 7-day period. At
48-hour intervals over the next days (days 1, 3,5, 7,9, and 11), all mice
received 1-hour access to a solution of saccharin (0.15% w/v sodium
saccharin in tap water). Immediately after 1-hour access to saccharin,
mice received repeated injections of saline or 2.5 g/kg ethanol (days 1,
3,5,7,9, and 11). In separate experiments, 6 or 10 mEq/kg lithium
chloride (LiCl) was used instead of ethanol. All mice received 30-minute
access to tap water 5 hours after each saccharin-access period to
prevent dehydration (days 1, 3, 5, 7, 9, and 11). On intervening days,
mice had 2-hour continuous access to water at standard times in the
morning (days 2, 4, 6, 8, and 10). Reduced consumption of the saccharin
solution is used as a measure of conditioned taste aversion (CTA).

Conditioned Place Preference. The conditioned place prefer-
ence (CPP) protocol was carried out, as previously described (Blednov
et al., 2003). Four identical acrylic boxes (30 x 15 x 15 cm) were



separately enclosed in ventilated, light-, and sound-attenuating cham-
bers (Med Associates, St. Albans, VT). Each box has two compartments
separated by a wall with a door. The compartments each have a different
type of floor (bars set in a grid or small round holes). Infrared light
sources and photodetectors were mounted opposite each other at 2.5-cm
intervals along the length of each box, 2.2 cm above the floor. Occlusion
of the infrared light beams was used to measure general activity and
location of the animal (left or right compartment) within the box. Total
activity counts and location of the animal within the box were recorded by
computer. The floors and the inside of the boxes were wiped with water,
and the litter paper beneath the floors was changed between animals.
The main principles of the CPP procedure were described previously
(Cunningham et al., 1993). Briefly, the place-conditioning study involved
one habituation session, eight conditioning sessions, and one test session.
No pretest sessions were used. A 2-day weekend break occurred between
the first four and last four conditioning sessions. For the habituation
session, mice were injected with saline immediately before being placed
in the conditioning box containing a smooth metal plate covering the
floor for 30 minutes. During the habituation session, both compart-
ments were available to the mice. The purpose of the habituation
session was to reduce the stress associated with the novelty of the
experimental procedure and exposure to the apparatus. Mice were not
exposed to the distinctive floor textures to avoid latent inhibition. For
conditioning, mice from the saline group were randomly assigned to one
of two conditioning subgroups, floors with holes or bars, and were exposed
to a Pavlovian differential conditioning procedure. On alternating days,
one group received an injection of ethanol (2 g/kg i.p.) immediately before
a 5-minute session on the bar floor (conditioned stimulus sessions). On
intervening days, these mice received saline immediately before exposure
to the floor with holes (unconditioned stimulus sessions). Conversely, the
other group received ethanol paired with the floor with holes and saline
paired with the bar floor. During conditioning trials, all mice had access
to only one of the two compartments of the apparatus. The 2 g/kg dose of
ethanol was chosen because it produces a strong preference for the paired
tactile stimuli (Chester and Cunningham, 1998). The 5-minute session
duration was used because it produces a stronger ethanol-induced CPP
compared with longer sessions. For the 30-minute test session, all mice
received saline. Both compartments of each box were available for
exploration during the test session.

Ethanol-Induced Acute Withdrawal. Mice were scored for handling-
induced convulsion (HIC) severity 30 minutes before and immediately
before ethanol administration, and the predrug baseline scores were
averaged. Ethanol (4 g/kg) in saline was injected intraperitoneally, and
the HIC score was tested every hour until the HIC level reached
baseline. Acute withdrawal was quantified as the area under the curve
but above the predrug baseline level (Crabbe et al., 1991). Briefly, each
mouse is picked up gently by the tail and, if necessary, gently rotated
180°, and the HIC is scored as follows: 5, tonic-clonic convulsion when
lifted; 4, tonic convulsion when lifted; 3, tonic-clonic convulsion after
a gentle spin; 2, no convulsion when lifted, but tonic convulsion elicited
by a gentle spin; 1, facial grimace only after a gentle spin; and 0, no
convulsion when lifted and after a gentle spin.

Rotarod. Mice were trained on a fixed speed Economex rotarod
(Columbus Instruments, Columbus, OH; rod speed, 5 rpm), and training
was considered complete when mice were able to remain on the rotarod
for 60 seconds. Every 15 minutes after injection of ethanol (2 g/kg i.p.),
the mouse was placed back on the rotarod and latency to fall was
measured until the mouse was able to stay on the rotarod for 60 seconds.

Startle Reflex. Acoustic startle responses were measured using
SR-LAB test stations and software (San Diego Instruments, San
Diego, CA). Startle responses were recorded, as described previously
(Findlay et al., 2003). Test sessions began by placing the mouse in the
Plexiglas holding cylinder for a 5-minute acclimation period. Over the
next 8 minutes, mice were presented with each of seven trial types
across five discrete blocks of trials for a total of 35 trials. The intertrial
interval was 10-20 seconds. One trial measured the response to no
stimulus (baseline movement). The other six trials measured the
response to a startle stimulus alone, consisting of a 40-millisecond
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sound burst of 90, 95, 100, 105, 110, or 115 dB. Startle amplitude was
measured every 1 millisecond over a 65-millisecond period beginning
at the onset of the startle stimulus. The six trial types were presented
in pseudorandom order such that each type was presented once
within a block of six trials. The maximum startle amplitude (Vy,,,)
over this sampling period was taken as the dependent variable.
A background noise level of 70 dB was maintained over the duration
of the test session.

Elevated Plus Maze. Mice were evaluated for basal anxiety-
related behaviors as well as ethanol-induced anxiolysis using the
elevated plus maze, as described previously (Blednov et al., 2001).
Mice were transported to the testing room 1 day before testing.
Testing occurred between 10 and 12 AM under ambient room light.
Mice were weighed and injected with ethanol (1.25 g/kg i.p.) or saline
10 minutes before testing. Each mouse was placed on the central
platform of the maze facing an open arm. Mice were allowed to freely
explore the maze for 5 minutes during which the following measure-
ments were manually recorded: number of open arm entries, number
of closed arm entries, total number of entries, time spent in open
arms, and time spent in closed arms. A mouse was considered to be on
the central platform or any arm when all four paws were within its
perimeter.

Ethanol Clearance. Animals were given a single dose of ethanol
(4 g/lkgi.p.), and blood samples were taken from the retro-orbital sinus
30, 60, 120, 180, and 240 minutes after injection. Blood ethanol con-
centration was determined spectrophotometrically using an enzyme
assay (Lundquist, 1959).

Quantitative Reverse-Transcription Polymerase Chain Re-
action Measurement of Glral and Glra3 mRNA. Prefrontal
cortex from WT and Glra2 KO mice (n = 17 for each genotype) and
striatum from 20 WT and 18 Gira2 KO mice were dissected, flash-
frozen in liquid N, and stored at —80°C. Total RNA was isolated
using the MagMax-96 for microarrays kit (Ambion, Austin, TX). RNA
concentration and purity were determined by UV spectrometry
(Nanodrop; Thermo Scientific, Wilmington, DE), and overall RNA
integrity was assessed using a 2200 TapeStation (Agilent Technolo-
gies, Santa Clara, CA). Each RNA sample was reverse transcribed
into ¢cDNA using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA), and control reactions without
reverse transcriptase (RT) were included. Quantitative polymerase
chain reaction was performed in triplicate for 60 ng of each cDNA using
SsoAdvanced Universal Probes Supermix, according to manufacturer’s
instructions (Bio-Rad, Hercules, CA). 6-Fluorescein amidite—labeled
TagMan Gene Expression Assays (Applied Biosystems) were used to
amplify Glral (MmO00445061_m1), Glra3 (MmO00475507_m1), and Gusb
(MmO01197698_m1 or Mm03003537_s1). RNA samples were evalu-
ated for the presence of genomic DNA by comparing Gusb (sl assay)
Cq (quantitation cycle) values from RT" and RT ™ reactions. Quantitative
reverse-transcription polymerase chain reaction results were imported
into qBase™ software, version 2.5 (Biogazelle, Gent, Belgium), in which
the single-threshold Cq determination and AA cycle threshold methods
were used (Hellemans et al.,, 2007). Data were normalized to the
reference gene Gusb, which demonstrated minimal variation among
mean sample Cq values (range of 0.62 for prefrontal cortex and 0.92
for striatum). WT and KO groups were compared using a two-sided
corrected Mann—Whitney test.

Drug Injection. All injectable ethanol (Aaper Alcohol and Chem-
ical, Shelbyville, KY) solutions were prepared in 0.9% saline (20%, v/v)
and injected intraperitoneally. Flurazepam (Sigma-Aldrich, St. Louis,
MO; 225 mg/kg i.p.) and ketamine (Sigma-Aldrich; 150 mg/kg i.p.)
solutions were dissolved in 0.9% saline and injected at 0.01 ml/g body
weight. LiCl (Sigma-Aldrich) was freshly prepared in water and
injected intraperitoneally at 6 or 10 mE/kg (0.01 ml/g body weight).

Statistical Analysis. Values are reported as the mean = S.E.M.
The statistics software program GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA) was used. Analysis of variance (two-way analysis
of variance followed by Bonferroni post hoc tests) and Student’s ¢ tests
were carried out to evaluate differences between groups.



184

Blednov et al.

Results

Ethanol Consumption. In a two-bottle free-choice para-
digm in which mice could drink either water or a series of
increasing ethanol concentrations, mice lacking Glra2 consumed
less ethanol and showed lower preference compared with WT
mice (Fig. 1, A and B, statistical analysis in Supplemental
Table 1). Deletion of Glra3 did not alter ethanol consumption or
preference in this test (Fig. 1, D and E). Neither mutation
affected total fluid intake (Fig. 1, C and F). No differences
between preference for sweet solutions of saccharin or avoidance
of bitter solutions of quinine were found in the mutant mice
(Supplemental Fig. 1; statistical analysis in Supplemental
Table 2).

In the two-bottle choice test with intermittent access to
ethanol in which mice could drink solutions containing high
concentrations of ethanol, deletion of Gira2 did not alter
ethanol consumption or preference (Fig. 2, A-C; statistical
analysis in Supplemental Table 3). In contrast, mice lacking
Glra3 consumed more ethanol (F;27; = 4.3, P < 0.05) and

showed greater preference (F; 27 = 7.7, P < 0.05) than WT for
15% ethanol (Fig. 2, D and E; statistical analysis in Supplemen-
tal Table 3). Although these mice did not consume significantly
more of the 20% ethanol solution, they did show greater preference
(F127 = 4.2, P < 0.05). Gira3 KO mice consumed significantly less
fluid than WT (Fig. 2F). However, despite their differences, KO
and WT mice from both colonies showed escalation of ethanol
consumption with increased intake and preference over time
(statistical analysis in Supplemental Table 3).

In the drinking in the dark (DID) limited access test,
mutant mice did not differ from WT in consumption of 15%
ethanol after 2 or 4 hours (Fig. 3).

Conditioned Taste Aversion. To normalize initial fluc-
tuations in saccharin intake, intake was calculated as a per-
centage of the trial 0 consumption for each subject by dividing
the amount of saccharin solution consumed on subsequent
conditioning trials by the amount of saccharin solution
consumed in trial 0 (before conditioning). Ethanol-saccharin
pairings reduced saccharin intake across trials compared with
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saline-saccharin pairings, indicating the development of CTA
in both Glra2(—/Y) and Glra3(—/—) mice and in WT (Fig. 4, A
and C; statistical analysis in Supplemental Tables 4 and 5).
No differences were found between ethanol-treated groups of
WT or Glra2(—/Y) mice or between saline-treated groups of
WT and mutant strains. However, Gira3(—/—) mice de-
veloped greater CTA following ethanol treatment compared
with WT (Fig. 4C). Comparison of the initial response to
ethanol (changes in saccharin intake after the first injection of
ethanol) showed greater reduction of saccharin intake in
Glra2(—/Y) compared with WT mice (F; g6 = 12.8, P < 0.001,
effect of treatment and F; g6 = 4.6, P < 0.05, genotype x
treatment interaction) (Fig. 4B). No differences in the initial
response to ethanol were found between Glra3(—/—) and WT
mice (Fig. 4D).

We then determined whether the greater CTA for ethanol
would generalize to another aversive drug. LiCl-saccharin
pairings reduced saccharin intake across trials compared with

saline-saccharin pairings, indicating the development of
CTA in both Glra2(—/Y) and Glra3(—/—) as well as in WT
mice (Fig. 5, A and C; statistical analyses in Supplemental
Tables 6-8). No differences were found between LiCl-treated
(6 mEq/kg) groups of WT and mutant mice or between saline-
treated groups of WT and mutants. However, after adminis-
tration of LiCl at 10 mEq/kg, Glra3(—/—) mice showed weaker
CTA compared with WT. Comparison of the initial response
to LiCl (changes in saccharin intake after the first injection
of LiCl) showed stronger reduction of saccharin intake in
Glra2(—/Y) mice compared with WT (F 3, = 11.7, P < 0.01,
effect of treatment) (Fig. 5B). The initial response to LiCl in
Glra3(—/—) was dose-dependent (Fy55 = 10.1, P < 0.001, effect
of treatment), but no differences between KO and WT mice
were observed (Fig. 5D).

Conditioned Place Preference. Following control saline
injections, both Glra2(—/Y) and WT mice spent less time
on the bar floor than on the floor with round holes (F g = 22.9,
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Fig. 3. Lack of Gira2 or Glra3 did not alter ethanol consumption in the
one-bottle drinking in the dark test (limited access to ethanol). (A) Male
Glra2(—/Y) and WT mice (n = 10 for each genotype). Ethanol consumption
for days 1-3 (g/kg per 2 hours) and day 4 (g/kg per 4 hours). (B) Male Glra3
(—=/—) and WT mice (n = 8 for each genotype). Ethanol consumption for days
1-3 (g/kg per 2 hours) and day 4 (g/kg per 4 hours). Values represent mean *
S.E.M. Data were analyzed by two-way repeated measures analysis of
variance (days 1-3) or Student’s ¢ test (day 4). EtOH, 15% ethanol.

P < 0.001, main effect of floor; Fig. 6A). However, both Glra3
(—/—-) and WT mice strongly preferred the bar floor compared
with the floor with holes (F; 20 = 179, P < 0.001, main effect of
floor; Fig. 6C). Because of this preference, ethanol was paired
with the floor containing bars in Glra2(—/Y) and WT mice,
whereas ethanol was paired with the floor containing holes in
Glra3(—/—) and WT mice. For the Glra2(—/Y) colony, mice of
both genotypes spent more time on the bar floor when it was
paired with ethanol than when paired with saline, reflecting
development of CPP (F; 74 = 19.1, P < 0.001, main effect of
treatment). Post hoc analysis showed increased time spent on
the bar floor for male mice of both genotypes [P < 0.001 for WT

and P < 0.05 for Glra2(—/Y) mice]. This increase was also
modestly dependent on genotype (FFy 74 = 6.8, P < 0.05, main
effect of genotype; Fig. 6B). For the Glra3(—/—) colony, mice
of both genotypes spent more time on the floor with holes when
it was paired with ethanol than when paired with saline,
reflecting development of CPP (F; 93 = 17.1, P < 0.001, main
effect of treatment). Post hoc analysis showed increased time
spent on the bar floor for male mice of both genotypes [P < 0.05
for WT and P < 0.01 for Gira3(—/ —) mice]. However, there was
no difference in development of place conditioning between the
genotypes (Fig. 6D).

Anxiety-Related Behavior. In the plus-maze, locomotor
activity was assessed by number of total entries and number
of entries into the closed arms, whereas anxiety-related
behavior was measured by time in the open arms and the
percentage of time spent in open arm entries after injection of
saline or ethanol. In both colonies, ethanol affected time in the
open arms and the percentage of time spent in open arms
(main effect of treatment: Fy 16 = 22.5, P < 0.001 for Glra2
KO mice and F; 36 = 31.4, P < 0.001 for Gira3 KO mice)
(Supplemental Figs. 2 and 3, A and B) as well as the number of
entries into the open arms or percentage of open arm entries
(main effect of treatment: F; 14 = 8.7, P < 0.01 for Glra2 KO
and Fy 36 = 23.7, P < 0.001 for Glra3 KO mice) (Supplemental
Figs. 2 and 3, C and D). However, no genotype-dependent
differences were found. The number of total entries (Fy 16 =
11.8, P < 0.01, main effect of genotype; F'; 16 = 25.3, P < 0.001,
main effect of treatment) and number of closed arm entries
(F116 = 9.6, P < 0.01, main effect of genotype) were sig-
nificantly higher in Glra2(—/Y) compared with WT mice, and
both parameters increased after injection ethanol (F 16 = 56.4,
P < 0.001, main effect of treatment; Supplemental Fig. 2, E and
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F). No differences in number of entries (total and closed arms)
were found between Gira3(—/—) mice and WT (Supplemental
Fig. 3, E and F). However, ethanol increased the number of
total entries (F; 36 = 37.9, P < 0.001, main effect of treatment)
but not the number of entries into the closed arms in both
Glra3(—/—) and WT mice (Supplemental Fig. 3, E and F).
Glra2(—/Y) spent more time in the center of the maze than WT
mice (FF1,16 = 8.6, P < 0.01, main effect of genotype; F'; 16 = 17.1,
P < 0.001, genotype x treatment interaction; Supplemental
Fig. 2G), whereas no effect of genotype or ethanol treatment
was found in Gira3(—/—) mice (Supplemental Fig. 3G).

Startle Reflex, Motor Incoordination, Acute Withdrawal,
and LORR. Changes in the function of GlyRs containing
al subunits are often accompanied by changes in acoustic
startle response, effects of ethanol and other sedative drugs on
LORR, and effects of ethanol on motor incoordination and
severity of ethanol-induced acute withdrawal (Quinlan et al.,
2002; Findlay et al., 2003; Blednov et al., 2012; McCracken et al.,
2013a). We next examined some of these behaviors in mice
lacking Glra2 or Glra3.

Startle response was dependent on sound intensity but
not genotype [Fy 45 = 19.4, P < 0.001, effect of treatment of
Glra2(—/Y) mice; F4 4= 97.9, P < 0.001, effect of treatment of
Glra3(—/—) mice; Supplemental Fig. 4]. No differences in
duration of LORR or latency to LORR between mutant and
WT mice were found for ethanol, flurazepam, or ketamine
(Table 1). Acute administration of ethanol (2 g/kg) produced
motor incoordination in both genotypes, and KO mice showed
arecovery similar to WT [Fg 7o = 106, P < 0.001, effect of time
for Glra2(—/Y) mice; Fggo = 108, P < 0.001, effect of time for
Glra3(—/—) mice; Supplemental Fig. 5].

A single ethanol dose of 4 g/kg suppressed basal HIC in both
KO and WT mice for about 5 hours, followed by increased HIC

(Supplemental Fig. 6, A and C). KO and WT mice did not differ
in basal levels of HIC. Animals of both genotypes demonstrated
signs of withdrawal (HIC scores higher than the basal level).
However, there were no differences in the area under the curve
and above the basal level during withdrawal for Glra2(—/Y)
(1.68 = 0.36 and 1.47 = 0.26 for WT and mutant mice, re-
spectively) or Glra3(—/—) (2.05 = 0.48 and 1.86 = 0.36 for WT
and mutant mice, respectively) (Supplemental Fig. 6, B and D).

Ethanol Clearance. KO mice did not differ in blood ethanol
clearance (4 g/kg) compared with their corresponding WT. The
slopes for Glra2 KO and WT mice were —51.2 + 4.3 and —46.5 +
4.6, respectively; the slopes for Gira3 KO and WT were —77.9 =
1.3 and —71.7 = 3.4, respectively (Supplemental Fig. 7).

mRNA Levels in Brain Regions of Mice Lacking
Glra2. We compared the levels of Glral and Glra3 mRNAs in
prefrontal cortex and striatum in WT and Glra2 KO mice.
mRNA levels did not differ between WT and Glra2 KO mice in
these regions. The ratios of prefrontal cortex mRNA levels
(WT/KO) were 1.01 and 1.06 for Giral and Glra3, respec-
tively. The ratios of striatum mRNA levels (WT/KO) were 1.00
and 1.02 for Glral and Glra3, respectively.

Discussion

Behavioral studies of ethanol and GlyRs have focused on
knock-in mouse lines containing GlyRa1l mutations or on treat-
ments that are not selective for GlyR subunits. The in vivo role
of GlyRa2 and a3 subunits in alcohol responses has not been
characterized despite their high levels of expression in reward-
related pathways in the brain. We provide evidence that deletion
of Glra2 or Glra3 alters specific ethanol-induced behaviors
(see Table 2 for summary of phenotypes). The major changes
produced by Glra2 deletion were reduced ethanol intake and
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Fig. 6. Ethanol-induced conditioned place preference in Glra2(—/Y) and
Glra3(—/—) mice. (A) The percentage of time spent on different floor types
for male Glra2(—/Y) and WT mice (n = 16-19 per genotype). (B) Preference
test in male Glra2(—/Y) and WT mice (n = 16-23 per group and genotype).
Values represent the percentage of time spent on the less preferred bar
floor after saline or ethanol injection. (C) The percentage of time spent on
different floor types for male Glra3(—/—) and WT mice (n = 6 per genotype).
(D) Preference test in male Glra3(—/—) and WT mice (n = 6-8 per group and
genotype). Values represent the percentage of time spent on the less
preferred floor with holes after saline or ethanol injection. Values represent
mean = S.E.M. Data were analyzed by two-way analysis of variance,
followed by Bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001
versus saline group of corresponding genotype). EtOH, 2 g/kg ethanol.

preference in the 24-hour two-bottle choice test and increased
initial aversive responses to ethanol and LiCl. The two-bottle
choice test is considered the hallmark for voluntary drinking in

TABLE 1

animal models (Wahlsten et al., 2006) and is correlated with
other measures of alcohol reinforcement (Green and Grahame,
2008). It is important to use an animal model in which there is
voluntary access to alcohol, which induces specific changes in
gene expression that cannot be mimicked by forced injection of
the drug (Spanagel, 2003). Ethanol intake and preference in the
two-bottle choice test were reduced in Glra2 KO mice only,
indicating that activation of GlyRa2 subunits may help promote
chronic ethanol drinking. There were no differences among the
mutant and WT mice during the DID test, which is a model of
binge-like drinking. However, mouse lines selected for high
ethanol consumption during DID demonstrated altered gene
coexpression networks (in the absence of ethanol exposure), and
Glra2 was one of the genes found to have significant changes in
connectivity (Iancu et al., 2013).

Mice lacking Glra3 increased ethanol intake and preference
in the 24-hour intermittent access test, but also showed
stronger development of CTA to ethanol. Other ethanol effects,
such as anxiolysis, motor incoordination, LORR, acoustic startle
response, and ethanol clearance, were not altered in the
mutants. LORR induced by flurazepam or ketamine was also
not changed. There was a slightly lower level of ethanol-induced
CPP in Glra2 KO mice. The ethanol sensitivity of homomeric
GlyRa2 or a3 subunits is similar (McCracken et al., 2013b),
suggesting that regional or cell-type differences in receptor
expression may account for the different in vivo ethanol
responses that we observed in the KO strains.

Overall, behavioral changes in mice lacking GlyRa2 or a3
subunits were distinct from the effects observed in mice with
mutations in the al subunit. Mutations in GlyRal often
result in a dramatic increase in the startle response (Harvey
et al., 2008) and can affect other neurotransmitter systems
such as GABA,, N-methyl-D-aspartate, or nicotinic acetylcho-
line (Quinlan et al., 2002; Blednov et al., 2012). Mutations in
the GlyRal subunit that prevent G protein and ethanol
modulation reduce the duration of LORR and increase the
locomotor-stimulating actions without changing ethanol-induced
ataxia (Aguayo et al., 2014). Thus, it appears that the GlyRa1
subunit regulates ethanol-induced motor activity and sedation.
The current results suggest that receptors containing the GlyRa2
subunit may be important for promoting ethanol consumption
(Table 2). It is interesting to note that an inhibitor of glycine
transporter-1 was not effective in preventing alcohol relapse in
humans (de Bejezy et al., 2014). Based on our study, a selective
inhibitor of receptors containing GlyRa2 subunits might be more
effective in reducing alcohol consumption.

Effects of GlyR deletion on the LORR produced by ethanol and other sedative drugs

Drugs were injected intraperitoneally. Values represent mean + S.E.M.

Glra2 Glra3
Drugs LORR
+/Y) (=/Y) (+/+) (=/-)
dose min
Ethanol (3.6 g/kg) Duration 455 = 2.64 434 *3.06 59.0=0.78 599 * 3.48
n =10 n =10 n==6 n==6
Latency 1.92 + 0.08 2.11 = 0.20 1.86 = 0.13 2.20 + 2.21
Flurazepam (225 mg/kg)  Duration  99.1 + 4.82 96.0 = 1.48 96.1 + 6.85 945 + 7.24
n=4 n=>5 n=4 n=>5
Latency 4.82 = 0.09 4.66 = 0.17 9.35 = 1.12 8.66 + 1.25
Ketamine (175 mg/kg) Duration 39.1 = 0.90 38.3 £ 0.53 40.9 + 0.63 39.8 + 0.64
n=>5 n=5 n=4 n=4
Latency 1.34 = 0.14 1.37 £ 0.11 0.87 = 0.13 0.87 = 0.21




TABLE 2

GlyRa2 and a3 Subunits and Alcohol 189

Summary of the behavioral effects of ethanol and other drugs in mutant mice

Results from Glral knock-in mice were taken from (Blednov et al., 2012).

Glra2(-1Y) Glra3(—=/-) Glral [Q266]] Glral [M287L]
Test Drug
Males Males Males Males
Startle reflex None = = T 1
LORR Ethanol = = 1 1
LORR Ketamine = = 1 1
LORR Flurazepam = = " T
Acute withdrawal Ethanol = = = 1
Two-bottle choice (ethanol 3-15%) Ethanol (g/kg per 24 hours) l = = =
Preference l = l 1
Fluid Intake (g/kg per 24 hours) l = 1 1
Two-bottle choice (saccharin) Preference = = 1 =
Fluid Intake (g/kg per 24 hours) l 1 1 =
Two-bottle choice (quinine) Preference = = = 1
Fluid Intake (g/kg per 24 hours) l = 1 =
Two-bottle choice: Intermittent (15%) Ethanol (g/kg per 24 hours) = 1 na na
Preference = 1 na na
Fluid Intake (g/kg per 24 hours) = l na na
One-bottle DID (15%) Ethanol (g/kg per 2 hours) = = = =
Ethanol (g/kg per 4 hours) = = = =
Rotarod (recovery) Ethanol = = - =
CTA (ethanol 2.5 g/kg) Initial 1 = = =
Residual = 1 = 1
CTA (LiCl 6 mEq/kg) Initial 1 = na na
Residual = = na na
CTA (LiCl 10 mEq/kg) Initial na = na na
Residual na 1 na na
CPP Ethanol 1 = na na
Clearance Ethanol = = = =
Anxiety (elevated plus-maze) Ethanol = = na na

=, no difference between mutant and WT mice; increased (1, 11) or decreased (]) behavior in mutant compared with WT mice; na, not available.

KO of GlyRa2 subunits could be expected to increase levels
of other GlyR subunits. Although levels of mRNAs coding for
GlyRal and GlyRa3 were not altered, we only measured
expression in prefrontal cortex and striatum, and cannot rule
out the possibility that these (or other subunits) might be altered
in select brain regions. Previous studies provide compelling
evidence that GlyR-mediated activation in NAc, which expresses
a1-3 subunits, reduces ethanol intake (Molander et al., 2005,
2007). The unexpected reduced ethanol consumption in Gira2
KO mice might thus be due to a role of a2 subunits in other
brain regions that are normally important for promoting alcohol
consumption.

As mentioned, altered gene coexpression networks were
found in mouse lines bred for high levels of DID, and Glira2
was one of the genes showing significant changes in connectivity
(Iancu et al., 2013). This study highlights the role of gene
networks rather than differential expression of individual
transcripts in the propensity for ethanol drinking and further
supports the importance of the GlyRa2 subunit in ethanol
drinking and preference. The lack of effect on DID in mice
lacking GlyRa2 subunits may indicate the importance of
associated gene networks rather than changes in individual
mRNAs.

CTA is a valuable test for the formation of long-term
nondeclarative memory (Rosenblum et al., 1997). CTA pro-
duced by drugs such as LiCl, as well as recreationally used
drugs (Hunt and Amit, 1987), reflects negative hedonic effects
(Garcia et al., 1974). There is a negative correlation between
development of CTA (initial response after the first injection of
ethanol) and ethanol intake and preference in the two-bottle
choice test (Broadbent et al., 2002). In our study, CTA was
altered in both mutants. The initial reduction of saccharin

intake after injection of ethanol differed in mice lacking Gira2,
but not Glra3. This is consistent with our finding that reduction
of ethanol intake in the two-bottle choice test in mice lacking
Glra2 was accompanied by an increased initial aversive response
to ethanol in the CTA test. However, no correlation between
ethanol intake and ethanol-induced CTA was found when
residuals (averages from last trials) were used as an index of
CTA (Risinger and Cunningham, 1998). This may explain
why the absence of changes in ethanol consumption in the
two-bottle choice continuous test in mice lacking Glra3 may be
accompanied by development of greater CTA.

Glra3 KO mice demonstrate increased ethanol intake and
preference, yet develop stronger CTA during intermittent
access to ethanol. In this drinking test, mice demonstrate the
ability to adapt (learn) to consume a high, initially aversive
concentration of ethanol. Considering that CTA can be a test
for long-term memory, the stronger ethanol aversion in these
mice may reflect enhanced ability to learn the presentation of
associated stimuli. CTA has also been associated with “reward
comparison” (Grigson, 1997), which is related to anticipa-
tory contrast, in which consumption of a preferred solution
(e.g., saccharin) is reduced in situations when it predicts
availability of a more preferred sucrose solution (Flaherty and
Checke, 1982). Thus, reduced intake of saccharin could indicate
greater preference for a more rewarding drug. This might ex-
plain the increased rewarding properties of ethanol and im-
proved ability to overcome the initial taste aversion in the
intermittent access test in mice lacking Glra3.

In summary, we provide the first evidence that the GlyRa2
and @3 subunits are important for selective in vivo effects of
ethanol that are related to development of voluntary ethanol
consumption and CTA. Moreover, our results show that changes
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in mice lacking GlyRa2 or @3 subunits are distinct from the
effects previously observed in mice with mutations in the a1
subunit. The GlyRa2 subunit appears to be important for
regulating alcohol consumption and preference based on the two-
bottle voluntary drinking test and may be a relevant target for
therapies designed to control alcohol intake.
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