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1 | INTRODUCTION

The nucleus accumbens (nAc) is a major input structure of the basal
ganglia and a pivotal region in the mesolimbic dopaminergic system
mediating goal-directed behaviour, addiction-related behaviour, and

motivational processes (Di Chiara & Imperato, 1988; Russo &
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Background and Purpose: The precise mechanism/s of action of ethanol, although
studied for many years, are not well understood. Like other drugs of abuse, ethanol
affects dopamine levels in the nucleus accumbens (nAc), an important region of the
mesolimbic system, causing a reinforcing effect. It has been shown that glycine
receptors (GlyRs) present in the nAc are potentiated by clinically relevant concentra-
tions of ethanol, where a1 and a2 are the predominant subunits expressed.
Experimental Approach: Using a combination of electrophysiology and behavioural
assays, we studied the involvement of GlyR a2 subunits on the effects of low and
high doses of ethanol, as well as on consumption using mice lacking the GlyR a2 sub-
unit (male Glra2~"Y and female Glra2~"~).

Key Results: GlyR a2 subunits exist in accumbal neurons, since the glycine-evoked
currents and glycinergic miniature inhibitory postsynaptic currents (mIPSCs) in
Glra2~"¥ mice were drastically decreased. In behavioural studies, differences in etha-
nol consumption and sedation were observed between wild-type (WT) and Glra2
knockout (KO) mice. Using the drinking in the dark (DID) paradigm, we found that
Glra2~"Y mice presented a binge-like drinking behaviour immediately when exposed
to ethanol rather than the gradual consumption seen in WT animals. Interestingly,
the effect of knocking out Glra2 in female (Glra2~/~) mice was less evident, since WT
female mice already showed higher DID.

Conclusion and Implications: The differences in ethanol consumption between WT
and KO mice provide additional evidence supporting the conclusion that GlyRs are

biologically relevant targets for the sedative and rewarding properties of ethanol.

Nestler, 2013). The nucleus accumbens receives glutamatergic inner-
vations from the medial prefrontal cortex (PFC), amygdala and hippo-
campus and also receives GABAergic and cholinergic projections from
the lateral septum. In addition, it sends and receives GABAergic pro-
jections to and from the ventral tegmental area (VTA) and receives an

important dopaminergic input from the ventral tegmental area

Abbreviations: ASD, autism spectrum disorder; AUD, alcohol use disorder; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; CPP, conditioned place preference; DID, drinking in the dark; GlyR,
glycine receptor; mIPSCs, miniature inhibitory postsynaptic currents; nAc, nucleus accumbens; LORR, loss of the righting reflex; PFC, prefrontal cortex; STN, strychnine; TTX, tetrodotoxin; VTA,

ventral tegmental area.
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(Koob & Nestler, 1997; Russo & Nestler, 2013). It is well known that
ethanol and other drugs of abuse activate the mesolimbic
dopaminergic reward system and increase dopamine levels in the
nucleus accumbens (Di Chiara, 1997; Jonsson, Adermark, Ericson, &
Soderpalm, 2014; Soderpalm, Lido, & Ericson, 2017). Microdialysis
studies have indicated that glycine receptors (GlyRs) play an
important role in the increase of dopamine levels in the nucleus
accumbens produced by ethanol (Molander & Soderpalm, 2005b;
Soderpalm et al., 2017).

Glycine receptors are expressed throughout the CNS in mammals
and are the major inhibitory receptors present in spinal cord and
brainstem (Legendre, 2001). Recent studies have shown that glycine
receptors are also expressed in supraspinal regions such as prefrontal
cortex (Lu & Ye, 2011; Salling & Harrison, 2014), nucleus accumbens
(Martin & Siggins, 2002; Molander & Soderpalm, 2005b; Mufoz,
Yevenes, Forstera, Lovinger, & Aguayo, 2018), dorsal striatum
(Comhair et al., 2018; Molchanova et al., 2018), raphe nuclei (Maguire
et al, 2014), and ventral tegmental area (Li et al., 2012; Ye
et al., 2001). The expression of glycine receptors in mesolimbic areas
is of special interest because their presence might be relevant for the
rewarding properties of ethanol since it has been demonstrated that
activation of glycine receptors regulate dopamine release and ethanol
consumption in rodents (Lido, Ericson, Marston, & Soderpalm, 2011;
Molander, Lof, Stomberg, Ericson, & Soderpalm, 2005; Molander &
Soderpalm, 2005a).

Previous studies have demonstrated that ethanol potentiates
the function of glycine receptors (Yevenes et al, 2010; Yevenes,
Moraga-Cid, Peoples, Schmalzing, & Aguayo, 2008). However, the
behavioural role of brain glycine receptors in ethanol-induced
effects has not been thoroughly examined. Recent data from sev-
eral laboratories have shown that glycine receptors are important
in the brain reward system and that al and o2 are the
predominant subunits expressed in the nucleus accumbens
(Forstera et al., 2017; Jonsson et al., 2012). Our laboratory recently
characterized the properties of glycine receptors in the nucleus
accumbens (Forstera et al., 2017) and determined that accumbal
medium spiny neurons express functional, ethanol-sensitive glycine
receptors, primarily al and o2 subunits. A genetically modified
knock-in  (KI)
(K385/386A) that has an impaired interaction with G proteins dem-
onstrated reduced ethanol sensitivity in the nucleus accumbens, a

mouse for the glycine receptor ol subunit

higher ethanol intake and increased conditioned place preference
(CPP) to ethanol (Aguayo et al., 2014; Murfioz et al., 2019). Since
glycine receptor a2 subunits are also known to be regulated by
ethanol (Yevenes et al., 2010) and they are expressed in nucleus
accumbens (Forstera et al., 2017; Jonsson et al, 2012), glycine
receptor a2 subunits might also play an important role in regulating
the mesolimbic dopaminergic reward circuitry and addictive
behaviours. Previous studies have shown that o2 subunits modu-
(Avila

et al., 2013), while several mutations and a microdeletion in GLRA2

late neuronal migration and cortical development

have been implicated in autism spectrum disorder (ASD) (Pilorge
et al.,, 2016; Zhang, Ho, Harvey, Lynch, & Keramidas, 2017).

What is already known

e Ethanol activates the mesolimbic dopaminergic system
and increases dopamine levels in the nucleus accumbens
(nAc).

o Clinically relevant concentrations of ethanol potentiate

the function of accumbal glycine receptors (GlyRs).
Wha this study adds

e Glra2 knockout mice displayed a significant deficit in the
expression of GlyRs in the nAc.
o Mice lacking the GlyR a2 subunit showed increased etha-

nol consumption and reduced sedation.
What is the clinical significance

e Glra2 knockout mice are a useful model for studying the
rewarding properties of ethanol.
e Pharmacological modification of a2 subunits might repre-

sent a novel therapy for alcohol abuse disorders.

The aim of this study was to evaluate the contribution of
a2-containing glycine receptors in the nucleus accumbens and to
characterize the effects of ethanol on relevant behaviours in mice lac-
king the glycine receptor a2 subunit. Since previous studies have
reported sex differences in alcohol-related behaviours using rodents
(Becker & Koob, 2016; Caruso et al., 2018; DeFries, Wilson, Erwin, &
Petersen, 1989; Rhodes et al., 2007), we used male and female mice
for behavioural tests. The knockout (KO) mice displayed a large deficit
in the expression of glycine receptors in the nucleus accumbens as
demonstrated by experiments on glycine-evoked currents and
glycinergic neurotransmission. Interestingly, we found that male
Glra2™”Y mice exhibited an increase in ethanol consumption and
decreased sedation, suggesting that GlIra2 KO mice might be a useful
model for the study of alcohol use disorders (AUDs). Nevertheless,
the precise mechanisms underlying these results have to be treated
with caution because of potential compensations in other brain neu-

rotransmitter systems.

2 | METHODS
2.1 | Animals

C57BL/6J (wild-type [WT]) and Glra2 KO mice (male: Glra2~" and
female: Glra2™/~) ages 7-12 weeks were used in this study. Glra2 KO
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mice were initially generated in the laboratories of Harvey and Dear
by deletion of the exon 7 in the Glra2 gene (Avila et al., 2013). Breed-
ing pairs were transferred from Dr. Rigo's lab in Belgium to Chile
where they were bred and maintained in a 12-h light/dark cycle. Glra2
KO mice were backcrossed to C57BL/6J (IMSR Cat# JAX:000664,
RRID:IMSR_JAX:000664) and genotyped as described previously
(Avila et al., 2013). All the animals used in this study were generated
from crosses between hemizygous males (Glra2~"") and heterozygous
females (Glra2~’*). Animal care and experimental procedures were
approved by the Institutional Animal Care and Use Committee of the
University of Concepcién and conducted according to the ethical pro-
tocols established by the National Institutes of Health (NIH, Bethesda,
Maryland). Animal studies are reported in compliance with the
ARRIVE guidelines Cuthill,
Altman, 2010) and with the recommendations made by the British

(Kilkenny, Browne, Emerson, &

Journal of Pharmacology.

2.2 | Experimental protocol
All the studies were designed to generate groups of equal size and

randomly assigned. Operator and data analyses were blinded.

2.3 | Preparation of brain slices

WT and Glra2™”Y mice were decapitated as previously described
(Forstera et al., 2017). Coronal slices were prepared immediately
after excision and placement of the brain in ice-cold cutting
solution (in mM: sucrose 194, NaCl 30, KCI 4.5, MgCl, 1, NaHCO3;
26, NaH,PO4 1.2, and glucose 10, saturated with 95% 0,/5% CO,
and adjusted to pH 7.4), glued to the chilled stage of a vibratome
(Leica VT1200S, Leica Biosystems, Germany), and sliced to a
thickness of 300 pum. Slices were transferred to an artificial CSF
(aCSF) solution (in mM: NaCl 124, KCl 4.5, MgCl, 1, NaHCO,
26, NaH,PO,; 1.2, glucose 10, and CaCl, 2, pH 74,
315-320 mOsm) saturated with 95% O,/5% CO, at 30°C for at
least 1 h.

24 | Enzymatic dissociation of accumbal neurons

For enzymatic dissociation, brain slices that contained the nucleus
accumbens were incubated for 30 min in normal aCSF (saturated with
95% 0,/5% CO,) in the presence of 0.5 mg:ml~! of pronase
(Calbiochem/EDM Bioscience, Darmstadt, Germany) at 37°C. The
nucleus accumbens was dissected from the slices, and the tissue was
triturated through a series of pipette tips of decreasing diameter size
in a 35-mm culture dish in trituration buffer (in mM: NaCl 20, N-
methyl-p-glucamine [NMG] 130, KCI 2.5, MgCl, 1, HEPES 10, and glu-
cose 10, adjusted to pH 7.4 and 340 mOsm). After 20 min, isolated
neurons were attached to the bottom of the culture dish and were

ready for electrophysiological experiments.

2.5 | Electrophysiology

Recordings were done using an Axopatch 200B amplifier (Axon
Instrument, Union City, California) at a holding potential of —60 mV.
Currents were displayed and stored on a personal computer using a
1322A Digidata (Axon Instruments) and analysed with Clampfit 10.1
(Axon Instruments) and MiniAnalysis 6.0 (Synaptosoft, Inc.). Patch
pipettes with a resistance of 4-6 MQ were prepared from filament-
containing borosilicate micropipettes (World Precision Instruments,
Sarasota, FL, USA) using a P-87 micropipette puller (Sutter Instrument,
Novato, CA, USA) and filled with an internal solution (in mM: KCI
120, MgCl, 4.0, BAPTA 10, Na,-GTP 0.5, and Na,-ATP 2.0, pH 7.4
and 290-310 mOsm).

2.5.1 | Dissociated accumbal neurons

Glycine-activated currents were studied in dissociated accumbal
neurons using whole-cell recordings and an external solution con-
taining (in mM) NaCl 150, KCI 5.4, CaCl, 2.0, MgCl, 1.0, glucose
10, and HEPES 10 (pH 7.4, 315-320 mOsm). The amplitude of the
glycine current was measured by using a short pulse (1-2 s) of dif-
ferent concentrations of glycine. We used an array of external
tubes (internal diameter, 200 pm) placed within 50 pm of the
neuron and solutions containing the ligands flowed continuously
from the tubes by gravity.

2.5.2 | Brain slice recording

Coronal brain slices (300 pum) containing the nucleus accumbens
region were used for electrophysiology recordings. Glycinergic
(mIPSCs)  were
pharmacologically isolated via bath application using 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX, 10 uM) as an AMPA receptor
(10 pM) as a GABAa
mecamylamine (10 puM) as a nicotine ACh receptor antagonist and

miniature  inhibitory  postsynaptic  currents

antagonist;  bicuculline antagonist;
tetrodotoxin (TTX, 500 nM). Analysis of frequency (Hz), decay con-
stant (ms) and amplitude (pA) was used to compare between WT
and Glra2~’Y mice. The decay phase was fitted with a single expo-

nential curve and between 10% and 90% of its amplitude.

2.6 | Real-time quantitative PCR

For analysis of relative gene expression, WT mice and Glra2™"¥
mice of 9-16 weeks were anaesthetized with isoflurane and killed
by decapitation. When possible, tissues from each animal were
used for multiple experiments. Nucleus accumbens tissue from WT
mice was collected and preserved for 5-14 days at —80°C in TRI-
zol (Ambion, Life Technologies, UK) before further processing. Total
RNA was isolated from samples using the TRIzol Reagent and chlo-

roform (Darmstadt, Germany) followed by digestion with DNase |
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(Thermo Scientific, Waltham, MA, USA) for 30 min. cDNA was pre-
pared from 0.5 pg of total RNA with the Affinity Script gPCR
cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA, USA),
including preparation of RNA sample-free negative controls (H,O).
PCRs were run in duplicate using 1-ul cDNA for 40 cycles with an
annealing temperature of 57°C in a Strategene Mx3005P cycler
(Agilent Technologies) for real-time quantitative PCR (gPCR)
(n = 5-6 in WT; n = 6 in Glra2™") using the Brilliant 1l SYBR
QPCR Master Mix (Agilent Technologies), including melting curves
to control gPCR specificity. gPCR data were collected and analysed
with MxPro (Agilent Technologies), and the 8-8 Ct method was
used. 18S was used as a reference gene, and threshold cycles of
glycine receptor expression were normalized to 18S. The primers
used for real-time qPCR are shown in Table S1. The primers used
for detection of a2 subunit mRNA hybridize to exon 7, which
corresponded to the deleted region of the Glra2 gene in the KO

mice line.

2.7 | Western blots

Tissue homogenates from nucleus accumbens (50 pg) after lysis
treatment (10-mM Tris-HCI, pH 7.4, 0.25-M sucrose, 10-mM
N-ethylmaleimide [NEM], and protease inhibitor cocktail 1X) were
loaded in a 10% SDS-PAGE and placed in an electrophoresis cham-
ber. Subsequently, proteins were blotted onto nitrocellulose
membranes, blocked with 5% milk in Tris-buffered saline (TBS) with
0.1% Tween 20 for 1 h, and incubated with primary anti-pan «
glycine receptor antibody (1:500, rabbit monoclonal IgG; Cat#
146008, Synaptic Systems, RRID:AB_2636914), anti-glycine recep-
tor B antibody (1:200, rabbit polyclonal IgG; Cat# AGR-014,
Alomone, RRID:AB_2340973), and anti-Gp antibody (1:1,000, rabbit
polyclonal 1gG; Cat# sc-378, Santa Cruz Biotechnology, RRID:
AB_631542) overnight at 4°C. After washing steps, the membranes
were incubated with anti-rabbit secondary antibodies conjugated to
HRP (1:5,000, goat polyclonal anti-rabbit 1gG-HRP, Cat# sc-2004,
Santa Cruz Biotechnology, RRID:AB_631746). The immunoreactivity
of the proteins was detected using an ECL Plus Western Blotting
Detection System (PerkinElmer, Boston, Massachusetts). The rela-
tive expression of protein was normalized using the expression of
the G subunit. The immuno-related procedures used comply with
the recommendations made by the British Journal of Pharmacology
(Alexander et al., 2018).

2.8 | Behavioural studies

Both male (Glra2™"") and female (Glra2~~) mice were used in this
study, unless otherwise indicated. Mice were allowed to acclimate
to the experimental room for at least 1 h prior to behavioural
assays. Ethanol was diluted in 0.9% saline (20% v/v) and
administered via intraperitoneal injections in doses adjusted by

injected volumes.

2.8.1 | Open-field assay

Mice were tested for basal locomotor activity in a novel open field
using a video tracking system (ANY-maze, Stoelting Co.). Mice were
allowed to freely explore the 50 x 50-cm test area for 25 min. Total
distance travelled and time in the centre were analysed.

2.8.2 | Accelerating rotarod

Basal motor skill performance was tested using an accelerating
rotarod assay. Mice were placed on a non-rotating rod (lITC, Life Sci-
ence). The test started when the rod began accelerating from 4 to
40 rpm in 120 s, and the latency to fall was recorded. Each mouse

was tested 5 times on day 1 and 10 times on day 2.

2.8.3 | Fixed speed rotarod

Mice were tested for sensitivity and tolerance to the motor ataxic
effects of ethanol using a fixed speed rotarod assay (IITC, Life Sci-
ence). Mice were trained (rod speed 5 rpm) for 3 days, and training
was considered complete when mice were able to stay on the rotarod
for 120 s. Mice were injected with ethanol (2.0 g-kg™! i.p.), and every
15 min after injection, mice were placed back on the rotarod, and
latency to fall was measured until mice were able to remain on the
rotarod for the full 120 s.

2.8.4 | Loss of the righting reflex

Mice were tested for sedative effects of ethanol using 3.5 g-kg™*
i.p. Mice were injected with ethanol, and 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 s. Loss
of the righting reflex (LORR) was defined as the time from being
placed in the supine position until the righting reflex was regained.
These experiments were performed in Chile and Belgium. Although
we found similar results in the duration of loss of the righting reflex
between the two laboratories, the onsets of loss of the righting reflex
were distinct. We attributed these differences to the speed of intra-
peritoneal injection, mice diet, and/or background noise at both sites.
Nevertheless, the similarity in results on the duration of loss of the
righting reflex is highly significant because it is the most widely used
measure for ethanol sedation/intoxication in our and other laborato-
ries (Aguayo et al., 2014; Blednov et al., 2015; Blednov, Benavidez,
Homanics, & Harris, 2012).

2.8.5 | Drinking in the dark (DID)

This limited access drinking test produces significant levels of ethanol
in the blood (Rhodes, Best, Belknap, Finn, & Crabbe, 2005). Mice were
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transferred to individual cages and allowed to acclimate for at least
1 week. Two hours after the lights were turned off, water bottles
were replaced with bottles containing 15% v/v of ethanol solution for
either 2 h during the first 3 days or 4 h the fourth day. The ethanol
bottles were weighed before placement and after removal from the
cages every day. The amount of ethanol consumed was calculated as
g-kg~? body weight per 2 or 4 h accordingly.

2.8.6 | Blood ethanol concentration

Blood samples from the facial vein from WT and Glra2~Y (or Glra2™/")
were collected after 10 min on day 1 and day 4 of drinking in the dark.
Blood samples were centrifuged (10,000 rpm x 10 min), and ethanol
concentration was determined in the serum using an Analox AM1

Analyzer (Lunenburg, Massachusetts).

2.8.7 | Conditioned place preference

The conditioned place preference was performed as previously
described (Mufoz et al., 2019). This paradigm is based on a Pavlovian
conditioning behaviour. Six identical acrylic boxes (33 x 27 x 20 cm)
were separately enclosed in ventilated, light- and sound- attenuating
chambers. Briefly, the place-conditioning study involved a pre-
conditioning session, eight conditioning sessions, and a post-
conditioning session. For the pre-conditioning session, mice received
an injection of saline immediately before being placed in the box with
both compartments available for 15 min. There were eight condition-
ing sessions, and mice received an injection of either ethanol
2.0 g-kg™! (Cs+) or saline (Cs—) on alternating days, and their move-
ment was recorded for 10 min. The compartments had different floor
grid sizes: 0.6-cm grid for the positive stimulus (Cs+) and 0.1-cm grid
for the negative stimulus (Cs-). Finally, for the post-conditioning, mice
received an injection of saline before being placed in the centre of the
box without separations to test activity in a 30-min preference ses-
sion. Preference recording video was analysed using a video tracking

system (ANY-maze software, Stoelting Co.).

2.9 | Reagents

Bicuculline and CNQX were purchased from Tocris (Bristol, UK). Gly-
cine and strychnine (STN) were obtained from Sigma-Aldrich (USA).
TTX was purchased from Alomone labs (Jerusalem, Israel). Ethanol

was purchased from Merck Millipore (USA).

2.10 | Data analyses
Results are expressed as the mean + SE, and statistical analyses were
performed using unpaired Student's t-test or two-way repeated mea-

sures ANOVA for studies where each group size was at least n = 5.
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The group size in this study represents independent values. Differ-
ences with P < 0.05 were considered statistically significant. After
ANOVA, Bonferroni post hoc test was run only if F achieved the nec-
essary level of statistical significance (P < 0.05) and there was no sig-
nificant variance inhomogeneity. As in previous studies (Aguayo
et al., 2014; Muiioz et al., 2019), in order to obtain statistical power
above 95% (a = 0.05, power = 0.95) to determine existence of statisti-
cally significant differences (P < 0.05), we used a sample size of 6-8
measurements for experimental group. For behaviour studies, we con-
sidered at least 10-12 animals per group; however, there were some
small variations in group size due to unreliable intraperitoneal injec-
tions or problems with the bottles. OriginPro 9.0 (Microcal Origin,
RRID:SCR_002815, Northampton, MA, USA) software was used for
all statistical analyses. The data and statistical analysis comply with
the recommendations of the British Journal of Pharmacology on experi-

mental design and analysis in pharmacology (Curtis et al., 2018).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander
etal., 2019).

3 | RESULTS

3.1 | Presence of a2-containing glycine receptors in

the nucleus accumbens

Previous studies demonstrated that nucleus accumbens expresses gly-
cine receptor o and B subunits (Jonsson et al, 2012; Mufoz
et al., 2019). Analysis of glycine receptor subunit relative expression
in the nucleus accumbens using real-time PCR revealed high levels of
a2 and B subunits in WT mice, while in the Glra2~"" mice, the expres-
sion of a2 was completely abolished, as expected (Figure 1a). Interest-
ingly, the expression levels of a1 and a3 were increased but were only
significant for a3 in the Glra2™"Y mice compared to WT, while
expression levels, on the other hand, had a surprising significantly
decrease in mice lacking the a2 subunit. In order to examine protein
expression levels, we performed Western blot experiments in tissue
lysates from nucleus accumbens dissected from brain slices using pan
a and B subunit antibodies. Preliminary results revealed that the o2
subunit constitutes an important component of glycine receptors
expressed in accumbal neurons in WT mice because the expression of
total a subunits in mice lacking a2 subunits was significantly dimin-
ished as reflected by the densitometry analysis (Figure 1b). The pres-
ence of the p subunit, a protein important for the anchoring of glycine
receptors to synaptic sites (Grudzinska et al., 2005), was also analysed

in the Glra2~"Y mice using Western blot. Surprisingly, the results
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revealed no significant changes in the expression of B subunits in
Glra2~’Y mice compared to WT mice (Figure 1c). Although this result
is contradictory to the gPCR analysis of the p subunit transcript, this
could be due to differences in mMRNA versus protein stability.

3.2 | Loss of glycine-activated currents in accumbal
neurons in Glra2~’Y mice

Recent findings from our laboratory concluded that there are func-
tional ethanol-sensitive glycine receptors present in accumbal neurons
(Forstera et al., 2017) and that a1 and a2 are the predominant sub-
units expressed in this region (Forstera et al, 2017; Jonsson
et al,, 2012). Using electrophysiological recordings in dissociated neu-
rons (up to 8 weeks old), we found that only 17% of the Glra2~¥ neu-
rons (4 out of 24 accumbal neurons) presented amplitudes of more
than 30 pA using a saturating concentration of glycine (Figure 2b).
These neurons exhibited very small glycine-evoked currents (~100 pA
at 1 mM of glycine in these four cells) (Figure 2d) compared to WT
mice (~500 pA at 1 mM of glycine) (Figure 2a). Analysis of current
densities revealed that Glra2~"" mice had significantly smaller values
(1.7 + 0.7 pF-pA~") compared to WT mice (39.5 = 6.3 pF-pA~%;
Figure 2c). Interestingly, the current density of GABA responses was
also significantly decreased in Glra2™’¥ mice (49.2 + 5.1 pFpA~!
vs. 73.3 £ 7.7 pF-pA~1 for WT, Figure 2c). The glycine concentration-
response curve for the four neurons from Glra2~’¥ mice showed an
ECso of 55 + 8 uM, while WT mice exhibited an ECso of 64 + 5 pM
(Figure 2d). In order to quantify ethanol potentiation, a concentration
of glycine that activates 10%-15% of the maximal current (EC4c) was
used (Yevenes et al., 2008). Due to the small amplitude of the glycine-
evoked current obtained in these Glra2~"Y neurons, it was not possible
to evaluate ethanol sensitivity, concluding that accumbal glycine
receptors are basically absent in the KO mice. This was at the least

surprising because we had predicted only a reduction in the glycine-

activated current because of the presence of al and a3 subunits (see
Section 4).

3.3 | The glycine receptor a2 subunit is important
for glycinergic synaptic currents

A recently published article showed the presence of glycinergic synap-
tic currents in accumbal neurons (Mufoz et al., 2018). This was
supported by Western blot and immunohistochemistry analyses that
showed the presence of a and B subunits and GlyT2, a presynaptic
glycine transporter (Bradaia, Schlichter, & Trouslard, 2004). In the pre-
sent study, we wanted to evaluate the contribution of glycine recep-
tor a2 subunits to the glycinergic inputs of the nucleus accumbens.
Using a cocktail of inhibitors (TTX, bicuculline, CNQX and mecamyl-
amine), we isolated glycinergic synaptic currents in slices that con-
tained the nucleus accumbens. We found that 64% of the total
neurons in WT mice had glycinergic activity, whereas only 38% of the

total neurons in Glra2~’¥

mice had glycinergic synaptic currents
(Figure 3a). Figure 3b shows representative traces of total miniature
postsynaptic currents (mPSCs) recorded in the nucleus accumbens of
Glra2™"¥ mice in the absence of inhibitors. After pharmacological isola-
tion of miniature glycinergic postsynaptic currents (glycinergic
mIPSCs), we detected a small number of synaptic events. The total
blockade of these miniature events in presence of strychnine was
indicative of glycinergic synaptic currents (Figure 3b). The average
traces of these events are shown in Figure 3c. Analysis of synaptic
parameters showed a significant decrease in frequency of total mPSCs
in Glra2~"¥ mice (0.81 + 0.24 Hz) compared to WT (2.50 + 0.28 Hz)
and a significant diminished frequency of pharmacologically isolated
glycinergic mIPSC in the Glra2~"¥ mice (0.68 + 0.09 Hz in WT mice
vs. 0.17 = 0.06 Hz in Glra2™’Y mice, Figure 3d). When analysing the
amplitude, no changes were found between genotypes for total
mPSCs (15.9 + 1.3 pA in WT mice vs. 15.9 + 1.7 pA in Glra2~"Y mice)
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Data are mean + SEM. *P < 0.05
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or glycinergic mIPSCs (8.4 + 0.7 pA in WT mice vs. 10.2 + 0.8 pA in
Glra2™’Y mice, Figure 3e). Finally, analysis of the decay constant
showed that total mPSCs revealed similar values for both genotypes
(11.2 £ 0.9 ms in WT mice vs. 12.3 + 2.3 ms in Glra2~"" mic). How-
ever, there was an increase, although not significant, in the decay con-
stant in glycinergic mIPSCs in Glra2~”¥ mice of 125 * 2.7 ms
compared to 7.7 + 0.9 ms found in WT mice (Figure 3f). Since the
accumbal glycinergic currents in WT mice were insensitive to ethanol
(Mufioz et al., 2018), we did not study ethanol effects on accumbal

glycinergic currents in Glra2™¥ mice.

3.4 | Glra2 KO mice displayed normal locomotor
activity but impaired motor skill learning

Because Glra2 is located on the X chromosome, all adult males used in
the behavioural study were hemizygous (Glra2~"Y), while females were
homozygous (Glra2~'~) for the exon 7 deletion. Similar to previous
studies (Pilorge et al., 2016), this genetically modified mouse did not
display foot clasping behaviour when the mouse was lifted by the tail
(Figure S1A), indicating the absence of alterations in muscle tone and
motor reflexes. Furthermore, using a qualitative grip test, Glra2~’¥
mice did not show gross alterations in muscle strength (Figure S1B).
The Glra2~’Y mice exhibited normal brain and total weight compared
to WT mice (Figure S1C,D).

Basal locomotor activity was studied using the open-field test in
both WT and Glra2 KO mice. Initial analysis of sex demonstrated that
there were no significant differences of total distance travelled
between males and females in WT mice and in Glra2 KO mice. There-
fore, we combined the data of both sexes in this assay. Analysis of
total distance travelled showed no differences between WT and Glra2

KO mice (Figure 4a,b). There were also no differences between the

genotypes when we analysed the time spent in the centre, an indica-
tor of anxiety-like behaviour (Figure 4c).

When we performed the accelerating rotarod assay, we found
that the latency to fall was significantly increased in female WT
compared to male WT mice (i.e., for trial 15: 70 £ 4 vs. 57 + 4 s).
Therefore, we decided to split the data by sex. Interestingly, in this
experiment, the latency to fall was significantly increased in male
Glra2~’Y mice compared to male WT mice (Figure 5a). Additionally,
there was a significant effect of trial. Similarly, analysis of latency
to fall in female mice also demonstrated that Glra2™~~ mice
performed significantly better than WT (Figure S2A). A significant
effect of trial was also observed, indicating a difference in motor
skill performance between sexes and genotypes.

3.5 | Reduced ethanol-induced sedation in mice
lacking the glycine receptor a2 subunit

Mice were also tested using high doses of ethanol to study motor
ataxic effects and sedation. Using a fixed speed rotarod assay, we
tested motor performance every 15 min after an intraperitoneal
injection of 2.0 g-kg™ of ethanol. Since we found that female WT
recovered significantly faster than male WT mice (i.e. minute 60:
118 + 2 vs. 80 = 8 s; minute 75: 118 + 2 vs. 102 + 6 s), the data
were also split by sex. After ethanol injection, we found no differ-
ences in recovery from ataxia between genotypes in male
(Figure 5b) and female mice (Figure S2B). It is important to note
that both genotypes were able to perform during the training trials
before injection.

Interestingly, when we assayed male Glra2~"Y mice for loss of
the righting reflex in presence of a sedative ethanol dose (3.5 g-kg™?

of ethanol i.p.), we found a significant reduction in the onset of loss
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accelerating rotarod that consisted of multiple trials over a 2-day period. The graph revealed a significant difference in performance, where the
Glra2~’Y mice had increased latency to fall compared to WT mice (n = 12 WT and n = 12 Glra2~"" mice). (b) Ataxic effect of 2.0 g-kg~* of ethanol
on the fixed speed rotarod test in male WT and Glra2~"¥ mice. Mice were trained for 3 days to a maximum time of 120 s at 8 rpm. On day 4, mice
received an intraperitoneal injection of ethanol and were tested every 15 min post injection. No significant differences were found between
genotypes (n = 12 WT and n = 11 Glra2~"Y). Two-way repeated measures ANOVA and Bonferroni post hoc test. (c) Loss of the righting reflex
(LORR) assays were used as an index of CNS depression. Mice received an intraperitoneal injection of 3.5 g-kg™* of ethanol, and the latency to
LORR was measured. Glra2~"" mice lost their reflex ability faster than WT mice. (d) The ability to recover the righting reflex was measured as
duration of LORR, where Glra2~"" mice recovered faster than WT mice (n = 12 WT and n = 10 Glra2~""). Unpaired Student's t-est. Data are

mean = SEM. *P < 0.05

of the righting reflex (2.3 £ 0.2 min for WT; 1.7 £ 0.1 min for
Glra2~’Y) and the duration of loss of the righting reflex (39 + 3 min
for WT; 27 + 3 min for Glra2™"") (Figure 5c¢,d). The same assay was
performed in our collaborator's laboratory in Belgium also finding
that the duration of loss of the righting reflex was reduced in
Glra2~’Y mice compared to WT (Figure S3B). However, the onset to
loss of the righting reflex was increased in Glra2~"¥ mice compared
to WT (Figure S3A), which could likely be associated to a smaller
speed of intraperitoneal injection, mice diet and/or background
noise. The analysis in female mice indicated that loss of the righting
reflex was not affected in Glra2~/~ mice (Figure S2C,D). It is inter-
esting to note that the duration of loss of the righting reflex signifi-
cantly differed between sexes in WT mice (39 + 3 min for males
vs. 28 = 2 min for females). To confirm that these differences were
not due to ethanol pharmacokinetics, blood ethanol concentrations
were measured 30 min after intraperitoneal injection of ethanol
(3.5 gkg™). Blood ethanol concentrations in male mice were
394 + 14 and 429 + 15 mg-dI~ for WT and Glra2~’¥ mice, respec-
tively, while in female mice, the values were 419 * 24 and
435 + 8 mgdl™t for WT and Glra2~~ mice, respectively. Thus,
females had a shorter loss of the righting reflex than males with

similar blood ethanol concentration values.

3.6 | GIra2~’Y mice had a high ethanol consumption
on their first exposure compared to WT mice

Several reports have demonstrated that glycine receptors present in
the reward system are important for ethanol consumption and prefer-
ence (Lido et al., 2011; Molander et al., 2005). Similarly, the increase
in dopamine levels produced by ethanol in the nucleus accumbens is
affected by (Molander &
Soderpalm, 2005a). We used the drinking in the dark paradigm as pre-

glycine  receptor  activation
viously described (Rhodes et al., 2005) to evaluate behaviours associ-
ated with consumption. Initial analysis demonstrated that there was a
significant difference in ethanol consumption between males and
females in WT mice. Therefore, we split the data by sex for further
analysis. Our results showed that male WT started to binge gradually
over the 4 days of the assay. Glra2™" mice, on the other hand, had
significantly greater ethanol consumption (binge levels) compared to
male WT mice (P < 0.05) already at days 1 and 2 (day 1: 2.3+ 0.2 g-kg™*
in WT vs. 3.0 0.2 gkg™ in Glra2™’Y; day 2: 2.4 + 0.2 g-kg™t in WT
mice vs. 3.5 + 0.3 in Glra2™", Figure 6a). Analysis of blood ethanol
concentration showed that Glra2~’¥ mice had significantly higher
levels of ethanol in the blood on the first day of consumption com-

pared to WT mice (62 + 10 mg-dI"* in WT vs. 106 + 18 mg-dI~* in
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FIGURE 6 Male Glra2 knockout mice consume higher amounts of ethanol in the drinking in the dark test. (a) Graph summarizes the drinking
in the dark (DID) test in male WT and Glra2~"Y mice. During the dark phase of the day, the mice were able to drink a 15% v/v ethanol solution for
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Bonferroni post hoc test. (b) The graph shows that after the first day of consumption, Glra2~"Y mice had higher blood ethanol concentrations
(BECs) than WT mice. (c) BEC on day 4 showed similar levels for ethanol. Unpaired Student's t-test. (d) The graph summarizes the DID test in
female WT and Glra2~’~ mice (h = 8 WT and n = 10 Glra2~’"). (e) Analysis of BEC indicates no differences in ethanol levels between genotypes.

Unpaired Student's t-test. Data are mean + SEM. n.s. P > 0.05, *P < 0.05

Glra2™"Y, Figure 6b). Interestingly, the levels in Glra2~"¥ mice were
above the limit of binge drinking defined by the National Institute of
Alcohol Abuse and Alcoholism. The analysis of blood ethanol concen-
tration on day 4, after 4 h of consumption, revealed no significant dif-
ferences (149 + 24 mgdt for WT
vs. 116 + 26 mg-dlI~* for Glra2™Y, Figure 6c). When the experiment

between genotypes

was performed in females, we found a similar pattern of consumption
in female Glra2~’~ as compared to male Glra2~’Y mice (Figure 6d), but
differences were not statistically significant when we compared
female WT and Glra2~’~ mice. As previously reported (Rhodes
et al., 2007), the female WT mice had higher ethanol consumption
than male WT mice with values reaching 3.8 + 0.3 g-kg™* for females
and 2.3 + 0.2 gkg™! for males the first day of consumption
(Figure 6d). Analysis of blood ethanol concentration at day 4 indicated
that female mice showed no differences between genotypes
(178 + 14 mgdl™! for WT vs. 166 + 16 mgdl™! for Glra2™/~,
Figure 6e).

3.7 | Decreased ethanol-conditioned place
preference in the Glra2~"Y mice

Finally, we performed a conditioned place preference test to evaluate
the ethanol preference of WT and Glra2~"" mice. This test is a form of

Pavlovian conditioning used to measure the rewarding and

motivational effects of abused drugs (Cunningham, Gremel, &
Groblewski, 2006). It was previously reported that Kl mice for the al
glycine receptor subunit showed increased preference for the ethanol
side compared to WT mice, demonstrating the relevance of glycine
receptors in the regulation of behaviours related with alcohol seeking
(Mufioz et al., 2019). The WT and Glra2~"¥ mice used in the condi-
tioned place preference test did not show preference for either side
of the cage during the 15-min pre-conditioning session (Figure 7a,c).
After eight conditioning sessions, WT mice had a significant
preference for the ethanol injection side (Cs+) in the 30-min post-
conditioning session (35 + 2 vs. 25 + 2 s-min~1, Figure 7b,d). Interest-
ingly, no ethanol preference was detected in Glra2~"" mice after eight
conditioning sessions (31 + 3 vs. 29 + 3 s-min~%, Figure 7b,d). These
results indicate that Glra2~"" mice lost ethanol preference compared
to WT.

4 | DISCUSSION

The function of glycine receptors in supraspinal regions is achieving
ever increasing attention with regard to behaviours related to reward-
based learning and ethanol consumption (Burgos, Munoz, Guzman, &
Aguayo, 2015; Soderpalm et al., 2017). In part, this is due to the cur-
rent existence of genetically modified animal models that allow to

examine behaviours in the absence of significant neurological
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(d) The graph summarizes the post-conditioning place preference after eight conditionings in WT and Glra2~"¥ mice. The results demonstrated
that WT mice spent more time on the ethanol side (Cs+) than on the vehicle side (Cs—), while Glra2™"Y mice showed no preference for either side
(n =12 WT and n = 12 Glra2™""). Two-way repeated measures ANOVA and Bonferroni post hoc test. Data are mean + SEM. *P < 0.05

alterations that might occur when a critical brain membrane protein,
such as a ligand-gated ion channels, is modified (Aguayo et al., 2014;
Blednov et al., 2003; Blednov et al., 2012). Previous studies suggested
that these receptors were not present in the striatum (Malosio,
Marqueze-Pouey, Kuhse, & Betz, 1991). However, recent studies
established that they present widespread expression in most brain
areas (Forstera et al., 2017; Jonsson et al., 2012). Despite this, the
particular glycine receptor subtypes expressed in these regions remain
largely unknown. Previous studies using electrophysiology, gPCR, and
immunohistochemistry have shown the presence of a1l and a2 glycine
receptor subunits in the nucleus accumbens (Forstera et al., 2017,
Munfoz et al., 2018; Muioz et al., 2019). Studies in knock in (KI) mice
showed the importance of the a1 subunit in glycine receptor potentia-
tion with clinically relevant concentrations of ethanol, as well as in
ethanol consumption and preference (Aguayo et al., 2014; Mufoz
et al., 2019). However, the possible contribution of glycine receptor
a2 subunits to ethanol-related effects was largely unknown. In the
present study, we used a Glra2 KO mouse that lacks the glycine
receptor a2 subunit to evaluate the contribution of this subunit in a
region important for reward-based learning. Using this mouse model,
it was previously concluded that the gene is critical for brain develop-
ment and its deletion caused deficits in object recognition memory
and impaired LTP in the prefrontal cortex (Pilorge et al., 2016). Alter-
ation in glutamatergic transmission, cortical synaptic plasticity (Morelli

et al., 2017) and impaired motor memory consolidation were also

detected in this mouse (Molchanova et al., 2018) suggesting the pres-
ence of compensatory mechanisms. On the other hand, using another
model of Glra2 KO mice, it was shown that this mouse displayed
impaired adult hippocampal neurogenesis and deficits in spatial mem-
ory (Lin et al., 2017).

4.1 | Role of glycine receptors containing the a2
subunit in nucleus accumbens neurons

Previous studies have demonstrated the expression of glycine recep-
tor a2 subunits in the nucleus accumbens (Jonsson et al., 2012;
Jonsson, Kerekes, Hyytia, Ericson, & Soderpalm, 2009) and our results
are in agreement with these findings. For example, Western blot anal-
ysis of Glra2~"¥ mice showed lower protein levels of glycine receptor
o subunits in the nucleus accumbens, while gPCR analysis demon-
strated that the a2 subunit was completely abolished. Interestingly,
results obtained with gPCR showed a higher relative expression of
glycine receptor a1 and a3 subunits and a lower relative expression of
glycine receptor B subunits in Glra2™"" mice. Nevertheless, electro-
physiological recordings in accumbal neurons showed that functional
receptors were mostly absent in most Glra2~"¥ mice neurons, which
correlates well with the Western blot results. Glycine concentration-
response curves for those neurons that responded to glycine revealed

an ECso value that suggested the presence of glycine receptor al
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subunits, since this value is comparable to the ECsq of 41 + 1 pM for
glycine receptor al subunit obtained in HEK293 cells (Yevenes
et al, 2010). A possible explanation for such a small current in the
presence of even high levels of other glycine receptor a subunit
mRNAs and f subunit proteins might be based on the stability of the
resulting mRNA or potential dominant-negative effects of the Glra2
KO mice. A similar effect was observed in KO mice for the GABAA
receptor a6 subunit, where removal of the a6 subunit altered & sub-
unit levels in cerebellar granular cells (Jones et al., 1997). Our results,
nevertheless, are in agreement with previous findings that showed an
absence of glycine-activated currents in the striatum in Glra2 KO mice
(McCracken et al., 2017; Molchanova et al., 2018), a region where o2
is the predominant subunit in WT mice (Comhair et al., 2018). The
deficit, however, was not only in glycinergic function since we found
that the amplitude of the GABA-evoked currents was also reduced in
the Glra2™"¥ mice.

Previous reports have shown the presence of glycinergic neuro-
transmission in the mesolimbic system that was insensitive to ethanol
(Mufoz et al., 2018). In the present study, we found a reduction in the
number of neurons with glycinergic synaptic currents in Glra2~"" mice
when compared to WT mice. Interestingly, neurons that displayed
glycinergic mIPSCs also showed a tendency towards a decrease in the
frequency of total mPSCs, suggesting a role of glycine receptor o2
subunits in the establishment of GABAergic and glutamatergic inputs
in the nucleus accumbens. Additionally, we detected a small lengthen-
ing in the value for the decay time constant in neurons having
glycinergic IPSC in Glra2~"Y mice suggesting changes in the conforma-
tion of synaptic glycine receptors, where both al and a3 subunits
might be the predominant forms, according to gPCR analysis. Despite
the reduced glycinergic synaptic neurotransmission in the nucleus
accumbens of Glra2™”Y mice, there were no changes in glycine
receptor § subunit levels, as revealed by Western blot analysis. Since
the B subunit is necessary for the clustering of glycine receptors at
postsynaptic sites (Meyer, Kirsch, Betz, & Langosch, 1995) and does
not form functional homomeric channels (Grudzinska et al., 2005), this
subunit in the Glra2~"Y mouse probably remains in a non-functional
state explaining the reduced input.

Taken together, these results demonstrate an important contribu-
tion of glycine receptor a2 subunits to the glycinergic component in
accumbal neurons, since the glycinergic currents in Glra2™"Y mice
were markedly reduced. On the other hand, these findings also sug-
gest that a2 glycine receptor subunits might be important for the cor-
rect expression and function of al and a3 glycine receptor subunits

and GABA, receptors in the nucleus accumbens.

4.2 | Behavioural effects of high ethanol doses in
Glra2 KO mice

The nucleus accumbens is an important input structure of the basal
ganglia that integrates information from cortical and limbic structures
to mediate goal-directed behaviours (Scofield et al., 2016). Thus,
although several studies have reported that mouse pups lacking the

glycine receptor a2 subunit demonstrated microcephaly postnatally
(Avila et al., 2014) and that a2 glycine receptor subunits promote cor-
tical interneuron migration (Avila et al., 2013), the adult Glra2~"Y mice
used in this study did not have differences in brain weight or total
weight and they did not display an increase in muscle tone. This is
consistent with previous reports that showed that this reduced brain
weight is gradually attenuated with age (Morelli et al., 2017) and elimi-
nated in adulthood (Pilorge et al., 2016). Despite that this animal
model is reasonably normal and it may enable us to learn about alco-
hol consumption-related mechanisms, the wide-ranging impacts on
brain development and associated compensatory adaptations to mul-
tiple other neurotransmitter receptors somewhat prevent ascribing
more specific behavioural outcomes to the normal role of the a2 sub-
unit, or actions of alcohol on the a2 subunit specifically.

Open-field assays did not show differences between genotypes
in total distance travelled or time spent in the centre, which is in
agreement with previously published data (Blednov et al., 2015; Lin
et al., 2017;Molchanova et al., 2018 ; Pilorge et al., 2016). However,
we detected changes in motor learning skills using the accelerating
rotarod that showed an increased latency to fall in both male and
female Glra2 KO mice. Although this result was not found in previous
studies (Molchanova et al., 2018; Pilorge et al., 2016), this might be
due to differences in protocol since we tested the mice for two con-
secutive days with five trials on day 1 and 10 trials on day 2, while
Molchanova et al. tested the mice for five consecutive days with four
trials for each day. The increased latency to fall found in the Glra2 KO
mice might be explained by neuronal compensation in the basal gang-
lia, an important region for motor skill learning.

Acute consumption of intoxicating doses of ethanol produces
rapid changes in brain functions from lack of coordination, motor
ataxia and sedation, to respiratory depression, coma and death at
higher doses of ethanol. On the other hand, its chronic use is associ-
ated to alcohol-seeking behaviour, binge drinking, tolerance and
dependence (Spanagel, 2009). In order to begin understanding the
role of glycine receptor a2 subunits in behaviour associated with
intoxicating doses of ethanol, we evaluated ataxia and sedation
induced by ethanol. While the recovery time from ataxia using the
fixed rotarod assay did not differ between genotypes in both male
and female, we found differences for the onset and duration of loss of
the righting reflex in males. In addition, the similar blood ethanol con-
centration found in both genotypes showed that this difference in
sedation was not due to ethanol pharmacokinetics. The reduced dura-
tion of loss of the righting reflex in male Glra2™”Y mice revealed the
importance of the a2 subunit in regulating awakening, sedation, and
loss of consciousness. It is important to note that the reduced dura-
tion of loss of the righting reflex found in Glra2~’Y mice was observed
in two independent laboratories, supporting the results using this KO
line. In addition, these findings are in agreement with unpublished
results in a KI mouse model for the glycine receptor a2 subunit in
which a lysine and arginine residue were replaced with alanines at
amino acid positions in the large intracellular loop corresponding to
KK385-386 in the glycine receptor a1 subunit (manuscript in prepara-
tion). In addition, the reduced duration of loss of the righting reflex is
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consistent with the idea that ethanol potentiates glycine receptor
function leading to effects on sedation (Burgos et al., 2015). Surpris-
ingly, we did not find differences for onset or duration of loss of the
righting reflex between genotypes in female mice. Nevertheless, it is
important to note that female WT mice showed a reduced duration of
loss of the righting reflex compared to male WT mice, similar to previ-
ous reports (Blednov et al., 2003). We attributed this difference to
sex-associated mechanisms in females. For example, previous studies
have reported sex differences in sleep time induced by ethanol
(DeFries et al., 1989) and implied the action of neurosteroids
(King, 2008; Morrow, VanDoren, Fleming, & Penland, 2001). These
findings highlight that although the glycine receptor a2 subunit is an
important contributor to some ethanol effects, such as loss of the
righting reflex, this behaviour is more complex and likely involves mul-

tiple targets.

4.3 | Changes in ethanol intake and preference

Alcohol use disorder is a relapsing brain disease with serious social
consequences whose exact underlying mechanism is still unknown.
There are only three drugs approved by the U.S. Food and Drug
Administration to treat alcohol use disorders (disulfiram, naltrexone
and acamprosate) (Mann, 2004; Spanagel, 2009). Binge drinking is a
form of abusive alcohol drinking defined by the National Institute of
Alcohol Abuse and Alcoholism as drinking to obtain a blood ethanol
concentration of at least 80 mg-dI~%. This typically occurs after four
drinks for women and five drinks for men, in about 2 h. While binge
drinking is not the same as alcohol use disorder, it significantly
increases the risk of developing an alcohol abuse problem (Gowin,
Sloan, Stangl, Vatsalya, & Ramchandani, 2017). Repeated cycles of
binge drinking and abstinence are key components in the develop-
ment of dependence. We used a drinking in the dark paradigm to
evaluate if there was a difference in the consumption pattern
between WT mice and Glra2 KO mice. An important feature of this
procedure is that mice self-administer alcohol and reach blood
ethanol concentrations to levels of binge-like drinking behaviour
(Rhodes et al., 2005; Rhodes et al., 2007). The drinking in the dark
test showed higher consumption on days 1 and 2 in male Glra2™"Y
mice as compared to WT mice, revealing blood ethanol concentration
levels above binge drinking. Interestingly, there were no differences
in consumption at day 4 between both genotypes. We believe that
this ceiling effect on ethanol consumption represents a type of
homeostatic regulation in the intake, where the previous intoxication
limits the successive consumption. For the KO mice, they reach a
level of binge drinking during the first exposure, whereas the WT
reach binge level on the fourth day (Figure 6b). Previous studies
showed a similar pattern of consumption in a glycine receptor al
subunit KI mouse (Mufioz et al, 2019), and recent unpublished
results show the same drinking behaviour in a glycine receptor a2
subunit KI mouse model (manuscript in preparation), supporting the
conclusion that glycine receptors play a critical role in ethanol con-

sumption. Surprisingly, we found that the high ethanol consumption
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in female WT mice was not different from the Glra2~/~ mice on day
1, but then their intake became similar over time. However, it is
important to note that female WT mice consumed more ethanol than
male WT mice, a behaviour that might be explained by the fact that
females need more blood ethanol concentration to reach the same
ethanol effect as reflected by loss of the righting reflex assays. This
result supports the idea of the homeostatic control reaching a ceiling
on ethanol consumption, leading to intoxication.

Previous studies have reported sex differences in alcohol intake
using rodents in several ethanol consumption tests (Becker &
Koob, 2016; Caruso et al., 2018; Rhodes et al., 2007) and have dem-
onstrated that ovarian physiology contributes to increased ethanol
intake by females (Satta, Hilderbrand, & Lasek, 2018). In addition, it
was demonstrated that 17-p-estradiol inhibits glycine receptors (Jiang
et al., 2009), suggesting a sex-differential modulation of glycine recep-
tors that might explain the differences found in behaviour between
male and female mice. On the other hand, when we examined condi-
tioned place preference, we found that Glra2~"Y mice did not condi-
tion to ethanol after eight conditioning sessions, possibly because in
the KO mice ethanol is less rewarding to produce a conditioning com-
pared to WT mice (Cunningham et al., 2006). Hence, they need to
consume more ethanol in the drinking in the dark assay to produce a
rewarding effect. Another explanation is that although male Glra2™"Y
mice lost ethanol preference, they will consume high amounts of alco-
hol because they might be less sensitive to the aversive effect of etha-
nol. These results suggest that Glra2 KO mice would need more
conditioning sessions to show preference for the ethanol side com-
pared to WT mice. Alternatively, it is possible that because the KO
mice have shown memory deficits (Lin et al., 2017; Pilorge
et al., 2016), they might not be able to recall the side with the positive
reinforcement. The results obtained in conditioned place preference
and drinking in the dark demonstrated important differences in moti-
vation and preference for ethanol in the Glra2 KO mice that might be
explained due to the absence of a2 subunits or compensatory effects
that may occur in the KO animal.

The present results suggest that the glycine receptor a2 subunit,
like the glycine receptor al subunit, plays an important role in the
reward circuitry of the mesolimbic dopaminergic system. Regarding
previous studies using another GlyR a2 subunit KO line that examined
the effects on ethanol behaviour (Blednov et al., 2015), those mice
had a different genetic background with less backcrosses to
C57BL/6J mice compared to our mouse line. In addition, the Glra2 KO
mice used in Blednov's study were generated by the deletion of exons
6 and 7 (Young-Pearse, lvic, Kriegstein, & Cepko, 2006), a different
approach compared to our KO mouse. These differences in mouse
lines might explain the discrepancies found between the two studies
in terms of ethanol consumption and sedation. Although our results
might seem contradictory to the aforementioned study, it is important
to highlight that there is consistent evidence that accumbal glycine
receptors regulate alcohol intake (Lido et al, 2011; Molander
et al., 2005; Molander, Lido, Lof, Ericson, & Soderpalm, 2007; Mufoz
et al., 2019). Based on our data, we postulate that glycine receptors

protect against alcohol consumption, since glycine receptors in the
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nucleus accumbens are able to reduce ethanol intake. A plausible
mechanism for this regulation is that in the neuronal circuitry involv-
ing nucleus accumbens- ventral tegmental area, activation of
accumbal glycine receptors will cause the inhibition of medium spiny
neurons generating an excitatory response in the feedback pathway
to the ventral tegmental area, disinhibiting dopaminergic neurons. It is
also important to mention that our behavioural studies were per-
formed in mice between the ages of 8-12 weeks old, representing
young adolescent animals, a stage at which there is a high susceptibil-
ity to addiction, especially in humans (Bava & Tapert, 2010; Caruso
et al., 2018; Varlinskaya & Spear, 2015).

In summary, the present study using a2 KO mice represents a
comprehensive, physiological, and behavioural characterization on
ethanol effects of an animal model that appears to exhibit subtle com-
pensatory effects, albeit not lethal nor neurologically noticeable. To
have a more decisive conclusion on the role of this subunit, we are
currently examining an a2 Kl mouse model that does not exhibit
noticeable compensations and analysing subunit knockdown in spe-
cific brain regions with adeno-associated virus (AAV). Finally, this
study provides evidence that mice with a deletion in Glra2 are a useful
model not only in the study of autism spectrum disorder (Pilorge

et al., 2016) but also for alcohol use disorders.

ACKNOWLEDGEMENTS

We thank Dr. Gregg E. Homanics for commenting on the paper. Also,
we thank Lauren Aguayo and Carolina Benitez for technical
assistance.

This work was supported by the National Institutes of Health
(NIH) grant RO1AA025718, Comisién Nacional de Investigacion
Cientifica y Tecnolégica (CONICYT) grant DPI 20140008, Medical
Research Council (MRC) grant G0500833, and Flemish Research
Foundation (Fonds Wetenschappelijk Onderzoek [FWQ]) 1518419N
and 1519516N Belgian Federal Science Policy Office (BELSPO) Inter-
University Attraction Poles P7/10.

AUTHOR CONTRIBUTIONS

L.S.M,, S.G,, and L.G.A. participated in research design. LS.M., S.G,,
AA., NR, J.C., and G.M. performed experiments and analysed the
data. RJ.H. constructed the Glra2 KO mouse line. LS.M., L.G.A,,
R.J.H., JM.R,, and B.B. wrote or contributed to the writing of the man-
uscript. All authors reviewed the manuscript.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC
RIGOUR

This Declaration acknowledges that this paper adheres to the princi-
ples for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design and Analysis,
Immunoblotting and Immunochemistry and Animal Experimentation,
and as recommended by funding agencies, publishers, and other orga-

nizations engaged with supporting research.

ORCID

Robert J. Harvey " https://orcid.org/0000-0001-5956-6664
Jean-Michel Rigo "2 https://orcid.org/0000-0002-0031-526X
https://orcid.org/0000-0002-4851-9480

Luis G. Aguayo ' https://orcid.org/0000-0003-3160-1522

Bert Brone

REFERENCES

Aguayo, L. G,, Castro, P., Mariqueo, T., Munoz, B., Xiong, W., Zhang, L., ...
Homanics, G. E. (2014). Altered sedative effects of ethanol in mice
with a1 glycine receptor subunits that are insensitive to Gy modula-
tion. Neuropsychopharmacology, 39, 2538-2548. https://doi.org/10.
1038/npp.2014.100

Alexander, S. P. H., Mathie, A., Peters, J. A, Veale, E. L., Striessnig, J.,
Kelly, E., Collaborators C. (2019). The Concise Guide to
PHARMACOLOGY 2019/20: lon channels. British Journal of Pharma-
cology, 176(Suppl 1), $142-5228.

Alexander, S. P. H., Roberts, R. E., Broughton, B. R. S., Sobey, C. G,,
George, C. H., Stanford, S. C,, ... Ahluwalia, A. (2018). Goals and practi-
calities of immunoblotting and immunohistochemistry: A guide for
submission to the British Journal of Pharmacology. British Journal of
Pharmacology, 175, 407-411. https://doi.org/10.1111/bph.14112

Avila, A, Vidal, P. M., Dear, T. N., Harvey, R. J,, Rigo, J. M., & Nguyen, L.
(2013). Glycine receptor a2 subunit activation promotes cortical
interneuron migration. Cell Reports, 4, 738-750. https://doi.org/10.
1016/j.celrep.2013.07.016

Avila, A,, Vidal, P. M,, Tielens, S., Morelli, G., Laguesse, S., Harvey, R. J,, ...
Nguyen, L. (2014). Glycine receptors control the generation of projec-
tion neurons in the developing cerebral cortex. Cell Death and Differen-
tiation, 21, 1696-1708. https://doi.org/10.1038/cdd.2014.75

Bava, S., & Tapert, S. F. (2010). Adolescent brain development and the risk
for alcohol and other drug problems. Neuropsychology Review, 20,
398-413. https://doi.org/10.1007/s11065-010-9146-6

Becker, J. B., & Koob, G. F. (2016). Sex differences in animal models: Focus
on addiction. Pharmacological Reviews, 68, 242-263. https://doi.org/
10.1124/pr.115.011163

Blednov, Y. A., Benavidez, J. M., Black, M., Leiter, C. R., Osterndorff-
Kahanek, E., & Harris, R. A. (2015). Glycine receptors containing a2 or
a3 subunits regulate specific ethanol-mediated behaviors. The Journal
of Pharmacology and Experimental Therapeutics, 353, 181-191. https://
doi.org/10.1124/jpet.114.221895

Blednov, Y. A., Benavidez, J. M., Homanics, G. E., & Harris, R. A. (2012).
Behavioral characterization of knockin mice with mutations M287L
and Q266l in the glycine receptor alphal subunit. The Journal of
Pharmacology and Experimental Therapeutics, 340, 317-329. https://
doi.org/10.1124/jpet.111.185124

Blednov, Y. A, Jung, S., Alva, H., Wallace, D., Rosahl, T., Whiting, P. J., &
Harris, R. A. (2003). Deletion of the a1 or B2 subunit of GABA recep-
tors reduces actions of alcohol and other drugs. The Journal of Pharma-
cology and Experimental Therapeutics, 304, 30-36. https://doi.org/10.
1124/jpet.102.042960

Bradaia, A., Schlichter, R., & Trouslard, J. (2004). Role of glial and neuronal
glycine transporters in the control of glycinergic and glutamatergic
synaptic transmission in lamina X of the rat spinal cord. The Journal of
Physiology, 559, 169-186. https://doi.org/10.1113/jphysiol.2004.
068858

Burgos, C. F., Munoz, B., Guzman, L., & Aguayo, L. G. (2015). Ethanol
effects on glycinergic transmission: From molecular pharmacology to
behavior responses. Pharmacological Research the Official Journal of the
Italian Pharmacological Society, 101, 18-29. https://doi.org/10.1016/j.
phrs.2015.07.002

Caruso, M. J., Seemiller, L. R., Fetherston, T. B., Miller, C. N., Reiss, D. E.,
Cavigelli, S. A., & Kamens, H. M. (2018). Adolescent social stress
increases anxiety-like behavior and ethanol consumption in adult male


https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14207
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14208
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14206
https://orcid.org/0000-0001-5956-6664
https://orcid.org/0000-0001-5956-6664
https://orcid.org/0000-0002-0031-526X
https://orcid.org/0000-0002-0031-526X
https://orcid.org/0000-0002-4851-9480
https://orcid.org/0000-0002-4851-9480
https://orcid.org/0000-0003-3160-1522
https://orcid.org/0000-0003-3160-1522
https://doi.org/10.1038/npp.2014.100
https://doi.org/10.1038/npp.2014.100
https://doi.org/10.1111/bph.14112
https://doi.org/10.1016/j.celrep.2013.07.016
https://doi.org/10.1016/j.celrep.2013.07.016
https://doi.org/10.1038/cdd.2014.75
https://doi.org/10.1007/s11065-010-9146-6
https://doi.org/10.1124/pr.115.011163
https://doi.org/10.1124/pr.115.011163
https://doi.org/10.1124/jpet.114.221895
https://doi.org/10.1124/jpet.114.221895
https://doi.org/10.1124/jpet.111.185124
https://doi.org/10.1124/jpet.111.185124
https://doi.org/10.1124/jpet.102.042960
https://doi.org/10.1124/jpet.102.042960
https://doi.org/10.1113/jphysiol.2004.068858
https://doi.org/10.1113/jphysiol.2004.068858
https://doi.org/10.1016/j.phrs.2015.07.002
https://doi.org/10.1016/j.phrs.2015.07.002

SAN MARTIN ET AL.

and female C57BL/6J mice. Scientific Reports, 8, 10040. https://doi.
org/10.1038/s41598-018-28381-2

Comhair, J., Devoght, J., Morelli, G., Harvey, R. J., Briz, V., Borrie, S. C,, ...
Molchanova, S. M. (2018). Alpha2-containing glycine receptors pro-
mote neonatal spontaneous activity of striatal medium spiny neurons
and support maturation of glutamatergic inputs. Frontiers in Molecular
Neuroscience, 11, 380. https://doi.org/10.3389/fnmol.2018.00380

Cunningham, C. L., Gremel, C. M., & Groblewski, P. A. (2006). Drug-
induced conditioned place preference and aversion in mice. Nature
Protocols, 1, 1662-1670. https://doi.org/10.1038/nprot.2006.279

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,
Giembycz, M. A, ... Ahluwalia, A. (2018). Experimental design and
analysis and their reporting Il: Updated and simplified guidance for
authors and peer reviewers. British Journal of Pharmacology, 175,
987-993. https://doi.org/10.1111/bph.14153

DeFries, J. C., Wilson, J. R., Erwin, V. G., & Petersen, D. R. (1989). LS X SS
recombinant inbred strains of mice: Initial characterization. Alcoholism,
Clinical and Experimental Research, 13, 196-200. https://doi.org/10.
1111/j.1530-0277.1989.tb00310.x

Di Chiara, G. (1997). Alcohol and dopamine. Alcohol Health and Research
World, 21, 108-114.

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans preferen-
tially increase synaptic dopamine concentrations in the mesolimbic
system of freely moving rats. Proceedings of the National Academy of
Sciences of the United States of America, 85, 5274-5278. https://doi.
org/10.1073/pnas.85.14.5274

Forstera, B., Munoz, B., Lobo, M. K, Chandra, R., Lovinger, D. M., &
Aguayo, L. G. (2017). Presence of ethanol-sensitive glycine receptors
in medium spiny neurons in the mouse nucleus accumbens. The Journal
of Physiology, 595, 5285-5300. https://doi.org/10.1113/JP273767

Gowin, J. L., Sloan, M. E., Stangl, B. L., Vatsalya, V., & Ramchandani, V. A.
(2017). Vulnerability for alcohol use disorder and rate of alcohol con-
sumption. The American Journal of Psychiatry, 174, 1094-1101.
https://doi.org/10.1176/appi.ajp.2017.16101180

Grudzinska, J., Schemm, R., Haeger, S., Nicke, A. Schmalzing, G.,
Betz, H., & Laube, B. (2005). The beta subunit determines the ligand
binding properties of synaptic glycine receptors. Neuron, 45, 727-739.
https://doi.org/10.1016/j.neuron.2005.01.028

Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J.,
Ireland, S., ... Nc, I. (2018). The IUPHAR/BPS Guide to PHARMACOL-
OGY in 2018: Updates and expansion to encompass the new guide to
IMMUNOPHARMACOLOGY.  Nucleic  Acids  Research, 46,
D1091-D1106. https://doi.org/10.1093/nar/gkx1121

Jiang, P, Kong, Y., Zhang, X. B., Wang, W,, Liu, C. F., & Xu, T. L. (2009).
Glycine receptor in rat hippocampal and spinal cord neurons as a
molecular target for rapid actions of 17-B-estradiol. Molecular
Pain, 5, 2.

Jones, A., Korpi, E. R., McKernan, R. M,, Pelz, R, Nusser, Z., Makela, R,, ...
Wisden, W. (1997). Ligand-gated ion channel subunit partnerships:
GABA, receptor aé subunit gene inactivation inhibits delta subunit
expression. The Journal of Neuroscience, 17, 1350-1362. https://doi.
org/10.1523/JNEUROSCI.17-04-01350.1997

Jonsson, S., Adermark, L., Ericson, M., & Soderpalm, B. (2014). The involve-
ment of accumbal glycine receptors in the dopamine-elevating effects
of addictive drugs. Neuropharmacology, 82, 69-75. https://doi.org/10.
1016/j.neuropharm.2014.03.010

Jonsson, S., Kerekes, N., Hyytia, P., Ericson, M., & Soderpalm, B. (2009).
Glycine receptor expression in the forebrain of male AA/ANA rats.
Brain Research, 1305(Suppl), S27-S36. https://doi.org/10.1016/j.
brainres.2009.09.053

Jonsson, S., Morud, J., Pickering, C., Adermark, L., Ericson, M., &
Soderpalm, B. (2012). Changes in glycine receptor subunit
expression in forebrain regions of the Wistar rat over development.
Brain Research, 1446, 12-21. https://doi.org/10.1016/j.brainres.2012.
01.050

BRITISH
B PHARMACOLOGICAL 3955
SOCIETY

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., & Altman, D. G.
(2010). Improving bioscience research reporting: The ARRIVE guide-
lines for reporting animal research. PLoS Biology, 8(6), e1000412.
https://doi.org/10.1371/journal.pbio.1000412

King, S. R. (2008). Emerging roles for neurosteroids in sexual behavior and
function. Journal of Andrology, 29, 524-533. https://doi.org/10.2164/
jandrol.108.005660

Koob, G. F., & Nestler, E. J. (1997). The neurobiology of drug addiction.
The Journal of Neuropsychiatry and Clinical Neurosciences, 9, 482-497.
https://doi.org/10.1176/jnp.9.3.482

Legendre, P. (2001). The glycinergic inhibitory synapse. Cellular and Molec-
ular Life Sciences, 58, 760-793. https://doi.org/10.1007/PLO0000899

Li, J., Nie, H., Bian, W., Dave, V., Janak, P. H., & Ye, J. H. (2012). Microinjec-
tion of glycine into the ventral tegmental area selectively decreases
ethanol consumption. The Journal of Pharmacology and Experimental
Therapeutics, 341, 196-204. https://doi.org/10.1124/jpet.111.
190058

Lido, H. H., Ericson, M., Marston, H., & Soderpalm, B. (2011). A role for
accumbal glycine receptors in modulation of dopamine release by the
glycine transporter-1 inhibitor ORG25935. Frontiers in Psychiatry, 2, 8.

Lin, M. S., Xiong, W. C,, Li, S. J., Gong, Z., Cao, X., Kuang, X. J., ... Zhu, X. H.
(2017). a2-glycine receptors modulate adult hippocampal neuro-
genesis and spatial memory. Developmental Neurobiology, 77,
1430-1441. https://doi.org/10.1002/dneu.22549

Lu, Y., & Ye, J. H. (2011). Glycine-activated chloride currents of neurons
freshly isolated from the prefrontal cortex of young rats. Brain
Research, 1393, 17-22. https://doi.org/10.1016/j.brainres.2011.
03.073

Maguire, E. P, Mitchell, E. A, Greig, S. J., Corteen, N., Balfour, D. J.,
Swinny, J. D., ... Belelli, D. (2014). Extrasynaptic glycine receptors of
rodent dorsal raphe serotonergic neurons: A sensitive target for etha-
nol. Neuropsychopharmacology, 39, 1232-1244. https://doi.org/10.
1038/npp.2013.326

Malosio, M. L., Marqueze-Pouey, B., Kuhse, J., & Betz, H. (1991). Wide-
spread expression of glycine receptor subunit mRNAs in the adult and
developing rat brain. The EMBO Journal, 10, 2401-2409. https://doi.
org/10.1002/j.1460-2075.1991.tb07779.x

Mann, K. (2004). Pharmacotherapy of alcohol dependence: A review of
the clinical data. CNS Drugs, 18, 485-504. https://doi.org/10.2165/
00023210-200418080-00002

Martin, G., & Siggins, G. R. (2002). Electrophysiological evidence for
expression of glycine receptors in freshly isolated neurons from
nucleus accumbens. The Journal of Pharmacology and Experimental
Therapeutics, 302, 1135-1145. https://doi.org/10.1124/jpet.102.
033399

McCracken, L. M., Lowes, D. C., Salling, M. C., Carreau-Vollmer, C,,
Odean, N. N., Blednov, Y. A, ... Harrison, N. L. (2017). Glycine receptor
a3 and a2 subunits mediate tonic and exogenous agonist-induced cur-
rents in forebrain. Proceedings of the National Academy of Sciences of
the United States of America, 114, E7179-E7186. https://doi.org/10.
1073/pnas.1703839114

Meyer, G., Kirsch, J.,, Betz, H., & Langosch, D. (1995). Identification of a
gephyrin binding motif on the glycine receptor p subunit. Neuron, 15,
563-572. https://doi.org/10.1016/0896-6273(95)90145-0

Molander, A., Lido, H. H., Lof, E., Ericson, M., & Soderpalm, B. (2007). The
glycine reuptake inhibitor Org 25935 decreases ethanol intake and
preference in male Wistar rats. Alcohol and Alcoholism, 42, 11-18.
https://doi.org/10.1093/alcalc/agl085

Molander, A., Lof, E., Stomberg, R., Ericson, M., & Soderpalm, B. (2005).
Involvement of accumbal glycine receptors in the regulation of volun-
tary ethanol intake in the rat. Alcoholism, Clinical and Experimental
Research, 29, 38-45. https://doi.org/10.1097/01.ALC.0000150009.
78622.E0

Molander, A., & Soderpalm, B. (2005a). Accumbal strychnine-sensitive gly-
cine receptors: An access point for ethanol to the brain reward system.


https://doi.org/10.1038/s41598-018-28381-2
https://doi.org/10.1038/s41598-018-28381-2
https://doi.org/10.3389/fnmol.2018.00380
https://doi.org/10.1038/nprot.2006.279
https://doi.org/10.1111/bph.14153
https://doi.org/10.1111/j.1530-0277.1989.tb00310.x
https://doi.org/10.1111/j.1530-0277.1989.tb00310.x
https://doi.org/10.1073/pnas.85.14.5274
https://doi.org/10.1073/pnas.85.14.5274
https://doi.org/10.1113/JP273767
https://doi.org/10.1176/appi.ajp.2017.16101180
https://doi.org/10.1016/j.neuron.2005.01.028
https://doi.org/10.1093/nar/gkx1121
https://doi.org/10.1523/JNEUROSCI.17-04-01350.1997
https://doi.org/10.1523/JNEUROSCI.17-04-01350.1997
https://doi.org/10.1016/j.neuropharm.2014.03.010
https://doi.org/10.1016/j.neuropharm.2014.03.010
https://doi.org/10.1016/j.brainres.2009.09.053
https://doi.org/10.1016/j.brainres.2009.09.053
https://doi.org/10.1016/j.brainres.2012.01.050
https://doi.org/10.1016/j.brainres.2012.01.050
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.2164/jandrol.108.005660
https://doi.org/10.2164/jandrol.108.005660
https://doi.org/10.1176/jnp.9.3.482
https://doi.org/10.1007/PL00000899
https://doi.org/10.1124/jpet.111.190058
https://doi.org/10.1124/jpet.111.190058
https://doi.org/10.1002/dneu.22549
https://doi.org/10.1016/j.brainres.2011.03.073
https://doi.org/10.1016/j.brainres.2011.03.073
https://doi.org/10.1038/npp.2013.326
https://doi.org/10.1038/npp.2013.326
https://doi.org/10.1002/j.1460-2075.1991.tb07779.x
https://doi.org/10.1002/j.1460-2075.1991.tb07779.x
https://doi.org/10.2165/00023210-200418080-00002
https://doi.org/10.2165/00023210-200418080-00002
https://doi.org/10.1124/jpet.102.033399
https://doi.org/10.1124/jpet.102.033399
https://doi.org/10.1073/pnas.1703839114
https://doi.org/10.1073/pnas.1703839114
https://doi.org/10.1016/0896-6273(95)90145-0
https://doi.org/10.1093/alcalc/agl085
https://doi.org/10.1097/01.ALC.0000150009.78622.E0
https://doi.org/10.1097/01.ALC.0000150009.78622.E0

SAN MARTIN ET AL.

BRITISH
3956 PHARMACOLOGICAL
SOCIETY

Alcoholism, Clinical and Experimental Research, 29, 27-37. https://doi.
org/10.1097/01.ALC.0000150012.09608.81

Molander, A., & Soderpalm, B. (2005b). Glycine receptors regulate dopa-
mine release in the rat nucleus accumbens. Alcoholism, Clinical and
Experimental Research, 29, 17-26. https://doi.org/10.1097/01.ALC.
0000150006.17168.F7

Molchanova, S. M., Combhair, J., Karadurmus, D., Piccart, E., Harvey, R. J.,
Rigo, J. M,, ... Gall, D. (2018). Tonically active a2 subunit-containing
glycine receptors regulate the excitability of striatal medium spiny
neurons. Frontiers in Molecular Neuroscience, 10, 442.

Morelli, G., Avila, A., Ravanidis, S., Aourz, N., Neve, R. L., Smolders, 1., ...
Brone, B. (2017). Cerebral cortical circuitry formation requires func-
tional glycine receptors. Cerebral Cortex, 27, 1863-1877. https://doi.
org/10.1093/cercor/bhw025

Morrow, A. L., VanDoren, M. J,, Fleming, R., & Penland, S. (2001). Ethanol
and neurosteroid interactions in the brain. International Review of Neu-
robiology, 46, 349-377. https://doi.org/10.1016/50074-7742(01)
46068-5

Munoz, B., Gallegos, S., Peters, C., Murath, P, Lovinger, D. M,
Homanics, G. E., & Aguayo, L. G. (2019). Influence of nonsynaptic al
glycine receptors on ethanol consumption and place preference.
Ad(diction Biology, 25, €12726. https://doi.org/10.1111/adb.12726

Munoz, B., Yevenes, G. E., Forstera, B., Lovinger, D. M., & Aguayo, L. G.
(2018). Presence of inhibitory glycinergic transmission in medium
spiny neurons in the nucleus accumbens. Frontiers in Molecular Neuro-
science, 11, 228. https://doi.org/10.3389/fnmol.2018.00228

Pilorge, M., Fassier, C., Le Corronc, H., Potey, A., Bai, J., De Gois, S., ...
Betancur, C. (2016). Genetic and functional analyses demonstrate a
role for abnormal glycinergic signaling in autism. Molecular Psychiatry,
21, 936-945. https://doi.org/10.1038/mp.2015.139

Rhodes, J. S., Best, K., Belknap, J. K., Finn, D. A., & Crabbe, J. C. (2005).
Evaluation of a simple model of ethanol drinking to intoxication in
C57BL/6J mice. Physiology & Behavior, 84, 53-63. https://doi.org/10.
1016/j.physbeh.2004.10.007

Rhodes, J. S., Ford, M. M., Yu, C. H., Brown, L. L., Finn, D. A,, Garland, T.
Jr., & Crabbe, J. C. (2007). Mouse inbred strain differences in ethanol
drinking to intoxication. Genes, Brain, and Behavior, 6, 1-18. https://
doi.org/10.1111/j.1601-183X.2006.00210.x

Russo, S. J., & Nestler, E. J. (2013). The brain reward circuitry in mood dis-
orders. Nature Reviews. Neuroscience, 14, 609-625. https://doi.org/10.
1038/nrn3381

Salling, M. C., & Harrison, N. L. (2014). Strychnine-sensitive glycine
receptors on pyramidal neurons in layers II/Ill of the mouse prefrontal
cortex are tonically activated. Journal of Neurophysiology, 112,
1169-1178. https://doi.org/10.1152/jn.00714.2013

Satta, R., Hilderbrand, E. R., & Lasek, A. W. (2018). Ovarian hormones con-
tribute to high levels of binge-like drinking by female mice. Alcoholism,
Clinical and Experimental Research, 42, 286-294. https://doi.org/10.
1111/acer.13571

Scofield, M. D., Heinsbroek, J. A, Gipson, C. D., Kupchik, Y. M.,
Spencer, S., Smith, A. C., .. Kalivas, P. W. (2016). The nucleus

accumbens: Mechanisms of addiction across drug classes reflect the
importance of glutamate homeostasis. Pharmacological Reviews, 68,
816-871. https://doi.org/10.1124/pr.116.012484

Soderpalm, B., Lido, H. H., & Ericson, M. (2017). The glycine receptor—A
functionally important primary brain target of ethanol. Alcoholism, Clin-
ical and Experimental Research, 41, 1816-1830. https://doi.org/10.
1111/acer.13483

Spanagel, R. (2009). Alcoholism: A systems approach from molecular phys-
iology to addictive behavior. Physiological Reviews, 89, 649-705.
https://doi.org/10.1152/physrev.00013.2008

Varlinskaya, E. I., & Spear, L. P. (2015). Social consequences of ethanol:
Impact of age, stress, and prior history of ethanol exposure. Physiol-
ogy & Behavior, 148, 145-150. https://doi.org/10.1016/j.physbeh.
2014.11.062

Ye, J. H., Tao, L, Ren, J., Schaefer, R., Krnjevic, K., Liu, P. L, ...
McArdle, J. J. (2001). Ethanol potentiation of glycine-induced
responses in dissociated neurons of rat ventral tegmental area.
The Journal of Pharmacology and Experimental Therapeutics, 296,
77-83.

Yevenes, G. E., Moraga-Cid, G., Avila, A, Guzman, L., Figueroa, M.,
Peoples, R. W., & Aguayo, L. G. (2010). Molecular requirements for
ethanol differential allosteric modulation of glycine receptors based on
selective GBy modulation. The Journal of Biological Chemistry, 285,
30203-30213. https://doi.org/10.1074/jbc.M110.134676

Yevenes, G. E., Moraga-Cid, G., Peoples, R. W., Schmalzing, G., &
Aguayo, L. G. (2008). A selective Gy-linked intracellular mechanism
for modulation of a ligand-gated ion channel by ethanol. Proceedings
of the National Academy of Sciences of the United States of America,
105, 20523-20528. https://doi.org/10.1073/pnas.0806257105

Young-Pearse, T. L., lvic, L., Kriegstein, A. R., & Cepko, C. L. (2006). Charac-
terization of mice with targeted deletion of glycine receptor alpha 2.
Molecular and Cellular Biology, 26(15), 5728-5734. https://doi.org/10.
1128/MCB.00237-06

Zhang, Y., Ho, T. N. T., Harvey, R. J,, Lynch, J. W., & Keramidas, A. (2017).
Structure-function analysis of the GlyR a2 subunit autism mutation p.
R323L reveals a gain-of-function. Frontiers in Molecular Neuroscience,
10, 158. https://doi.org/10.3389/fnmol.2017.00158

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: San Martin L, Gallegos S, Araya A,

et al. Ethanol consumption and sedation are altered in mice
lacking the glycine receptor o2 subunit. Br J Pharmacol. 2020;
177:3941-3956. https://doi.org/10.1111/bph.15136



https://doi.org/10.1097/01.ALC.0000150012.09608.81
https://doi.org/10.1097/01.ALC.0000150012.09608.81
https://doi.org/10.1097/01.ALC.0000150006.17168.F7
https://doi.org/10.1097/01.ALC.0000150006.17168.F7
https://doi.org/10.1093/cercor/bhw025
https://doi.org/10.1093/cercor/bhw025
https://doi.org/10.1016/S0074-7742(01)46068-5
https://doi.org/10.1016/S0074-7742(01)46068-5
https://doi.org/10.1111/adb.12726
https://doi.org/10.3389/fnmol.2018.00228
https://doi.org/10.1038/mp.2015.139
https://doi.org/10.1016/j.physbeh.2004.10.007
https://doi.org/10.1016/j.physbeh.2004.10.007
https://doi.org/10.1111/j.1601-183X.2006.00210.x
https://doi.org/10.1111/j.1601-183X.2006.00210.x
https://doi.org/10.1038/nrn3381
https://doi.org/10.1038/nrn3381
https://doi.org/10.1152/jn.00714.2013
https://doi.org/10.1111/acer.13571
https://doi.org/10.1111/acer.13571
https://doi.org/10.1124/pr.116.012484
https://doi.org/10.1111/acer.13483
https://doi.org/10.1111/acer.13483
https://doi.org/10.1152/physrev.00013.2008
https://doi.org/10.1016/j.physbeh.2014.11.062
https://doi.org/10.1016/j.physbeh.2014.11.062
https://doi.org/10.1074/jbc.M110.134676
https://doi.org/10.1073/pnas.0806257105
https://doi.org/10.1128/MCB.00237-06
https://doi.org/10.1128/MCB.00237-06
https://doi.org/10.3389/fnmol.2017.00158
https://doi.org/10.1111/bph.15136

	Ethanol consumption and sedation are altered in mice lacking the glycine receptor α2 subunit
	  INTRODUCTION
	  METHODS
	  Animals

	  What is already known
	  Wha this study adds
	  What is the clinical significance
	  Experimental protocol
	  Preparation of brain slices
	  Enzymatic dissociation of accumbal neurons
	  Electrophysiology
	  Dissociated accumbal neurons
	  Brain slice recording

	  Real-time quantitative PCR
	  Western blots
	  Behavioural studies
	  Open-field assay
	  Accelerating rotarod
	  Fixed speed rotarod
	  Loss of the righting reflex
	  Drinking in the dark (DID)
	  Blood ethanol concentration
	  Conditioned place preference

	  Reagents
	  Data analyses
	  Nomenclature of targets and ligands

	  RESULTS
	  Presence of α2-containing glycine receptors in the nucleus accumbens
	  Loss of glycine-activated currents in accumbal neurons in Glra2-/Y mice
	  The glycine receptor α2 subunit is important for glycinergic synaptic currents
	  Glra2 KO mice displayed normal locomotor activity but impaired motor skill learning
	  Reduced ethanol-induced sedation in mice lacking the glycine receptor α2 subunit
	  Glra2-/Y mice had a high ethanol consumption on their first exposure compared to WT mice
	  Decreased ethanol-conditioned place preference in the Glra2-/Y mice

	  DISCUSSION
	  Role of glycine receptors containing the α2 subunit in nucleus accumbens neurons
	  Behavioural effects of high ethanol doses in Glra2 KO mice
	  Changes in ethanol intake and preference

	ACKNOWLEDGEMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	REFERENCES


