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Abstract

N-methyl-D-aspartate receptors (NMDARS) are glutamate-gated ion channels essential for
glutamatergic transmission and plasticity. NMDARs are inhibited by acute ethanol and undergo
brain region specific adaptations after chronic alcohol exposure. In previous studies, we reported
that knock-in mice expressing ethanol-insensitive GIUN1 or GIuN2A NMDAR subunits display
altered behavioral responses to acute ethanol and genotype-dependent changes in drinking using
protocols that do not produce dependence. A key unanswered question is whether the intrinsic
ethanol sensitivity of NMDARSs also plays a role in determining behavioral adaptations that
accompany the development of dependence. To test this, we exposed mice to repeated cycles of
chronic intermittent ethanol (CIE) vapor known to produce a robust escalation in ethanol
consumption and preference. As expected, wild-type mice showed a significant increase from
baseline in ethanol consumption and preference after each of the four weekly CIE cycles. In
contrast, ethanol consumption in male GIuUN2A(A825W) mice was unchanged following cycles 1,
2 and 4 cycles of CIE with a modest increase appearing after cycle 3. Wild-type and
GIuN2A(A825W) female mice did not show a clear or consistent escalation in ethanol
consumption or preference following CIE treatment. In male GIuN1(F639A) mice, the increase in
ethanol consumption observed with their wild-type littermates was delayed until later cycles of
exposure. These results suggest that the acute ethanol sensitivity of NMDARSs especially those
containing the GIuN2A subunit may be a critical factor in the in the escalation of ethanol intake in
alcohol dependence.
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Introduction

As key players in glutamatergic synaptic neuronal transmission and plasticity, ethanol-
sensitive NMDARs are hypothesized to play a significant role in the pathophysiology of
alcohol use disorders. For example, NMDARs have been shown to mediate the rewarding
effects of ethanol and influence the severity of withdrawal symptoms, craving, and relapse in
ethanol dependent subjects (Barker et al. 2017; Becker and Lopez 2016; Biala and Kotlinska
1999; Boyce-Rustay and Holmes 2006a; Daut et al. 2015; Jury et al. 2018; Kotlinska et al.
2004; Ron and Wang 2009). NMDAR ion channel activity is suppressed during acute
ethanol intoxication and following repeated exposures, neurons show compensatory and
subunit-selective upregulation of NMDAR expression and activity. These include changes in
synaptic localization, expression and function that are thought to contribute to the
escalations in drinking and cognitive deficits seen in alcohol-dependent subjects. (Carpenter-
Hyland and Chandler 2007; Carpenter-Hyland et al. 2004). The NMDAR-mediated
enhancement in glutamatergic transmission following repeated exposures to alcohol is
proposed to contribute to CNS hyperexcitability and excitotoxicity, and it is thought to play
an important role in the transition to alcohol dependence (reviewed in (Fritz et al. 2019)).
However, it remains unclear whether the intrinsic ethanol sensitivity of NMDARS
contributes to the magnitude of such changes or if these adaptations result from alcohol’s
actions on other signaling processes that then drive changes in NMDAR expression and/or
function.

In humans, enhanced ethanol consumption is a hallmark of the transition from social use of
alcohol to that associated with alcohol dependence (American Psychiatric Association.
2013). In animals, this behavior is consistently recapitulated in the chronic intermittent
ethanol vapor (CIE) exposure model (Becker and Lopez 2016) in which mice or rats are
repeatedly exposed to intoxicating amounts of ethanol vapor for sustained periods of time.
Interestingly, previous studies report that mice lacking the GIUN2A NMDAR subunit
(GIuN2A KO) do not show escalations in drinking after CIE exposure and fail to develop
tolerance to ethanol-induced ataxia (Daut et al. 2015; Jury et al. 2018). However, these
studies are compromised by adaptations in neuronal signaling that follow germ-line deletion
of GIUN2A subunits such as enhanced dopaminergic and serotonergic tone (Miyamoto et al.
2001) that may influence alcohol-related behaviors.

Previous work from our laboratory and others revealed ethanol-sensitive sites within specific
transmembrane domains of GIuN1 and GIuN2 subunits involved in channel gating and
within sub-domains important for channel function. Specific knock-in mutations at these
sites produces a significant rightward shift in the ethanol dose-response of these receptors
rendering them essentially insensitive to concentrations of alcohol associated with drinking
(Ren et al. 2017; Ronald et al. 2001). To minimize complications from compensatory
adaptations associated with gene deletions, we developed mice with single amino acid
replacements in transmembrane (TM) 1 and 4 domains of the GIuN1 (F639A) and GIuN2A
(A825W) subunits, respectively, that have been shown to reduce the ethanol inhibition of
NMDARs (Honse et al. 2004; Smothers and Woodward 2016; Xu et al. 2015). We have
recently reported that these mice express ethanol-resistant NMDAR-mediated currents with
otherwise normal functional properties (e.g. amplitude, rise/decay time) and show selective
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alterations in ethanol-induced behaviors (den Hartog et al. 2013; den Hartog et al. 2017;
Zamudio et al. 2020; Zamudio-Bulcock et al. 2018).

In the present study we used these mice to test whether the escalation in drinking that
develops with alcohol dependence is mediated by the intrinsic ethanol sensitivity of
NMDARs.

Materials and Methods

Subjects

Adult male and female wild-type and homozygous GIUN2A(A825W) mice on a C57BL/6J
background (9 to 42 weeks old, average age 20.5 + 8.2 weeks), and male wild-type and
heterozygous GIuUN1(F639A) mice (17 to 38 week old, average age 22.8 + 1 weeks) on a
mixed C57BL/6J x 129Sv/SvJ background were used in these studies. Mice were generated
by Het x Het breeding as described previously (den Hartog et al. 2013; Zamudio et al.
2020). The GIUN2A(A825W) mice had an alanine to tryptophan replacement (A to W) at
position 825 in the TM4 domain of the GIUN2A subunit (Figure 1A). The GIUN1(F639A)
mice had a phenylalanine to alanine replacement (F to A) at position 639 in the TM3 domain
of the GIuN1 subunit (Figure 1A). As previously described (den Hartog et al. 2013), mice
homozygous for the GIuUN1(F639A) mutation were not viable post-natally and all
experiments with GIUN1(F639A) mice used heterozygotes. After weaning, mice were group
housed until adulthood with ad libitum access to rodent chow and water with 12-h light/dark
cycles (lights off at 9:00 AM). Mice were genotyped by polymerase chain reaction from tail
derived DNA. For GIuUN2A(A825W) genotyping, polymerase chain reactions spanning exon
11 included forward (GCCAAAGGCCAGCAAAGCTCAAGA) and reverse
(AACTGCCCTGTGTTGTTCTGCACCT) primers with subsequent Pst1 digestion. For
GIuN1(F639A) genotyping, primers 5-TTC ACA GAA GTG CGA TCT GG-3" and 5'-
AGG GGA GGC AAC ACT GTG GAC-3” amplified a 466-base pair fragment from the
wild-type allele; and primers 5'-CTT GGG TGG AGA GGC TAT TC-3” and 5'-AGG TGA
GAT GAC AGG AGA TC-3" amplified a 280-base pair fragment from the knock-in allele.
All experiments were approved by the MUSC Institutional Animal Care and Use
Committees and conformed to NIH guidelines for the use of animals in biomedical research.

Two-Bottle Choice continuous access drinking paradigm

Prior to beginning the drinking studies, mice were separated by genotype and singly housed
and given ad libitum access to food and water and maintained on a reverse light-dark cycle
(lights off at 09:00 AM). Two hours after the start of the dark cycle, home cage water bottles
were replaced with two drinking bottles containing either ethanol (15% v/v with water) or
water and their locations were alternated every 24h to control for individual side preference.
Mice were weighed once a week prior to each drinking session and drinking bottles were
weighed immediately before the drinking sessions, and every 24 h thereafter for 5
consecutive days (Mon-Fri). The difference in weight was converted to g/kg consumed. At
all other times, mice had free access to home cage water bottles. This drinking paradigm was
used during baseline drinking (4 weeks) and test drinking sessions interleaved with CIE
exposures.
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CIE exposure

Statistics

Results

After 4-weeks of baseline drinking, cohorts of mice, matched for drinking amounts, were
assigned to Air or CIE groups. Mice were treated with 4 cycles of CIE vapor exposure or air
in their homecage, and each cycle was interleaved with a 5-day test drinking session, as
shown in Figure 1B. Each cycle consisted of daily exposure to ethanol vapor or air for 16
hours followed by 8 hours of withdrawal. This was repeated each day for four consecutive
days followed by 3 days of abstinence before beginning a test drinking session. For CIE
exposures, ethanol (95%) was volatized by passing air through a submerged air stone, and
the resulting vapor was mixed with fresh air and delivered to Plexiglas inhalation chambers
(5 L/min) to maintain consistent ethanol concentrations between 17 and 21 mg/L of air in
the chamber to yield a blood ethanol concentration (BEC) of approximately 200 milligrams
of ethanol per deciliter of blood (mg/dL). BEC values were determined with an Analox
Instrument analyzer (Lunenburg, MA) from blood samples taken from during each CIE
cycle. Prior to entry into vapor chambers, CIE mice were injected intraperitoneally (20
mL/kg of body weight) with ethanol (1.6 g/kg; 8%w/v) and the alcohol dehydrogenase
inhibitor pyrazole (1 mmol/kg) to maintain stable blood ethanol levels. Air control mice
were injected with saline and pyrazole and received similar daily handling as CIE exposed
mice.

Data were analyzed by Prism 8 software (GraphPad, San Diego, CA) using repeated
measures ANOVA or Mixed-effects analysis (in cases of missing data points) followed by
post-hoc comparisons with the p value corrected for multiple tests where appropriate.

Voluntary ethanol consumption is not altered in GIuUN2A(A825W) and GIuN1(F639A) mice

Male and female GIuUN2A(A825W) mice and male GIuN1(F639A) mice underwent four
weeks of voluntary ethanol (15%) drinking using the two-bottle choice continuous access
paradigm. During this period there were no significant genotype-dependent differences in
the amount of alcohol consumed across groups when compared to their respective WT
counterparts (Figure 1C and 1D). Male WT and GIuUN2A(A825W) mice consumed an
average of 8.51 + 0.77 g/Kg and 7.65 + 0.61 g/Kg every 24h, respectively, during the 4
weeks of baseline drinking. Female WT and GIUN2A(A825W) mice averaged similar
amounts of ethanol consumption (WT: 13.74 £ 1.45 g/Kg vs A825W:11.86 + 1.07 g/Kg) and
these were significantly higher than those of males (A825W: female vs male, F(; 2¢) = 6.84
p<0.05; WT: female vs male, F (1 36) = 61.86, p<0.0001; Mixed-effects analysis). Daily
consumption of ethanol by WT and GIuN1(F639A) male mice during the baseline period
was 6.33 £ 0.59 g/Kg and 5.86 + 0.87 g/Kg; respectively and these values were not different
from one another. After four weeks of baseline voluntary ethanol consumption, mice within
each group were separated into Air controls and CIE groups counterbalanced by average
ethanol consumption.
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BEC values during repeated cycles of CIE

Previous studies have demonstrated that the CIE-induced escalation in ethanol consumption
requires a sustained elevation in BEC (>175 mg/dL) during the vapor exposure periods
(Griffin et al. 2009). To ensure that these levels were met and did not vary across the
genotypes of mice studied, blood samples were taken as mice left the inhalation chambers
and BECs were measured. As summarized in Figure 2, BECs averaged approximately 200
mg/dL during each CIE exposure period and were similar between male WT and
GIuN2A(A825W) mice (F(1,66) = 3.89, p=0.053; Mixed-effects analysis, Fig. 2A) and
female WT and GIUN2A(A825W) mice (F(1,10) = 0.759, p=0.40; 2-way RM ANOVA, Fig
2B). When compared across male and female GIuUN2A(A825W) experimental groups, there
were no significant differences in BEC values by sex (F(1,102) = 0.005, p=0.94; Three-way
Mixed-effects analysis) or genotype (F(1,102) = 0.03, p=0.86; Three-way Mixed-effects
analysis). BEC values for male WT and GIuN1(F639A) mice were also not different from
one another across the CIE treatments (F(y,18) = 0.001, p=0.98; 2-way RM ANOVA, Figure
2C).

Male GIUN2A(A825W) mice show blunted escalation in ethanol drinking after CIE treatment

Each of the four CIE cycles was followed by a 5-day drinking session that typically reveals a
significant increase in ethanol intake (Becker and Lopez 2016). As shown in Figure 3A (left
panel), CIE treated WT male GIUN2A(A825) mice showed a significant increase in ethanol
consumption (g/Kg) after CIE treatment cycles one through four when compared to WT air
controls (CIE vs Air; F1,13) = 19.73, p=0.0007; Mixed-effects analysis). Moreover, in the
CIE treated WT mice, post-hoc comparisons showed that ethanol consumption was
significantly increased compared to baseline drinking (p<0.05; Dunnett’s post-hoc) and
higher than that of Air controls (p<0.01; Sidak’s post-hoc) during each of the drinking
sessions. In contrast to WT male mice, there was no effect of CIE on ethanol consumption in
male GIUN2A(A825W) mice (F(1,13) = 0.48, p=0.50, Figure 3A, right panel). Post-hoc
comparisons revealed that ethanol consumption in GIUN2A(A825W) mice was not
significantly different from baseline after CIE treatments one, two and four while there was
a significant increase in ethanol intake from baseline drinking after cycle 3 (p<0.05;
Dunnett’s post-hoc).

CIE exposed WT mice also showed significantly enhanced preference for ethanol, with
respect to water, when compared to WT Air controls (main effect of treatment: F(; 13) =
10.08, p=0.007; Mixed-effects analysis). In addition, ethanol preference during each of the 4
drinking test sessions was significantly higher than baseline ethanol preference (p<0.05;
Dunnett’s post-hoc) and that of the Air controls (p<0.05, Sidak’s post-hoc; Figure 3B, left
panel). In contrast, GIUN2A(A825W) male mice showed no change in ethanol preference
following any of the CIE cycles when compared to GIUN2A(A825W) Air controls (main
effect of treatment: F(y 14) = 0.30, p=0.59; Mixed-effects analysis; Figure 3B, right panel).
Noteworthy, increases in ethanol consumption were mirrored by decreases in water
consumption (data not shown).

In contrast to male mice, female WT mice did not show a consistent increase in ethanol
drinking following CIE treatment (main effect of treatment: F(; gy = 0.14, p=0.71; Mixed-
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effects analysis), although there was a significant increase in drinking after CIE cycle two as
compared to baseline drinking (p<0.05; Dunnett’s post-hoc; Figure 4A, left panel).
Additionally, there were no significant changes in ethanol preference by WT female mice
after any of the four CIE cycles (Figure 4B, left panel). GIuUN2A(A825W) female mice also
showed no changes in ethanol consumption after CIE exposures (main effect of treatment:
F@,10) = 0.28, p=0.61; 2-way RM ANOVA, Figure 4A, right panel). There was a main effect
of CIE on ethanol preference in female GIUN2A(825W) mice (F(1,10) = 5.97, p=0.035) and
post-hoc comparisons indicated a significant difference during the first test drinking session
(p<0.05; Sidak’s post-hoc; Figure 4B, right panel). However, this effect was likely due to an
apparent difference in preference between the Air and CIE groups rather than a CIE-induced
increase as there were no significant differences in preference across the CIE test cycles
when values were compared to baseline (p>0.05; Dunnett’s post-hoc).

Male GIuN1(F639A) mice show a delayed increase in ethanol drinking after CIE vapor

treatments

Because only male WT mice showed a clear and consistent CIE-induced increase in
drinking (Figure 3A), we examined the effect of CIE on drinking in males using a second
line of knock-in mice that express an ethanol-resistant GIuN1 subunit. After four weeks of
baseline drinking, male GIUN1(F639A) and their WT littermates were subjected to four
cycles of CIE treatments, interleaved with test drinking sessions. As expected, male WT
mice from the GIuUN1(F639A) line displayed a robust escalation in ethanol drinking after
each CIE vapor treatment (main effect of treatment; F(y 18) = 12.57, p=0.002; 2-way RM
ANOVA, Figure 5A, left panel). Ethanol consumption was significantly higher in CIE
exposed male WT mice when compared to their baseline drinking (p<0.05; Dunnett’s post-
hoc) and was higher when compared to drinking in WT Air controls (p<0.05; Sidak’s post-
hoc). Male GIuN1(F639A) mice also showed a main effect of CIE on ethanol drinking
(F@,18) = 11.67, p=0.003; 2-way RM ANOVA), but significant increases in ethanol drinking
over baseline (p<0.05; Dunnett’s post-hoc) and Air controls (p<0.05; Sidak’s post-hoc)
occurred only after the third and fourth CIE exposures (Figure 5A, right panel).

In wild-type male mice, ethanol preference was also increased by CIE exposure (main effect
of treatment; F(; 1) = 18, p=0.0005; 2-way RM ANOVA) and was significantly different
from baseline values (p<0.05; Dunnett’s post-hoc) and Air controls (p<0.05; Sidak’s post-
hoc; Figure 5B, left panel). Similarly, while there was a main effect of CIE treatment on
ethanol preference in male GIUN1(F639A) animals (F(1,1g) = 6.85, p=0.017; 2-way RM
ANOVA), differences between baseline (p<0.05; Dunnett’s post-hoc) and Air controls
(p<0.05; Sidak’s post-hoc) appeared only after the third and fourth CIE exposure cycles
(Figure 5B, right panel).

Discussion

While it is well established that homeostatic changes in NMDAR function and expression
caused by chronic alcohol exposure play an important role in the pathophysiology of alcohol
dependence (Ron and Wang 2009; Szumlinski and Woodward 2014); it has been unclear
whether these changes are driven by inhibition of ethanol-sensitive NMDARSs. Here, using a
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well-established preclinical model of alcohol dependence, we report that mice expressing
genetically engineered GIUN2A(A825W) or GIuN1(F639A) NMDAR subunits with reduced
ethanol sensitivity (den Hartog et al. 2013; Zamudio et al. 2020) display a blunted or
delayed escalation in ethanol consumption following CIE exposure as compared to their WT
littermates. These results are important for understanding the underlying mechanisms that
drive the development of alcohol dependence and suggest that factors that influence the
intrinsic alcohol sensitivity of NMDARs may contribute to individual differences in the
severity of symptoms in individuals with alcohol use disorder.

We have previously characterized alterations in alcohol-induced behaviors in
GIuN2A(A825W) and GIuN1(F639A) mutant mice. For GIUN2A(A825W) mice, we showed
that male, but not female, mice are less sensitive to the sedative and motor-incoordinating
effects of ethanol and show a rightward shift in ethanol’s locomotor stimulating effect
(Zamudio et al. 2020). In contrast, there was no effect of the A825W mutation on acute
ethanol-induced anxiolysis or voluntary drinking in either male or female mice. Baseline
drinking in the current study was also not different between wild-type and mutant mice
although as others have shown, female mice consumed significantly more ethanol than
males. Our previous studies also showed that, like male GIUN2A(A825W) mice, male
GIuN1(F639A) mice also showed faster recovery of ethanol-induced motor impairment (den
Hartog et al. 2013) and these effects were mirrored by a similar rightward shift in the
locomotor enhancing effects of ethanol (den Hartog et al. 2013). Interestingly, voluntary
ethanol consumption was not altered in male and female GIUN2A(A825W) mice using an
intermittent access drinking protocol that, while not considered a dependence model,
generates relatively high levels of consumption (Zamudio et al. 2020). On the other hand,
GIuN1(F639A) mice showed altered patterns of ethanol consumption that varied depending
on which drinking model was used. Compared to their wild-type littermates, drinking in the
GIuN1(F639A) mutant mice was reduced in the 2-hr limited access, 2-bottle choice assay
but was slightly increased when ethanol was available every other day (den Hartog et al.
2013). In the present study, GIUN2A(A825W) and GIuN1(F639A) mice ingested
comparable amounts of ethanol as compared to their WT littermates, during the 4 weeks of
baseline consumption that used the 24-hr access, 2-bottle choice drinking paradigm.
Although longer periods of access may reveal an effect of genotype on drinking, these
findings suggest that ethanol-sensitive NMDARs do not appear to be critical for regulating
voluntary ethanol consumption in non-dependent animals.

Interestingly, while in the present study the CIE-induced escalation in alcohol consumption
was blunted in both homozygous GIuN2A(A825W) and heterozygous GIuUN1(F639A) male
mice, the timing and magnitude of this change was different between the two genotypes.
GIuN1(F639A) mice showed a delay in escalation with significant increases in drinking only
observed following the third and fourth CIE cycles. In contrast, GIUN2A(A825W) mice
showed no consistent changes in drinking over baseline with only a modest increase in
drinking appearing after the third CIE cycle. This difference could reflect the presence of the
wild-type GIuN1 subunit in the heterozygous GIUN1(F639A) mice that may allow for CIE-
induced compensations in NMDAR function to occur upon repeated CIE treatments.
Moreover, given that in GIUN1(F639A) mice, the mutation is present in all functional
NMDARs, it is possible that the difference in drinking escalation seen between
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GIuN2A(A825W) and GIUN1(F639A) mice is mediated by opposing behavioral roles of
NMDARs containing the GIUN2A subunit and those expressing other GIUN2 subunits.
Ongoing studies in this laboratory are evaluating this idea using additional lines of NMDAR
knock-in mice.

The GIUN2A subunit has been proposed to play an influential role on alcohol consumption
and dependence. High resolution genome screening studies identified quantitative trait loci
linked to alcohol preference in alcohol preferring rodents within chromosome 16, where the
GrinZA gene resides (Carr et al. 2003; Colville et al. 2017; Lo et al. 2016). Intriguingly, a
polymorphism in the promoter region of the GIUN2A gene suggested a decrease in GIUN2A-
containing NMDAR function in human alcoholics (Domart et al. 2012). In a human study
examining the association between single nucleotide polymorphisms and alcohol
dependence, the GIuUN2A subunit was found to have the greatest relevance among a group of
10 different glutamatergic genes (Schumann et al. 2008). Concomitantly, GIuUN2A knockout
mice show impaired ability to form or express learned reward-related responses to ethanol
(Boyce-Rustay and Holmes 2006a), impaired tolerance to ethanol intoxication after CIE
exposure (Daut et al. 2015), unaltered alcohol consumption in non-dependent animals and a
lack of CIE-induced escalation in ethanol drinking (Boyce-Rustay and Holmes 2006a; Jury
et al. 2018). Nonetheless, it is possible that GIuN2A knockout mice may undergo
developmental compensations that could either mask effects produced by the lack of the
GIuN2A subunit or unveil effects driven by compensatory mechanisms. For example,
GIuN2A knockout mice display elevated levels of monoaminergic tone that in turn mediates
a resistance to the hypnotic effect of nitrous oxide that is independent of NMDAR
dysfunction (Miyamoto et al. 2001; Petrenko et al. 2013).

The GIUN2A(A825W) mutation in the knock-in mice used in this study results in GIUN2A-
containing NMDARs with reduced sensitivity to ethanol but otherwise normal function
(Honse et al. 2004; Smothers and Woodward 2006; Zamudio et al. 2020). Importantly, the
reduction in ethanol sensitivity generated by this mutation is exclusive to ethanol, as
GIuN2A(A825W) NMDARSs retain normal sensitivity to other central nervous system
depressants such as benzene and the abused inhalant toluene (Ogata et al. 2006; Smothers
and Woodward 2016). Noteworthy, in GIUN2A knockout mice, the aforementioned elevation
in monoaminergic tone was associated with hyperlocomotion, and reductions in anxiety-like
and depressant-related behaviors (Boyce-Rustay and Holmes 2006a; b; Miyamoto et al.
2001). Although monoamine levels were not measured in the present study, we previously
reported no changes in locomotion or anxiety in GIUN2A(A825W) mice (Zamudio et al.
2020) suggesting that altered levels of catecholamines are unlikely to explain the observed
changes in drinking by these mice after CIE.

In the present study, the blunted CIE-induced increase in drinking in GIUN2A(A825W) mice
was limited to male mice. This is perhaps not surprising as although female rodents typically
consume more ethanol than males in either operant or home cage drinking paradigms
(Anderson and Spear 2011; Bertholomey et al. 2016; Cailhol and Mormede 2001; Piano et
al. 2005; Priddy et al. 2017), they do not show a reliable increase in ethanol consumption
after CIE exposure (Jury et al. 2017; Lopez et al. 2017; Morales et al. 2015; Schweitzer et al.
2016). The lack of a consistent elevation in ethanol drinking by females following CIE
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exposure may be due to a ceiling effect as they already consume higher levels of ethanol
during baseline periods. Other important aspects of dependence such as reward seeking,
habit development and behavioral inflexibility have also been shown to differ between
female and male rodents (Barker et al. 2017; Xie et al. 2019). Interestingly, our previous
study on GIuUN2A(A825W) mice reported that alterations in ethanol-induced behaviors were
also only observed in male mice despite a similar loss of ethanol sensitivity of synaptic
NMDARs in prefrontal cortex and cerebellum in male and female GIUN2A(A825W) mice
(Zamudio et al. 2020). Importantly, studies proposing a prominent role for GIUN2A
containing NMDARs in substance abuse and alcohol use disorders included women and men
(Domart et al. 2012; Levran et al. 2009; Zhao et al. 2013) and the relevance of GIUN2A
genetic variation for human alcohol dependence was similar among men and women
(Schumann et al. 2008). Thus, future studies with male and female NMDA mutant mice
should investigate additional hallmarks of dependence, such as shifts in the rewarding effects
of ethanol, withdrawal symptoms, craving, tolerance and relapse in order to better elucidate
the role of GIuUN2A-containing NMDA receptor in alcohol dependence. In addition, these
studies could examine whether dependence-induced changes in glutamatergic signaling in
brain areas such as prefrontal cortex and extended amygdala that may drive escalated
drinking (reviewed in Hwa et al. 2017) are blunted in mice expressing ethanol-resistant
NMDARs.

In closing, the results of the present study suggest that the ethanol sensitivity of GIUN2A
containing NMDARs may be important in mediating the escalation in drinking observed in
alcohol dependent individuals. Ongoing studies are focused on identifying the brain regions
and neural circuits that mediate this effect.
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Figure 1. NMDAR mutant sites and protocol for chronic alcohol exposure and drinking.
(A) Locations of single amino acid replacement sites (A, alanine; F, phenylalanine) on

transmembrane domains 3 and 4 of GIuN1 (red) and GIuN2A (white) subunits, respectively.
(B) Schematic diagram of ethanol drinking and CIE exposure protocol. Following four
weeks of baseline drinking, mice underwent repeated CIE exposures interleaved with
weekly drinking tests. (C, D) Summary plots show weekly averages of 24 hr ethanol
consumption (mean = SEM) over the four week baseline drinking period for male WT
(N=15) and GIuN2A(A825W) (N=16); female WT (N=10) and GIuUN2A(A825W) (N=12)
mice (C) and male WT (N=10) and GIuN1(F639A) (N=10) mice (D).
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Figure 2. Blood ethanol concentrations in CIE treated mice.
Summary plots show weekly blood ethanol concentrations (BEC; mean + SEM) for wild-

type (open columns) and mutant mice (closed columns). (A) Male wild-type (N=10) and
GIuN2A(A825W) mice (N=10); (B) Female wild-type (N=5) and GIuN2A(A825W) mice
(N=7); (C) Male wild-type (N=10) and GIuN1(F639A) mice (N=10).
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Figure 3. Ethanol consumption and preference after repeated cycles of CIE exposure in WT and
GIuN2A(A825W) male mice.

Summary plots show weekly averages (mean + SEM) of 24 hr ethanol consumption (A) and
preference (B) in male WT (air: N=5, CIE: N=10) and GIuN2A(A825W) mice (air: N=5,
CIE: N=10). Base is average 24 hr ethanol consumption during the pre-CIE exposure
drinking tests. Symbols: (*) value statistically different (p<0.05) from baseline; (#) value
significantly different (p<0.05) from Air controls.
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Figure 4. Ethanol consumption and preference after repeated cycles of CIE exposure in WT and
GIuN2A(A825W) female mice.

Summary plots show weekly averages (mean + SEM) of 24 hr ethanol consumption (A) and
preference (B) in female WT (air: N=5, CIE: N=5) and GIuUN2A(A825W) (air: N=5, CIE:
N=7) mice. Base is average 24 hr ethanol consumption during the pre-CIE exposure
drinking tests. Symbols: (*) value statistically different (p<0.05) from baseline; (#) value
significantly different (p<0.05) from Air controls.
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Figure 5. Figure 4. Ethanol consumption and preference after repeated cycles of CIE exposure in

WT and GIUN1(F639A)

mice.

Summary plots show weekly averages (mean + SEM) of 24 hr ethanol consumption (A) and

preference (B) in male

WT (air: N=10, CIE: N=10) and GIuN1(F639A) (air: N=10, CIE:

N=10) mice. Base is average 24 hr ethanol consumption during the pre-CIE exposure
drinking tests. Symbols: (*) value statistically different (p<0.05) from baseline; (#) value
significantly different (p<0.05) from Air controls.
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