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Endogenous opioid system plays an essential role in regulating alcohol consumption. Genetic deletion of mu-opioid receptor (MOP-r) decreases alcohol

intake and reward in mouse models. A single-nucleotide polymorphism (SNP; A118G, rs1799971) in human MOP-r gene (Oprm1) is associate with altered
MOP-r activity, resulting in enhanced alcohol consumption and increased risk of developing alcoholism in individuals with at least one copy of G allele (AG
and GG). The present study determined the impact of Oprm1 SNP on alcohol drinking using A112G mice (a functionally equivalent SNP in Oprm1 with a
similar amino acid substitution in humans) in chronic excessive drinking model. We found that both AG and GG males had greater alcohol intake than AA
males, suggesting that increased MOP-r signaling with one or two copies of G allele promoted alcohol consumption. Though AG+GG males showed more
sucrose intake than AA males, there was no genotypic difference in saccharin intake. In contrast to males, females did not show any genotypic difference in
alcohol, sucrose or saccharin consumption. Pharmacological blockade of MOP-r with low-dose naltrexone reduced intake in AG+GG males, with blunted
effects in AA males, confirming that increased MOP-r signaling by G allele contributes to MOP-r mediated modulation of alcohol drinking. However, activation
of kappaopioid receptors [KOP-] by nalfurafine only decreased intake in AA males, suggesting altered KOP-r responses by G allele. Together, our data
suggest that there is selective involvement of Oprm1 G allele (one or two copies) in excessive alcohol drinking with sex difference and altered opioid receptor

responses.

HIGHLIGHTS
¢ AGand GG males had greater alcohol intake than AA ones.

e AG and GG males showed more intake of sucrose than AA
ones.

¢ There was no genotypic difference in saccharin intake.

¢ Females did not show any genotypic difference in any
consumption.

e Genotypic effects
nalfurafine

INTRODUCTION

in response to naltrexone and

The endogenous mu-opioid receptor (MOP-r) system consists
of a main endogenous ligand beta-endorphin and MOP-r. Many
lines of evidence have demonstrated that betaendorphin/MOP-r
is involved in the alcohol reinforcement and consumption: (a)
Genetic deletion of beta-endorphin or MOP-r decreases alcohol
consumption [1-5]; (b) MOP-r antagonists decrease alcohol
intake, reduce alcohol-induced reward, and attenuate the
motivation to seek and consume alcohol in rodents [6]; and (c)
Numerous pharmacological studies provide strong evidence that
opioid antagonists decrease alcohol drinking, craving and relapse
episodes in human alcoholics [7-9].

A common single-nucleotide polymorphism (SNP, A118G,
rs1799971) in human MOP-r gene [Oprm1] has significant effects
on the expression and activity of MOP-r. This SNP leads to an
amino change from asparagine to aspartic acid at a glycosylation
site (N40D) which in turn renders the MOP-r more sensitive to
beta-endorphin with increased affinity and potency [10-11],
and leads to altered MOP-r expression, maximum binding and
signaling, with different results among many studies by different
groups using a variety of methods [12-16]. During the last two
decades, the Oprm1 A118G SNP has been found to associate with
increased genetic vulnerability to alcohol abuse or dependence
with altered naltrexone responses in many studies [16-24], but
not in other reports [12, 25-35]. Of interest, individuals with one
copy of the G allele (AG), similar to the ones with two copies of the
G allele (GG), have been reported to have a greater euphoria effect
of alcohol drinking and a higher risk of developing alcoholism
[20, 22]. Therefore, the human genetic literature suggests that
one copy of the G allele (AG) might alter alcohol consumption as
profoundly as two copies of the G allele (GG).

To test this hypothesis directly, we designed a specific study
to determine the impact of all three different genotypes (namely,
AG and GG vs AA) on alcohol drinking in both male and female
mice, using A112G mice that express a functionally equivalent
SNP in Oprm1 with a similar amino acid substitution in humans
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[14]. Firstly, we tested the genotypic effect on alcohol drinking
in drinking-in-the-dark (DID) model [4, 36, 37], which allows for
limited access (e.g., 4 h/day). C57BL/6] mice become intoxicated
and the blood ethanol concentration levels are relatively high
during this 4-hour alcohol exposure time after 4 days of subacute
alcohol DID, which mimics “binge” drinking to the point of
intoxication. Then, we further evaluated the potential genotypic
effectin chronic excessive drinking (ED) drinking model, in which
the mice had access to voluntary alcohol drinking for 24 hours per
day for 3 weeks in a two-bottle freechoice paradigm. C57BL/6]
mice, after exposed to 3-week ED, develops high alcohol intake
(15- 30 g/kg/day), which constitutes an appropriate mouse
model for studying excessive alcohol consumption [4, 38, 39].
Finally, we tested if there were genotypic differences in drinking
behaviors in response to MOP-r antagonist naltrexone or kappa-
opioid receptor (KOP-r) agonist nalfurafine.

MATERIALS AND METHODS

Animals: As described previously, Oprm1 A112G mice were
generated on a C57BL/6 mouse background using site-directed
mutagenesis to replace an adenine (A) nucleotide at position
112 with a guanine (G) nucleotide in exon 1 of the Oprm1 gene
[14]. All the male and female AG, GG and AA littermates derived
from heterozygous A/G parents were used for all experiments.
All animals were kept on a 12/12 light-dark cycle at 22°C with
food and water available ad 5 | P a g e libitum. At the time the
experiments start, all the mice were at the age of 8 weeks. At the
end of all the experiments, the mice were genotyped as described
previously [14].

The A112G mice were individually housed in ventilated cages
fitted with steel lids and filter tops and given ad libitum access to
food and water in a stress-minimized facility. Mice were placed on
a 12-hour reverse light-dark cycle (lights off at 7:00 am). Animal
care and experimental procedures were conducted according to
the Guide for the Care and Use of Laboratory Animals (Institute
of Laboratory Animal Resources Commission on Life Sciences
1996). The experimental protocols used were approved by the
Institutional Animal Care and Use Committee of the Rockefeller
University.

Drugs: Ethanol solutions (15-30% v/v) were prepared from
190 proof absolute ethyl alcohol (Pharmco-AAPER, Brookfield,
CT, USA) and diluted in tap water. Sucrose and saccharin
purchased from Sigma-Aldrich Inc. (St. Louis, MO) were diluted
in tap water at 2-4% concentrations (g/ml) and at 0.1-0.2%
concentrations (g/ml), respectively.

The subacute (4 days) drinking-in-the-dark (DID)
procedure: The A112G mice accessed alcohol drinking in their
home cages with food available in this one-bottle paradigm with
alcohol exposure with 1 recording (4 hours in the dark cycle).
Based on a previous publication [36], the paradigm with our
modifications was as follows [4, 37]: At the time when the mice
started individual housing (1 week before the experiments),
the water tubes were replaced with those with sipper tubes to
acclimate the mice to the sipper tubes (without ball bearings).

During the first day of testing (i.e., day 1), all the AG, GG and
AA mice were given access to 15% alcohol for 4 h. Starting at 3
hours after lights off (10:00 am), the water tubes were replaced

with alcohol tubes sealed with a rubber stopper on the tope and
fitted with a stainless steel straight sipper tube at the bottom. The
sipper tubes contained a ball bearing at the end to prevent alcohol
leakage. Then they received daily 4-hour access to alcohol for
another 3 days. The alcohol tubes were filled with fresh alcohol
solution every day, and kept for 4 hours and then were replaced
with the water tubes. Alcohol intake values were recorded at 4
hours (to the nearest 0.1 ml). These data were calculated as self-
administered alcohol intake (i.e., g / kg).

The chronic (3 weeks) excessive drinking (ED) procedure:
After the 4-day DID in the first week, the AG, GG and AA mice in
both sexes had intermittent access to alcohol drinking every other
day in the home cage for 3 weeks, with food and water available
in this two-bottle free choice paradigm. This ED model was like
an earlier protocol [38], with some modifications [4, 39, 40]. The
procedures were similar to the above DID procedures with the
following exceptions: Beginning at 3 hours after lights off, both
the alcohol solution and water tubes were provided on home
cages. The position of the tubes (left or right side) was randomly
changed to avoid the possible side preference. Both the alcohol
and water intake values were recorded after 4, 8 and 24 hours of
alcohol access, and the data were used to calculate alcohol intake
(i.e., g / kg) and relative preference ratio for alcohol (i.e., alcohol
intake / total fluid intake). Access to alcohol following the 3-week
procedure led to high alcohol intake in the mice [4]. As with the
above DID model, we purposely examined alcohol drinking at
the beginning of the dark period, the 4- hour time after alcohol
access. The alcohol and water intake values were also measured
at 8- and 24-hour recording times after alcohol access, to observe
alcohol drinking during 24-hour circadian cycle.

Test 1. Genotypic effect on 15% alcohol drinking. The AG, GG
and AA mice in both sexes were given access to 15% alcohol in
both the Test 1A and Test 1B; Test 2. Genotypic effect on 30%
alcohol drinking. The AG, GG and AA mice in both sexes were
given access to 30% alcohol in both the Test 2A and Test 2B;
Test 3. Genotypic effect on 2-4% sucrose drinking. The exposure
procedure was identical to the above ED alcohol tests with the
following exception: sucrose solutions replaced alcohol ones.
The AG, GG and AA mice in both sexes were given access to 2%
sucrose in the Test 3A and then 4% sucrose in the Test 3B; and
Test 4. Genotypic effect on 0.1-0.2% saccharin drinking. Similarly,
the AG, GG and AA mice in both sexes were given access to 0.1%
saccharin in the Test 4A and then 0.2% saccharin in the Test 4B.

Effects of genotype on alcohol (15%) drinking in ED
drinking model with single injection of naltrexone or
nalfurafine in A112G male mice: The primary objective of the
following experiments was to determine whether there was a
potential genotypic difference in drinking behavior in the EA mice
following MOP-r blockade (naltrexone at 1 mg/kg) [Test 5] and
KOP-r activation (nalfurafine at 3 or 10 pg/kg) [Test 6]. Separate
groups of male mice were used for each compound. On the test
day, 15% alcohol was presented after a single injection of the
compound or vehicle, and then alcohol and water intake values
were recorded at 4-hour time point. The range of naltrexone
and nalfurafine doses was based on our recent publications
using the same ED model in C57BL/6 mice: (1) naltrexone at 1
mg/kg sub-effective dose did not reduce alcohol intake; and (2)
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nalfurafine at 10 pg/kg, but not 3 pg/kg, decreased alcohol intake
[39]. The rationale behind the selective use of males only in these
experiments came from the above studies, in which genotypic
differences had an effect on 15% alcohol drinking in males, but
not females, at 4-hour time point.

Data analysis: In the DID experiments, group differences
on alcohol intake were analyzed using 2-way ANOVA with
repeat measures for genotype (AG+AG vs AA) and time (1, 2,
3, 4 days). In the ED experiments, group differences on alcohol
(or sucrose, saccharin) intake or preference ratio across three
different genotypes in each sex were analyzed using two-way
ANOVA with repeat measures for genotype (AG+AG vs AA) and
for time (0-4h vs 4-8h interval). Based on the published findings
that Individuals expressing at least one copy of the G allele have
a greater risk of developing alcoholism [e.g., 20], our a priori
hypothesis that there was a genotypic effect (AG+GG vs AA) was
tested with 2-way ANOVAs followed by NewmanKeuls post-hoc
or planned comparison tests. In the experiments with naltrexone
or nalfurafine, group differences were analyzed using 2-way
ANOVA for treatment (vehicle vs drug) and for genotype (AG+GG
vs AA). The accepted level of significance for all tests was p < 0.05.
All statistical analyses were performed using Statistica (StatSoft
Inc, Tulsa, OK).

Results 1

No genotypic difference on 15% alcohol intake (g/kg)
in DID model among AG, GG and AA males or females: The
objective of this DID experiment was to determine whether
4-hour limited access to alcohol for 4 days will lead to stable
alcohol intake with potential genotypic difference among AG, AG

Az 15% Alcohol in males O Aa

B W GG
= AG )

L=

alcohol intake, gikg

C: 15% alcohol in females

B 3 AA(E)
Bl GG(B
B AG(T)

s

s

alcohol intake, gikg

and AA mice in each sex. During 4 days of alcohol (15%) drinking,
there was no genotypic difference over the 4-day exposure (Table
S1).

Genotypic differences on 15% alcohol drinking in ED
model among AG, GG and AA males, but not females: To further
assess a potential genotypic difference in alcohol drinking, the
mice in both sexes were exposed to the 2-bottle “alcohol (15%)
vs. water” free choice regimen after the above DID. After exposed
to alcohol for 3 weeks, all the AG, AG and AA mice were tested
twice (designated Test A and Test B) with 15% alcohol in this 24-
hour long-access model with 3 time points.

In Test 1A in males, two-way ANOVA with repeat measure
revealed a significant effect of genotype [F (1, 22) =6.8, p<0.01],
and planned comparison analysis (AG+GG vs AA) showed that
both the AG and GG mice had more alcohol intake than the AA
mice at 0-4 hours [p<0.05], but not at 4-8 hour (Figure 1 A). In the
following Test 1B in males, there was a similar genotypic effect:
two-way ANOVA with repeat measure revealed a significant
effect of genotype [F (1,22)=7.6, p<0.01]; and during the first
4-hours, the AG and GG mice drank more alcohol than the AA mice
[Newman-Keuls post-hoc test, p<0.05] (Figure S1 ). In both the
tests, however, total daily average alcohol consumption was not
significantly altered by genotypes, as shown in Tables 1A and 1B.
There was no significant difference in alcohol preference ratio in
either test among the 3 genotypes at any time points (Figure 1
and Figure 2; Tables 1A and 1B).

In contrast to males, females did not show any genotypic
difference on alcohol intake or preference in either Test 1 or Test
2 at any time points (Figure 1 and Figure S1, Tables 1A and 1B).

B: 15% alcohol preference in males
10y

L

<

Praferance ratio
E BE E B B

D: 15% alcohol preference in females
104

Praforonce ratio
B E B

Figure 1 In Test 1A, genotypic difference on 15% alcohol intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA male (but
not female) mice. Mice exposed to the 2-bottle “15% alcohol vs. water” choice regimen and then alcohol and water intake values were recorded
after 4 and 8 hours of alcohol access on the test day. Data are presented as mean + SEM. (A) Intake with a genotypic difference: *p<0.05 vs. AA mice

in males at 0-4hour interval.
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Figure 2 In Test 2A, genotypic difference on 30% alcohol intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA male (but
not female) mice. Mice exposed to the 2-bottle “30% alcohol vs. water” choice regimen and then alcohol and water intake values were recorded
after 4 and 8 hours of alcohol access on the test day. Data are presented as mean + EM. (A) Intake with a genotypic difference: *p<0.05 vs. AA mice

in males at 4-8hour interval.

Test 1A (15% alcohol)

Male Female
AA (n=9) GG (n=T) AG (n=8) AA (n=8) GG (n=8) AG (n=T)
Intake, g'kg 14808 12821 14E1.2 22815 198 1.5 23g1.1
Preference ratio 0.76§0.03 0.61§0.10 0.7080.06 0.72§0.04 0.60880.06 0.62§0.04
Test 1B (15% alcohol)
Male Female
AA (n=9) GG (n=T) AG (n=8) AA (n=8) GG (n=8) AG (n=T)
Intake, g'kg I5gL7 14815 16 @09 258 1.6 22§22 24 3.1
Preference ratio 0.79§0.04 0.6580.06 0.6980.07 0.710.04 0.67[0.04 0.6980.08

Table 1 No genotype difference on 24-hour 15% alcohol intake (g/kg) or preference (preference ratio) after chronic (3 weeks) long-access alcohol
excessive drinking among AG, GG and AA male and female mice. Mice exposed to the 2-bottle “15% alcohol vs. water” choice regimen. Data are

presented after 24 hours of alcohol drinking in Test 1A and Test 1B.

Genotypic differences on 30% alcohol drinking in ED
model among AG, GG and AA males, but not females: After
15% alcohol tests, all the AG, AG and AA mice were tested twice
with 30% alcohol. In Test 2A in males, two-way ANOVA with
repeat measure revealed a very significant effect of genotype
[F (1, 22)=21, p<0.001]. Newman-Keuls post-hoc test (AG+GG
vs AA) 10 | P a g eshowed that both the AG and GG mice had
more intake than the AA mice at 4-8 hours [p<0.01], but not at
0-4 hours (Figure 2 A), which was different from 15% alcohol
drinking (Figure 1 A). In the following Test 2B, a similargenotypic
effect was observed: (1) a significant effect of genotype [two-
way ANOVA with repeat measure, F (1,22)=6.1, p<0.05]; and (2)
during the 4-8 hours, the AG and GG mice drank more than the AA
mice [Planned comparison (AG+GG vs AA), p<0.05] (Figure S2 ).
In both the tests, however, total daily average alcohol intake was
unaltered by genotypes (Tables 2A and Table 2B). For alcohol

preference ratio, there was no significant difference in either test
among the 3 genotypes at any time (Figure 3, Tables 2A and 2B).

In contrast to males again, females did not display any
genotypic difference on alcohol intake or preference in either
Test 3 or Test 4 at any time points (Figure 2 and Figure S2, Tables
2A and 2B).

Genotypic difference on sucrose (2% and 4%) drinking model
among AG, GG and AA males, but not females. After exposed to
alcohol, the mice exposed to sucrose drinking. As alcohol is a
caloric reinforcer, the specificity of the genotypic difference
on alcohol intake was firstly tested on sucrose intake (another
caloric reinforcer).In Test 3A (2% sucrose) in males, two-way
ANOVA with repeat measure revealed a marginally significant
effect of genotype [F(1,22) =6.4,p<0.05], and planned comparison
analysis (AG+GG vs AA) showed that both the AG and GG mice

J Subst Abuse Alcohol 8(1): 1089 (2021)
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Test 2A (30% alcohol)
Male Female
AA (n=9) GG (n=T7) AG (n=8) AA (n=8) GG (n=8) AG (n=T7)
Intake, g/kg 21807 22§23 19E25 31@30 29@25 3019
Preference ratio 0.55§0.03 0.5580.06 0.52[0.08 0.6180.08 0.54880.06 0.5880.05
Test 2B (30% alcohol)
Male Female
AA (n=9) GG (n=T) AG (n=8) AA (n=8) GG (n=8) AG (n=T)
Intake, g'kg 2318 2234 21E28 I3E 18 0@ 0.9 3209
Preference ratio 0.6080.05 0.61§0.04 0.5880.04 0.6780.05 0.62§80.03 0.55§0.04

Table 2 No genotype difference on 24-hour 30% alcohol intake (g/kg) or preference (preference ratio) after chronic (3 weeks) long-access alcohol
excessive drinking among AG, GG and AA male and female mice. Mice exposed to the 2-bottle “30% alcohol vs. water” choice regimen. Data are

presented after 24 hours of alcohol drinking in Test 2A and Test 2B.
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Figure 3 In Test 3A, genotypic difference on 2% sucrose intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA male (but
not female) mice. Mice exposed to be 2-bottle “2% sucrose vs. water” choice regimen and then sucrose and water intake values were recorded after
4 and 8 hours of sucrose access on the test day. Data are presented as mean + SEM. (A) Intake with a genotypic difference: *p<0.05 vs. AA mice in

males at 4-8hour interval.

had more intake than the AA mice at 4-8 hours [p<0.05], but not
at 0-4 hour (Figure 3 A). In the following Test 3B (4% sucrose)
in males, there was a similar genotypic effect: two-way ANOVA
with repeat measure revealed a significant effect of genotype [F
(1,22) =10.2, p<0.01]; and during the second 4-hours, the AG and
GG mice drank more sucrose the AA mice [Planned comparison
(AG+GG vs AA), p<0.01] (Figure 4 A). In both the tests, however,
total daily average sucrose consumption was not significantly
altered by genotypes, as shown in (Table 3A (2%) and Table 3B
(4%). There was no significant difference in sucrose preference
ratio in either test among the 3 genotypes at any time points
(Figure 4; Tables 3A and 3B).

In contrast, there was no any genotypic difference in females
on alcohol intake or preference in either Test 5 or Test 6 at any
time points (Figure 3 and Figure 4, Tables 3A and 3B).

No genotypic difference on saccharin (0.1% and 0.2%)
drinking among AG, GG and AA males or females: The
specificity of the genotypic difference on alcohol consumption
was further tested on saccharin intake (non-caloric reinforcer).
The mice were therefore exposed to saccharin drinking after
sucrose. During 0.1% and 0.2% drinking tests (Test 4A and Test
4B, respectively), there was no genotypic difference in either sex
on saccharin intake or preference at any time points (Figures 5
and 6, Tables 4A and 4B).

Genotypic difference in the effect of MOP-r antagonist
naltrexone on alcohol ED drinking between AG+GG and AA
males: (Figure 7) For alcohol intake, 2-way ANOVA showed
significant effects of genotype [F (1, 22) =8.4, p<0.01] and
naltrexone treatment [F (1, 22)=5.3, p<0.05], with a significant
interaction between the naltrexone treatment and genotype [F
(1,22)=5.7, p<0.05]. Newman-Keuls post-hoc tests revealed that:

J Subst Abuse Alcohol 8(1): 1089 (2021)
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Figure 4 In Test 3B, genotypic difference on 4% sucrose intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA male (but
not female) mice. Mice exposed to the 2-bottle “4% sucrose vs. water” choice regimen and then sucrose and water intake values were recorded after
4 and 8 hours of sucrose access on the test day. Data are presented as mean + SEM. (A) Intake with a genotypic difference: **p<0.01 vs. AA mice in

Test 3A (2% sucrose)

Male Female
AA (n=9) GG (n=7) AG (n=8) AA (n=8) GG (n=8) AG (n=T)
Intake, g'kg 558017 49809 57804 6.2F 1.0 6.5804 6.080.5
Preference ratio | 0.9480.01 0.94880.03 0.9680.01 0.8680.07 0.9180.02 0.9380.01
Test 3B (4% sucrose)
Male Female
AA (n=9) GG (n=T) AG (n=8) AA (n=8) GG (n=8§) AG (n=T7)
Intake, g'kg 12805 1205 15819 208 1.6 19808 21§11
Preference ratio | 0.7980.04 0.7880.08 0.7980.05 0.9080.02 0.8980.03 0.8480.04

Table 3 No genotype difference on 24-hour sucrose intake (g/kg) or preference (preference ratio) after chronic long-access alcohol excessive
drinking among AG, GG and AA male and female mice. Mice exposed to the 2-bottle “2% or 4% sucrose vs. water” choice regimen. Data are presented

after 24 hours of sucrose drinking in Test 3A and Test 3B.

(1) both the AG and GG males had more intake than the AA males
after vehicle [AG+GG vs AA, p<0.05]; and (2) naltrexone treatment
significantly decreased alcohol intakes in the AG and GG males
[Vehicle 12 | P a g evs. Naltrexone, p < 0.05], with no effect on
the AA males. There was no significant effect of eithergenotype or
naltrexone on alcohol preference ratio (data not shown).

Genotypic difference in the effect of KOP-r agonist
nalfurafine on alcohol ED drinking between AG+GG and
AA males: (Figure 8). At a low doses (3 pg/kg), there was no
significant effect of nalfurafine on 15% alcohol drinking in any
genotypes (Table S2). With nalfurafine at 10 pg/kg, two-way
ANOVA showed a significant effect of genotype on alcohol intake
[F (1,28)=10.2, p<0.01], with a significant genotype x nalfurafine
treatment interaction[F(1,28)=8.2, p<0.01]. Newman-Keuls
post-hoc tests showed that both the AG and GG males had more
intake than the AA males after vehicle [AG+GG vs AA, p<0.05]

or after nalfurafine treatment [AG+GG vs AA, p<0.01]. Planned
comparison test revealed a significant difference between the
vehicle and nalfurafine in the AA mice only (p<0.05). There was
no significant effect of either genotype or nalfurafine on alcohol
preference ratio (data not shown).

DISCUSSION

No genotypic difference in subacute (4 days) and limited-
access (4 hours/day) DID model: Our first objective in this study
was to investigate the potential effect of the Oprm1 SNP A112G
genotypic variants on alcohol “binge” consumption in both male
and female mice. As C57BL/6] mice become intoxicated over the
4 days of DID “binge” drinking [4, 36, 37], the AG, GG and AA mice
with C57BL/6] background were offered 15% alcohol for 4 hours
per day for 4 days. We found that all the mice had similar alcohol
intake in each sex in this DID model, with no genotypic difference.

J Subst Abuse Alcohol 8(1): 1089 (2021)
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Figure 5 In Test 4A, no genotypic difference on 0.1% saccharin intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA mice.
Mice exposed to the 2-bottle “0.1% saccharin vs. water” choice regimen and then saccharin and water intake values were recorded after 4 and 8
hours of saccharin access on the test day. Data are presented as mean + SEM.
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Figure 6 In Test 4B, no genotypic difference on 0.2% saccharin intake (g/kg) after chronic (3 weeks) excessive drinking among AG, GG and AA mice.
Mice exposed to the 2-bottle “0.2% saccharin vs. water” choice regimen and then saccharin and water intake values were recorded after 4 and 8
hours of saccharin access on the test day. Data are presented as mean + SEM.

Genotypic difference in chronic (3 weeks) long-access
(24 hours/day) ED model: As human studies suggest that
the Oprm1 A118G SNP is associated with increased alcohol
consumption and increased vulnerability to alcohol dependence
[20, 22], we further assessed whether the Oprm1l genotypic
difference would be associated with vulnerability to excessive
alcohol drinking. After their DID experience, all the AG, GG and

AA mice were further exposed to the ED regimen. We found that
after chronic excessive drinking, both the AG and GG male mice
displayed higher alcohol consumption than the AA male mice
with both 15% and 30% concentrations at early exposure times
(i.e. after 4 or 8 hours of alcohol access). Our data is consistent
with early reports showing that the GG mice had more alcohol
intake than the AA mice in “humanized” mice expressing the
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Oprm1 A118G SNP, with different alcohol drinking paradigms
[41, 42]. In either 15% or 30% alcohol drinking tests, both the AG
and GG males showed similar alcohol preference to the AA mice
when the alcohol and water choice were available.

It has been found that the G allele leads to elevated MOP-r
signaling activity [10]. Therefore, our results on alcohol excessive
drinking behavior suggest that the G allele-induced increase in
MOP-r/beta-endorphin activity may play a role in promoting
excessive alcohol drinking in male AG and GG mice. As the G allele
has enhancing effects on dopamine release and MOP-r activity
[22, 43], the increase in alcohol intake in male AG and GG mice
could be attributed to the enhancement of the rewarding effects
of alcohol through both the MOP-r and dopamine pathways. Our
finding observed in A112G mice (a functionally equivalent SNP
in human Oprm1 A118G) is consistent with some human studies
showing that the Oprm1 A118G polymorphism is associated with
increased vulnerability to alcohol abuse [16-24] and with mouse
studies in “humanized” mice expressing the Oprm1 A118G SNP
[41, 42].

Of note, on all excessive alcohol drinking behaviors measured
with all the threegenotypes side by side, it was notable that there
were significantly greater alcohol intakes in the males with one
or two copies of the G allele [namely AG or GG], when compared
with the maleswith the AA allele (Figures 1 to 2). As no significant
genotypic difference was found between the AG and GG males,
our result further suggests no obvious gene-dosage effect in the
A112G mice, which is similar to what we observed in FAAH C385A
knock-in mice [37]. This result is also consistent with human
genetic studies showing that the individuals with at least one
copy of the G allele have a greater alcohol-stimulated dopamine
release in the striatum [22], a greater euphoria effect of alcohol
consumption [19] and a higher risk of developing alcoholism
[20]. With one or two copies of the G allele, there is a greater
therapeutic response to naltrexone treatment in alcoholics [18,
25], including a longer delay in a return to heavy drinking [18]
and fewer relapse rates [23].

Genotypic difference on sucrose, but not saccharin,
intake: One group recently studied “binge” eating using Oprm1
A112G SNP mice, and did not observe any genotypic effect on
sweet-fat food consumption [44]. In the present experiment,
however, it was surprising to observe that the AG and GG males
had more sucrose intake at both 2% and 4% concentrations,
when compared with the AA males (Figures 3 and 4). Similar

Test 4A (0.1% saccharin)

to alcohol, the increase in sucrose intake in both the AG and GG
males could be attributed to the enhancement of the rewarding
effects of sucroseby the G allele on MOP-r and dopamine
activities. The specificity on alcohol and sucrose (both caloric
reinforcers) was suggested by the lack of any Oprm1 genotypic
difference in saccharin intake (palatable non-caloric reinforcer)
(Figures 5 and 6). Though the precise mechanisms are unknown,
itis very possible that the G allele had a selective effect on caloric
reinforcers (alcohol and sucrose), but not non-caloric reinforcers
such as saccharin, in our mouse drinking models.

Sex difference: Consistent with previous mouse studies
(e.g., [4, 38, 39, 45]), we confirmed sex differences in alcohol
drinking, with relatively higher alcohol intake in females (Table
1). However, in all the experiments with both males and females
side by side, it was unexpected that there was only genotypic
effect in males on alcohol intake in both the DID and ED models.
In contrast to females, there was also only genotypic effect
on sucrose intake in male mice (Figures 3 to 4). Profound sex
differences in both the A112G mice and human A118G carrier
mice on several behaviors have been found previously [14,
42, 46, 47 ]. Though many groups have shown that hormonal
variations during the estrous cycle may not affect alcohol intake
in female rodents [45], it has been found that estrogen 17beta-
estradiol regulates alcohol consumption in female mice [48]. As a
decreased alcohol intake in mice with a lack of beta-endorphin or
MOP-r was greater in female mice [2-4], one potential interaction
may occur between POMC/MOP-r and estrogens/estrogen
receptors which could be involved in alcohol drinking in a sex-
sensitive manner [49, 50]. Therefore, it is very possible that in
male mice, the G allele-promoted MOPr/beta-endorphin activity
is blunted by estrogens in female mice. However, at this time we
cannot provide a reasonable explanation on the sex differences
in response to different A112G genotypes on alcohol intake, with
limited information on comparison of mouse sex differences.

We did not measure the blood alcohol concentration [BAC]
levels in either male or female A112G mice and could not
provide any information on whether there was any sex effect on
alcohol metabolic rates or not, which may contribute to the sex
difference in the sensitivity to the Oprm1 A112G SNP. However,
no genotypic differences in the BAC in either male or female 16
| P age mice were found in “humanized” mice expressing the
Oprm1 A118G SNP, indicating no pharmacokinetic differences
among the genotypes in either sex [41, 42].

Male Female
AA (n=9) GG (n=T) AG (n=R) AA (n=R) GG (n=8) AG (n=T)
Intake, g/'kg 0.3280.01 0.33§0.03 0.38[§0.02 0.4180.06 0.3980.01 0.4080.05
Preference ratio | 0.9080.01 0.9080.01 | 0.92E0.02 | 0.9580.01 | 0.930.01 | 0.93F0.01

Test 4B (0.2% saccharin)

Male Female
AA (n=9) GG (n=T) AG (n=R8) AA (n=R8) GG (n=8) AG (n=T7)
Intake, g'kg 0.8980.07 0.9180.08 0.9080.05 1.480.10 1.480.19 1.580.18
Preference ratio 0.91880.02 0.9280.01 0.9380.02 0.9480.01 0.95[0.01 0.9380.02

Table 4 No genotype difference on 24-hour saccharin intake (g/kg) or preference (preference ratio) after chronic long-access alcohol excessive
drinking among AG, GG and AA male and female mice. Mice exposed to the 2-bottle “0.1% or 0.2% saccharin vs. water” choice regimen. Data are
presented after 24 hours of drinking in Test 4A and Test 4B.
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Genotypic differences in the effect of naltrexone and
nalfurafine between AG+GG and AA males: Finally, we
purposely investigated whether low-dose naltrexone could affect
alcohol drinking in the AG and GG male mice with increased MOP-r
signaling activity, and observed a significant reduction of alcohol
intake with naltrexone at 1 mg/kg in the AG+GG males (Figure 7),
though the same naltrexone treatment had no effect on alcohol
drinking in the AA males. Our results agree with one earlier study
showing that voluntary alcohol intake in response to naltrexone
was sensitized in “humanized” mice expressing the Oprml
A118G SNP [41]. Itis, therefore, further confirmed that enhanced
MOP-r signaling activity by one or two copies of Oprm1 G allele
contributes to the MOP-r mediated increases of alcohol drinking.
For comparison with naltrexone, we also tested a selective KOP-r
agonist nalfurafine and found that the AG+GG males displayed a
blunted response to nalfurafine anti-dipsogenic effect on alcohol
intake in comparison with the AA males (Figure 8), suggesting a
disruption of KOP-r function by the Oprm1 G allele. The potential
mechanisms are unknown, and further studies are needed.

I AA(6) [ AGHGG (3+4)

=
1

*
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1

_|

alcohol intake, g/kg
-

& &

Figure 7 Genotypic differences in the effect of MOP-r antagonist
naltrexone (1 mg/kg) on 15% alcohol intake between male AG+GG
and AA mice after chronic (3 weeks) excessive drinking. Mice exposed
to the 2-bottle “15% alcohol vs. water” choice regimen and then
alcohol and water intake values were recorded after 4 hours of alcohol
access on the test day. Data are presented as mean + SEM. Genotypic
difference: *p<0.05 vs. AA mice after vehicle [Veh]; Naltrexone [NTN]
effect: +p<0.05 vs. Veh-treated AG+GG mice.
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Figure 8 Genotypic differences in the effect of KOP-r agonist
nalfurafine (10 pg/kg) on 15% alcohol intake between male AG+GG
and AA mice after chronic (3 weeks) excessive drinking. Mice exposed
to the 2-bottle “15% alcohol vs. water” choice regimen and then
alcohol and water intake values were recorded after 4 hours of alcohol
access on the test day. Data are presented as mean + SEM. Genotypic
difference: *p<0.05 vs. AA mice after vehicle [Veh]; **p<0.01 vs. AA
mice after nalfurafine [NFF]; Nalfurafine effect: +p<0.05 vs. Veh-
treated AA mice.

In summary, using A112G mice, we observed an impact of
Oprm1 A118G on alcohol drinking in a long-access excessive, but
not limited-access “binge”, alcohol drinking, in male mice only.
Specifically, both the AG and GG males had greater alcohol intake
than the AA males after excessive drinking, with a sensitized
response to naltrexone, suggesting that increased MOP-r
signaling with one or two copies of the G allele increased alcohol
consumption. Consistently, human studies have demonstrated
that the individuals with at least one copy of the G allele have a
greater risk of developing alcoholism.

ACKNOWLEDGEMENT

This work was supported by Robertson Therapeutic
Development Fund at the Rockefeller University (YZ) and Dr.
Miriam and Sheldon G. Adelson Medical Research Foundation
(MJK). The authors thank Dr. JA Blendy in Department of Systems
Pharmacology and Translational Therapeutics at University of
Pennsylvania for providing her help on genotyping assays. In
memory of the late Dr. Mary Jeanne Kreek for her contributions.

REFERENCES

1. Roberts A, McDonald ], Heyser C, Kieffer B, Matthes H, et al. p-Opioid
receptor knockout mice do not self-administer alcohol. ] Pharmacol
Exp Ther. 2000; 293: 1002-1008.

2. Hall FS, Soral, Uhl GR. Ethanol consumption and reward are decreased
in mu-opiate receptor knockout mice. Psychopharmacology. 2001;
154: 43-49.

3. Raczl, Schurmann B, Karpushova A, Reuter M, Cichon S, etal. The opioid
peptides enkephalin and beta-endorphin in alcohol dependence. Biol
Psychiatry. 2008; 64: 989-997.

4. Zhou Y, Rubinstein M, Low M], Kreek M]. Hypothalamic-specific
proopiomelanocortin deficiency reduces alcohol drinking in male and
female mice. Genes Brain Behav. 2017; 16: 449-461.

5. Ben Hamida S, Boulos L], McNicholas M, Charbogne P, Kieffer BL.
Mu opioid receptors in GABAergic neurons of the forebrain promote
alcohol reward and drinking. Addict Biol. 2019; 24: 28-39.

6. Zhou Y, Kreek MJ. Involvement of activated brain stress responsive
systems in excessive and “relapse” alcohol drinking in rodent models:
implications for therapeutics. ] Pharmacol Exp Ther. 2018; 366: 9-20.

7. O’Malley SS, Jaffe A, Chang G, Schottenfeld RS, Meyer RE, et al.
Naltrexone and coping skills therapy for alcohol dependence: a
controlled study. Arch Gen Psychiatry. 1992; 49: 881- 887.

8. Volpicelli JR, Alterman Al, Hayashida M, O’Brien CP. Naltrexone in the
treatment of alcohol dependence. Arch Gen Psychiatry. 1992; 49: 876-
880.

9. Koob GF, Kreek M]J. Stress, dysregulation of drug reward pathways,
and the transition to drug dependence. Am ] Psychiatry. 2007; 164:
1149-1159.

10.Bond C, LaForge KS, Tian M, Melia D, Zhang S, et al. Single-nucleotide
polymorphism in the human mu opioid receptor gene alters beta-
endorphin binding and activity: possible implications for opiate
addiction. Proc Natl Acad Sci U S A. 1998; 95: 9608-9613.

11.Kreek MJ, Bart G, Lilly C, LaForge KS, Nielson M. Pharmacogenetics
and human molecular genetics of opiate and cocaine addictions and
their treatments. Pharmacol Rev. 2005; 57: 1-26.

12.Bergen AW, Kokoszka ], Peterson R, Long ]JC, Virkkunen M, et al. m
Opioid receptor gene variants: lack of association with alcohol
dependence. Mol Psychiatry. 1997; 2: 490-494.

J Subst Abuse Alcohol 8(1): 1089 (2021)

9/11


https://pubmed.ncbi.nlm.nih.gov/10869404/
https://pubmed.ncbi.nlm.nih.gov/10869404/
https://pubmed.ncbi.nlm.nih.gov/10869404/
https://pubmed.ncbi.nlm.nih.gov/11292005/
https://pubmed.ncbi.nlm.nih.gov/11292005/
https://pubmed.ncbi.nlm.nih.gov/11292005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2646839/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2646839/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2646839/
https://pubmed.ncbi.nlm.nih.gov/27870313/
https://pubmed.ncbi.nlm.nih.gov/27870313/
https://pubmed.ncbi.nlm.nih.gov/27870313/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5932272/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5932272/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5932272/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5988024/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5988024/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5988024/
https://pubmed.ncbi.nlm.nih.gov/1444726/
https://pubmed.ncbi.nlm.nih.gov/1444726/
https://pubmed.ncbi.nlm.nih.gov/1444726/
https://pubmed.ncbi.nlm.nih.gov/1345133/
https://pubmed.ncbi.nlm.nih.gov/1345133/
https://pubmed.ncbi.nlm.nih.gov/1345133/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2837343/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2837343/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2837343/
https://pubmed.ncbi.nlm.nih.gov/9689128/
https://pubmed.ncbi.nlm.nih.gov/9689128/
https://pubmed.ncbi.nlm.nih.gov/9689128/
https://pubmed.ncbi.nlm.nih.gov/9689128/
https://pubmed.ncbi.nlm.nih.gov/15734726/
https://pubmed.ncbi.nlm.nih.gov/15734726/
https://pubmed.ncbi.nlm.nih.gov/15734726/
https://pubmed.ncbi.nlm.nih.gov/9399694/
https://pubmed.ncbi.nlm.nih.gov/9399694/
https://pubmed.ncbi.nlm.nih.gov/9399694/

@SCiMedCentra]

Kreek MJ, et al. (2021)

13.Zhang Y, Wang D, Johnson AD, Papp AC, Sadee W. Allelic expression
imbalance of human mu opioid receptor (OPRM1) caused by variant
A118G.] Biol Chem. 2005; 280: 32618-32624.

14.Mague SD, Isiegas C, Huang P, Liu-Chen LY, Lerman C, et al. Mouse
model of OPRM1 (A118G) polymorphism has sex-specific effects on
drug-mediated behavior. Proc Natl Acad Sci U S A. 2009; 106: 10847-
10852.

15.Huang P, Chen C, Mague SD, Blendy JA, Liu-Chen LY. A common single
nucleotide polymorphism A118G of the p opioid receptor alters its
N-glycosylation and protein stability. Biochem J. 2012; 441: 379-386.

16.Weerts EM, McCaul ME, Kuwabara H, Yang X, Xu X, et al. Influence
of OPRM1 Asn40Asp variant (A118G) on [11C] -carfentanil
binding potential: preliminary findings in human subjects. Int ]
Neuropsychopharmacol. 2013; 16: 47-53.

17.Luo X, Kranzler HR, Zhao H, Gelernter J. Haplotypes at the OPRM1
locus are associated with susceptibility to substance dependence in
European-Americans. Am ] Med Genet. 2003; 120B: 97-108.

18.0slin DW, Berrettini W, Kranzler HR, Pettinati H, Gelernter ], et
al. A functional polymorphism of the p-opioid receptor gene is
associated with naltrexone response in alcoholdependent patients.
Neuropsychopharmacology. 2003; 28:1546-1552.

19.Ray LA, Hutchison KE. A polymorphism of the mu-opioid receptor
gene (OPRM1) and sensitivity to the effects of alcohol in humans.
Alcohol Clin Exp Res. 2004; 28: 1789-1795.

20.Bart G, Kreek M], Ott ], LaForge KS, Proudnikov D, et al. Increased
attributable risk related to a functional mu-opioid receptor gene
polymorphism in association with alcohol dependence in central
Sweden. Neuropsychopharmacology. 2005; 30: 417-422.

21.Anton RF, Oroszi G, O'Malley S, Couper D, Swift R, et al. An evaluation
of mu-opioid receptor (OPRM1) as a predictor of naltrexone response
in the treatment of alcohol dependence: results from the Combined
Pharmacotherapies and Behavioral Interventions for Alcohol
Dependence (COMBINE) study. Arch Gen Psychiatry. 2008; 65: 135-
144.

22.Ramchandani VA, Umhau ], Pavon FJ, Ruiz-Velasco V, Margas W, et al.
A genetic determinant of the striatal dopamine response to alcohol in
men. Mol Psychiatry. 2011; 16: 809- 817.

23.Chamorro A, Marcos M, Mirdn-Canelo ], Pastor I, Gonzalez-Sarmiento
R, et al. Association of p-opioid receptor (OPRM1) gene polymorphism
with response to naltrexone in alcohol dependence: a systematic
review and meta-analysis. Addict Biol. 2012; 17:505-512.

24.Hendershot CS, Claus ED, Ramchandani VA. Associations of OPRM1
A118G and alcohol sensitivity with intravenous alcohol self-
administration in young adults. Addict Biol. 2016; 21: 125-135.

25.Kranzler H, Gelernter ], 0O’'Malley S, Hernandez-Avila CA, Kaufman D.
Association of alcohol or other drug dependence with alleles of the m
opioid receptor gene (OPRM1). Alcohol Clin Exp Res. 1998; 22: 1359-
1362.

26.Sander T, Gscheidel N, Wendel B, Samochowiec ], Smolka M, et al.
Human mu-opioid receptor variation and alcohol dependence. Alcohol
Clin Exp Res. 1998; 22: 2108-2110.

27.Franke P, Wang T, N6then MM, Knapp M, Neidt H, et al. Nonreplication
of association between mu-opioid-receptor gene (OPRM1) A118G
polymorphism and substance dependence. Am ] Med Genet. 2001;
105:114-119.

28.Schinka JA, Town T, Abdullah L, Crawford FC, Ordorica PI, et al. A
functional polymorphism within the mu-opioid receptor gene and
risk for abuse of alcohol and other substances. Mol Psychiatry 2002;
7:224-228.

29.Kim SG, Kim CM, Kang DH, Kim Y], Byun WT, et al. Association of
functional opioid receptor genotypes with alcohol dependence in
Koreans. Alcohol Clin Exp Res. 2004; 28: 986-990.

30.Loh EW, Fann CJ, Chang YT, Chang CJ], Cheng AT. Endogenous opioid
receptor genes and alcohol dependence among Taiwanese Han.
Alcohol Clin Exp Res. 2004; 28: 15-19.

31.Gelernter ], Gueorguieva R, Kranzler HR, Zhang H, Cramer J, et al.
Opioid receptor gene (OPRM1, OPRK1, and OPRD1) variants and
response to naltrexone treatment for alcohol dependence: results
from the VA Cooperative Study. Alcohol Clin Exp Res. 2007; 31: 555-
563.

32.Tidey JW, Monti PM, Rohsenow DJ, Gwaltney CJ], Miranda R Jr, et al.
Moderators of naltrexone’s effects on drinking, urge, and alcohol
effects in non-treatment-seeking heavy drinkers in the natural
environment. Alcohol Clin Exp Res. 2008; 32: 58-66.

33.0oteman W, Naassila M, Koeter MW, Verheul R, Schippers GM, et
al. Predicting the effect of naltrexone and acamprosate in alcohol-
dependent patients using genetic indicators. Addict Biol. 2009; 14:
328-337.

34.Rouvinen-Lagerstrom N, Lahti ], Alho H, Kovanen L, Aalto M, et al.
p-Opioid receptor gene (OPRM1) polymorphism A118G: lack of
association in Finnish populations with alcohol dependence or alcohol
consumption. Alcohol Alcohol. 2013; 48: 519-525.

35.0slin DW, Leon SH, Lynch KG, Berrettini W, O’Brien CP, et al.
Naltrexone vs placebo for the treatment of alcohol dependence: a
randomized clinical trial. JAMA Psychiatry 2015; 72: 430-437.

36.Rhodes JS, Best K, Belknap JK, Finn DA, Crabbe ]JC. Evaluation of a
simple model of ethanol drinking to intoxication in C57BL/6] mice.
Physiol Behav. 2005; 84: 53-63.

37.Zhou Y, Huang T, Lee F, Kreek MJ. Involvement of Endocannabinoids
in Alcohol “Binge” Drinking: Studies of Mice with Human Fatty
Acid Amide Hydrolase Genetic Variation and After CB1 Receptor
Antagonists. Alcohol Clin Exp Res. 2016; 40: 467-473.

38.Hwa LS, Chu A, Levinson SA, Kayyali TM, DeBold JF, et al. Persistent
escalation of alcohol drinking in C57BL/6] mice with intermittent
access to 20% alcohol. Alcohol Clin Exp Res. 2011; 35: 1938-194.

39.Zhou Y, Kreek M]. Combination of clinically utilized kappa opioid
receptor agonist nalfurafine with low-dose naltrexone reduces
excessive alcohol drinking in male and female mice. Alcohol Clin Exp
Res. 2019; 43: 1077-1090.

40.Morales I, Rodriguez-Borillo O, Font L, Pastor R. Effects of naltrexone
on alcohol, sucrose, and saccharin binge-like drinking in C57BL/6]
mice: a study with a multiple bottle choice procedure. Behav
Pharmacol. 2020; 31: 256-271.

41.Bilbao A, Robinson JE, Heilig M, Malanga C], Spanagel R, et al. A
pharmacogenetic determinant of mu-opioid receptor antagonist
effects on alcohol reward and consumption: evidence from humanized
mice. Biol Psychiatry. 2015; 77: 850-858.

42.Henderson-Redmond AN, Lowe TE, Tian XB, Morgan DJ. Increased
ethanol drinking in “humanized” mice expressing the mu opioid
receptor A118G polymorphism are mediated through sex-specific
mechanisms. Brain Res Bull. 2018; 138: 12-19.

43.Zhang Y, Picetti R, Butelman ER, Ho A, Blendy JA, et al. Mouse
model of the OPRM1 (A118G) polymorphism: differential heroin
self-administration behavior compared with wildtype mice.
Neuropsychopharmacology. 2015; 40: 1091-1005.

44.Sachdeo BLY, Yu L, Giunta GM, Bello NT. Binge-Like Eating Is Not
Influenced by the Murine Model of OPRM1 A118G Polymorphism.
Front Psychol. 2019; 10: 246.

J Subst Abuse Alcohol 8(1): 1089 (2021)

10/11


https://pubmed.ncbi.nlm.nih.gov/16046395/
https://pubmed.ncbi.nlm.nih.gov/16046395/
https://pubmed.ncbi.nlm.nih.gov/16046395/
https://pubmed.ncbi.nlm.nih.gov/19528658/
https://pubmed.ncbi.nlm.nih.gov/19528658/
https://pubmed.ncbi.nlm.nih.gov/19528658/
https://pubmed.ncbi.nlm.nih.gov/19528658/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3923516/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3923516/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3923516/
https://pubmed.ncbi.nlm.nih.gov/22397905/
https://pubmed.ncbi.nlm.nih.gov/22397905/
https://pubmed.ncbi.nlm.nih.gov/22397905/
https://pubmed.ncbi.nlm.nih.gov/22397905/
https://pubmed.ncbi.nlm.nih.gov/12815747/
https://pubmed.ncbi.nlm.nih.gov/12815747/
https://pubmed.ncbi.nlm.nih.gov/12815747/
https://pubmed.ncbi.nlm.nih.gov/12813472/
https://pubmed.ncbi.nlm.nih.gov/12813472/
https://pubmed.ncbi.nlm.nih.gov/12813472/
https://pubmed.ncbi.nlm.nih.gov/12813472/
https://pubmed.ncbi.nlm.nih.gov/15608594/
https://pubmed.ncbi.nlm.nih.gov/15608594/
https://pubmed.ncbi.nlm.nih.gov/15608594/
https://pubmed.ncbi.nlm.nih.gov/15525999/
https://pubmed.ncbi.nlm.nih.gov/15525999/
https://pubmed.ncbi.nlm.nih.gov/15525999/
https://pubmed.ncbi.nlm.nih.gov/15525999/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://pubmed.ncbi.nlm.nih.gov/18250251/
https://europepmc.org/article/pmc/pmc2925052
https://europepmc.org/article/pmc/pmc2925052
https://europepmc.org/article/pmc/pmc2925052
https://pubmed.ncbi.nlm.nih.gov/22515274/
https://pubmed.ncbi.nlm.nih.gov/22515274/
https://pubmed.ncbi.nlm.nih.gov/22515274/
https://pubmed.ncbi.nlm.nih.gov/22515274/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300289/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300289/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4300289/
https://pubmed.ncbi.nlm.nih.gov/9756053/
https://pubmed.ncbi.nlm.nih.gov/9756053/
https://pubmed.ncbi.nlm.nih.gov/9756053/
https://pubmed.ncbi.nlm.nih.gov/9756053/
https://pubmed.ncbi.nlm.nih.gov/9884158/
https://pubmed.ncbi.nlm.nih.gov/9884158/
https://pubmed.ncbi.nlm.nih.gov/9884158/
https://pubmed.ncbi.nlm.nih.gov/11424981/
https://pubmed.ncbi.nlm.nih.gov/11424981/
https://pubmed.ncbi.nlm.nih.gov/11424981/
https://pubmed.ncbi.nlm.nih.gov/11424981/
https://pubmed.ncbi.nlm.nih.gov/11840318/
https://pubmed.ncbi.nlm.nih.gov/11840318/
https://pubmed.ncbi.nlm.nih.gov/11840318/
https://pubmed.ncbi.nlm.nih.gov/11840318/
https://pubmed.ncbi.nlm.nih.gov/15252283/
https://pubmed.ncbi.nlm.nih.gov/15252283/
https://pubmed.ncbi.nlm.nih.gov/15252283/
https://pubmed.ncbi.nlm.nih.gov/14745298/
https://pubmed.ncbi.nlm.nih.gov/14745298/
https://pubmed.ncbi.nlm.nih.gov/14745298/
https://pubmed.ncbi.nlm.nih.gov/17374034/
https://pubmed.ncbi.nlm.nih.gov/17374034/
https://pubmed.ncbi.nlm.nih.gov/17374034/
https://pubmed.ncbi.nlm.nih.gov/17374034/
https://pubmed.ncbi.nlm.nih.gov/17374034/
https://pubmed.ncbi.nlm.nih.gov/18028530/
https://pubmed.ncbi.nlm.nih.gov/18028530/
https://pubmed.ncbi.nlm.nih.gov/18028530/
https://pubmed.ncbi.nlm.nih.gov/18028530/
https://pubmed.ncbi.nlm.nih.gov/19523047/
https://pubmed.ncbi.nlm.nih.gov/19523047/
https://pubmed.ncbi.nlm.nih.gov/19523047/
https://pubmed.ncbi.nlm.nih.gov/19523047/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4296254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4296254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4296254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4296254/
https://jamanetwork.com/journals/jamapsychiatry/fullarticle/2174542
https://jamanetwork.com/journals/jamapsychiatry/fullarticle/2174542
https://jamanetwork.com/journals/jamapsychiatry/fullarticle/2174542
https://psycnet.apa.org/record/2005-01205-008
https://psycnet.apa.org/record/2005-01205-008
https://psycnet.apa.org/record/2005-01205-008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4962692/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4962692/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4962692/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4962692/
https://pubmed.ncbi.nlm.nih.gov/21631540/
https://pubmed.ncbi.nlm.nih.gov/21631540/
https://pubmed.ncbi.nlm.nih.gov/21631540/
https://pubmed.ncbi.nlm.nih.gov/30908671/
https://pubmed.ncbi.nlm.nih.gov/30908671/
https://pubmed.ncbi.nlm.nih.gov/30908671/
https://pubmed.ncbi.nlm.nih.gov/30908671/
https://pubmed.ncbi.nlm.nih.gov/32101989/
https://pubmed.ncbi.nlm.nih.gov/32101989/
https://pubmed.ncbi.nlm.nih.gov/32101989/
https://pubmed.ncbi.nlm.nih.gov/32101989/
https://pubmed.ncbi.nlm.nih.gov/25442002/
https://pubmed.ncbi.nlm.nih.gov/25442002/
https://pubmed.ncbi.nlm.nih.gov/25442002/
https://pubmed.ncbi.nlm.nih.gov/25442002/
https://pubmed.ncbi.nlm.nih.gov/28780411/
https://pubmed.ncbi.nlm.nih.gov/28780411/
https://pubmed.ncbi.nlm.nih.gov/28780411/
https://pubmed.ncbi.nlm.nih.gov/28780411/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367451/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367451/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367451/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367451/
https://pubmed.ncbi.nlm.nih.gov/30804861/
https://pubmed.ncbi.nlm.nih.gov/30804861/
https://pubmed.ncbi.nlm.nih.gov/30804861/

@SCiMedCentra]

Kreek MJ, et al. (2021)

45.Becker JB, Koob GF. Sex differences in animal models: focus on
addiction. Pharmacol Rev. 2016; 68: 242-263.

46.Bernardi RE, Zohsel K, Hirth N, Treutlein ], Heilig M, et al. A gene-by-
sex interaction for nicotine reward: evidence from humanized mice
and epidemiology. Translational Psychiatry. 2016; 6: 861.

47.Robinson SA, Jones AD, Brynildsen JK, Ehrlich ME, Blendy JA.
Neurobehavioral effects of neonatal opioid exposure in mice: Influence
of the OPRM1 SNP. Addict Biol. 2020; 25: 12806.

48.Satta R, Hilderbrand ER, Lasek AW. Ovarian hormones contribute to

Cite this article

high levels of bingelike drinking by female mice. Alcohol Clin Exp Res.
2018; 42: 286-294.

49.Carter A, Soliman M. Estradiol and progesterone alter ethanol-
induced effects on mu-opioid receptors in specific brain regions of
ovariectomized rats. Life Sci. 1998; 62: 93-101.

50.Pastor R, Font L, Miquel M, Phillips TJ], Aragon CM. Involvement of
the beta-endorphin neurons of the hypothalamic arcuate nucleus in
ethanol-induced place preference conditioning in mice. Alcohol Clin
Exp Res. 2011; 35: 2019-2029.

Kreek MJ, Randesi M, Zhou Y (2021) Studies of Mice with one or Two Copies of G Allele of Human Oprm1 Genetic Variations in Excessive Alcohol Drinking. J

Subst Abuse Alcohol 8(1): 1089.

J Subst Abuse Alcohol 8(1): 1089 (2021)

11/11


https://pubmed.ncbi.nlm.nih.gov/26772794/
https://pubmed.ncbi.nlm.nih.gov/26772794/
https://www.nature.com/articles/tp2016132
https://www.nature.com/articles/tp2016132
https://www.nature.com/articles/tp2016132
https://pubmed.ncbi.nlm.nih.gov/31267641/
https://pubmed.ncbi.nlm.nih.gov/31267641/
https://pubmed.ncbi.nlm.nih.gov/31267641/
https://pubmed.ncbi.nlm.nih.gov/29205408/
https://pubmed.ncbi.nlm.nih.gov/29205408/
https://pubmed.ncbi.nlm.nih.gov/29205408/
https://pubmed.ncbi.nlm.nih.gov/9488108/
https://pubmed.ncbi.nlm.nih.gov/9488108/
https://pubmed.ncbi.nlm.nih.gov/9488108/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4151392/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4151392/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4151392/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4151392/

	Studies of Mice with one or Two Copies of G Allele of Human Oprm1 Genetic Variations in Excessive Al
	Abstract
	Highlights
	Introduction 
	Materials and Methods  
	Figure 1
	Figure 2
	Table 1
	Table 2
	Figure 3
	Figure 4
	Table 3
	Discussion
	Figure 5
	Figure 6
	Table 4
	Figure 7
	Figure 8
	Acknowledgement
	References

