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Abstract
Background—Ethanol stimulates the dopaminergic mesoaccumbal pathway, which is thought to
play a role in ethanol reinforcement. Mu (μ)-opioid (MOP) receptors modulate accumbal
dopamine activity, but it is not clear whether MOP receptors are involved in the mechanism of
ethanol-stimulated accumbal dopamine release.

Methods—We investigated the role that MOP receptors play in ethanol (2.0 g/kg)-stimulated
accumbal dopamine release by using MOP receptor knockout mice (C57BL/6J-129SvEv and
congenic C57BL/6J genotypes) along with blockade of MOP receptors with a μ1 selective
antagonist (naloxonazine).

Results—Both gene deletion and pharmacological antagonism of the MOP receptor decreased
ethanol-stimulated accumbal dopamine release compared with controls with female mice showing
a larger effect in the C57BL/6J-129SvEv genotype. However, both male and female mice showed
reduced ethanol-stimulated dopamine release in the congenic MOP receptor knockout mice
(C57BL/6J). No differences in the time course of dialysate ethanol concentration were found in
any of the experiments.

Conclusions—The data demonstrate the existence of a novel interaction between genotype and
sex in the regulation of ethanol-stimulated mesolimbic dopamine release by the MOP receptor.
This implies that a more complete understanding of the epistatic influences on the MOP receptor
and mesolimbic dopamine function may provide more effective pharmacotherapeutic interventions
in the treatment of alcoholism.
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The mesoaccumbal dopaminergic pathway is proposed to play a role in mediating the
reinforcing properties of ethanol (Doyon et al. 2003; Imperato and Di Chiara 1986;
Melendez et al. 2002; Weiss et al. 1993), although the precise mechanisms by which this
occurs are unclear at present. Several subtypes of opioid receptors are known to modulate
dopamine activity in the nucleus accumbens (NAcc) (Borg and Taylor 1997; Spanagel et al.
1992; Yoshida et al. 1999), and these receptors are potential targets for altering ethanol-
reinforced behavior. The nonselective opioid receptor antagonists naltrexone and nalmefene
reduce alcohol drinking behavior in both humans and in animal models (Gonzales and Weiss
1998; Kornet et al. 1991; Mason et al. 1999; Volpicelli et al. 1992), but the subtypes of
opioid receptors that mediate these effects are not yet clear.

Ethanol activation of the mesolimbic dopamine system may, in part, be mediated by
stimulating the release of β-endorphin or other endogenous opioid peptides (Gianoulakis
1990; Marinelli et al. 2003; Olive et al. 2001). β-endorphin activates both delta and mu
opioid receptors (MOPr) that are located either in the ventral tegmental area or the NAcc to
alter accumbal dopamine release (Dilts and Kalivas 1990; Houghten et al. 1984; Mansour et
al. 1987; Svingos et al. 1999). Consistent with this data, naltrexone reduced the accumbal
dopamine release associated with ethanol self-administration (Gonzales and Weiss 1998).
The MOPr has been implicated by data showing that systemic administration of
naloxonazine, a long-lasting mu1 antagonist, inhibits ethanol-stimulated accumbal dopamine
release in rats (Tanda and Di Chiara 1998). However, naloxonazine may also act on
receptors other than mu1 (Dray and Nunan 1984; Ling et al. 1986), so the role of the MOPr
in regulation of ethanol-stimulated dopamine release is still uncertain. Oslin et al. (2003)
recently reported that a functional polymorphism of the human gene that codes for the
MOPr is associated with the clinical response to naltrexone in treating alcohol dependence.
Therefore, clarifying the role of the MOPr in neurochemical mechanisms that may
contribute to ethanol reinforcement may lead to improvements in pharmacotherapy for
treatment of alcohol dependence.

A decrease in both ethanol self-administration and/or conditioned place preference has been
shown in three MOPr knockout mouse models, further suggesting a key role for the MOPr
in ethanol reward and reinforcement (Becker et al. 2002; Hall et al. 2001; Roberts et al.
2000). In this study, we investigated the role of the MOPr in ethanol stimulation of
mesolimbic dopamine activity using both null mutants and pharmacological blockade. The
importance of sex influences in neuroscience studies is well known (Cahill 2006), and
several sex differences in opioid responsiveness have been detected (Baamonde et al. 1989;
Bartok and Craft, 1997; Cicero et al. 1996; Cicero et al. 2000). We therefore included both
sexes in our studies and tested a secondary hypothesis that MOPr-mediated alcohol
responsiveness included sexually dimorphic influences.

Methods and Materials
Subjects

Mice (male and female, 4–16 months old, 21–38 g) were obtained from the National
Institute on Drug Abuse (NIDA, Baltimore, Maryland) or bred at the University of Texas at
Austin. The mice were housed in a humidity and temperature controlled room with a 12:12-
hour light/dark cycle (lights on 7 am), and animals had free access to food and water. All
animal experiments were conducted under protocols approved by the Institutional Animal
Care and Use Committee at the University of Texas, following National Institute of Heath
(NIH) and United States Department of Agriculture (USDA) guidelines and regulations.

Heterozygous MOPr knockout mice were derived from the colony originally developed by
Sora et al. (1997) at NIDA. Two colonies of MOPr knockout mice were established by
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nonsibling heterozygous breeding at the Animal Resources Center at the University of Texas
at Austin. The first colony was on a mixed genetic background (C57BL/6J-129SvEv; 1:1)
that had been maintained for approximately 30 generations, and breeding pairs were
transferred to the University of Texas. The inbreeding coefficient as described by Falconer
and Mackay (1996) was calculated at .926 indicating that by the 30th generation, 89% of the
C57BL/6J-129SvEv genome was homozygous with a certainty of less than 11% possible
segregation of B6 and 129 alleles. The second colony was from a congenic line created at
NIDA in which the mixed background knockout mice were backcrossed for 10 generations
onto the C57BL/6J strain. The C57BL/6J model was chosen for the backcross because these
mice are well known to have high levels of drinking relative to other inbred strains (Belknap
et al. 1993).

Genotyping
Genotyping was determined by polymerase chain reaction of tissue extracts. Details are
provided in Supplement 1 online.

Surgery, Recovery, and Handling
Surgical preparation of the mice for microdialysis was conducted as previously described
(Tang et al. 2003). We anesthetized the mice with 2.5% Avertin (2,2,2-tribromoethanol; .
016 ml/g) or isoflurane (2%). The stainless steel guide cannula (8 mm long, .8 mm 20–21
gauge; Small Parts Inc., Miami Lakes, Florida) was positioned above the right NAcc
(anterior (AP) +1.5–1.7, lateral (LAT) +.8, ventral (DV) −2.0–2.5 from bregma; Paxinos
and Franklin 2001) and secured with a skull screw and dental cement. An obturator was
placed into the guide cannula to prevent blockage. After the surgery, each animal was singly
housed and given at least 4 days for recovery. During recovery, each mouse was injected
daily with .1 ml saline for at least 3 days immediately before the microdialysis experiment in
order to habituate the mouse to the intraperitoneal (IP) injection.

Microdialysis
Dialysis probes with 1 mm active dialyzing area were constructed as previously described
(Tang et al. 2003). A probe was inserted into the guide cannula under halothane or
isoflurane anesthesia (2.0% in air, flow rate at 2.0 liter/min) the night before the experiment,
and the mouse was placed in a dialysis chamber. The probe was perfused with artificial
cerebrospinal fluid (ACSF: 145 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, .
25 mM ascorbic acid, and 5.4 mM D-glucose) at .2 μl/min overnight. The flow rate was
increased to 1.0 μl/min the next morning, and after one hour, sample collection (15–17 min
intervals) commenced. After the collection of four basal samples, we injected each animal
with either saline or 2.0 g/kg ethanol (15% w/v, in saline). Sample collection continued for
3–4 hours. Calcium-dependency (percent decrease in dopamine concentration obtained
during perfusion with calcium-free ACSF from regular ACSF) was determined by perfusing
calcium-free ACSF for one hour at the end of the experiment. Dialysate samples were
handled and analyzed by gas chromatography (for ethanol) and high performance liquid
chromatography with electrochemical detection (for dopamine) as described in Tang et al.
(2003) and Doyon et al. (2003). The detection limit for dopamine was 2 fmol.

Experimental Design
The first experiment used wildtype and MOPr knockout mice with a mixed genetic
background (C57BL/6J – 129SvEv) to investigate the effect of the MOPr on ethanol-evoked
(2.0 g/kg, IP) dopamine release in the ventral striatum. This dose was chosen because we
and others previously showed that it reliably stimulates dopamine release (Olive et al. 2000;
Tang et al. 2003). In addition, doses of ethanol in this range produce conditioned place
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preference in a variety of mouse strains indicating that this route and dose induce ethanol
reward (Boyce-Rustay and Risinger 2003; Cunningham et al. 1996; Nocjar et al. 1999). The
second experiment used mixed background wildtype animals to determine the effect of
pharmacological antagonism of the mu1 opioid receptor with naloxonazine on the dopamine
response stimulated by ethanol. Mice were pretreated with saline or naloxonazine (15 mg/
kg, IP) 19 – 20 hours prior to microdialysis sampling. The third experiment was similar to
the first except that the mice used were from the congenic line with a C57BL/6J
background. Sex was an independent variable in the first three experiments. In addition, we
performed a separate control experiment to examine the potential effect of saline injection
on dopamine release in wildtype and MOPr knockout mice (congenic line).

Histology
After each experiment the mouse was given an intraperitoneal injection of chloral hydrate
(60 mg/mouse) or pentobarbital (500 mg/kg) and was perfused intracardially with a 10% (v/
v) formalin solution. Analysis of probe placement was carried out as previously described
(Tang et al. 2003).

Data Analysis
Statistical significance was determined using a random block analysis of variance (ANOVA)
with two between-subject variables (genotype or pretreatment and sex) and one within-
subject variable (time before and after the injection). The basal response was defined as the
dopamine level in the last two samples prior to the ethanol injection. ANOVA was used to
determine the differences in the dialysate ethanol peak concentration and the rate of decline
between either the genotypes or the pretreatments across sexes. The rate of decline was
calculated as the slope of the linear part of the time-concentration curve. The criterion for
the type I error was set to p < .05. Simple effect tests with Bonferroni correction factors
were used to distinguish the influence of one variable on another variable when a significant
interaction was detected. During the HPLC analysis there were a few samples lost due to
technical reasons (either unidentified contaminants co-eluting with dopamine or the recorder
was off-scale during dopamine elution) and these were estimated by averaging the dopamine
responses before and after the missing point for statistical analysis. The degrees of freedom
were corrected for each ANOVA based on the number of estimated points in each specific
data set. Overall there were six missing points in the knockout experiment with the mixed
background, three missing points in the naloxonazine experiment, and one missing point in
the congenic experiment. Values are reported as mean ± SEM.

Results
Histological Analysis and Ca2+-Dependence of Dopamine Release

The microdialysis probe placements are shown in Figure 1. They were distributed either in
the medial NAcc and passed through both the shell and core regions, or exclusively in the
shell. The calcium-dependency, a functional measure of the physiological state of the
dopamine nerve terminals during microdialysis sampling, was determined for all the animals
used in the study. The criterion for acceptable calcium-dependency was the attainment of at
least a 40% decrease in dialysate dopamine concentrations during the calcium-free ACSF
perfusion compared with regular ACSF perfusion. Mean calcium-dependency for all groups
was between 47–84%.
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Effect of MOPr Knockout on Ethanol-Evoked Dopamine Release in the Ventral Striatum:
Mixed Background

The increase in dialysate dopamine concentration stimulated by 2.0 g/kg ethanol (IP) was
dependent on the MOPr and sex with female knockouts showing a greater reduction in the
ethanol stimulation compared with males (Figure 2A, 2B). ANOVA on dialysate dopamine
concentration revealed a significant three-way interaction, sex × genotype × time (F(8, 218)
= 2.9, p < .05). Simple effects tests for the female mice revealed that deletion of the MOPr
virtually abolished ethanol-stimulated dopamine release (F(8, 218) = 5.7, p < .05, for the
genotype × time interaction). In control mice the maximal response was observed at the first
point after the injection (F(1, 218) = 79, p < .05; simple effects within the female wildtype
group), and the dopamine concentration was significantly elevated for 102 min compared
with basal levels. In contrast, ethanol did not significantly stimulate dopamine release in the
female knockout mice. Instead, there was a gradual decrease in accumbal dopamine levels
relative to basal that was significant at 85 min after the injection (F(1, 218) > 10.9, p < .05;
simple effects within the female knockout group).

In male mice the effect of the null mutation of the MOPr was more subtle than in the
females (Figure 2B). The peak ethanol stimulated dopamine response was similar in both the
knockout and wildtype mice, but the knockout mice showed a more rapid return to baseline
compared with the controls (F(8, 218) = 2.84, p < .05).

Basal dopamine levels were lower in the female knockout mice compared with the other
groups (F(1, 28) = 5.10, p < .05 for the sex × genotype interaction, see caption Figure 2).
Although the low basal level in female knockout mice tends to magnify changes in
dopamine after ethanol injection when expressed as percentage of basal, this cannot account
for the significant three-way interaction (sex × genotype × time) found in the ethanol-
induced accumbal dopamine response because this group had the least response to ethanol.

Dialysate ethanol concentrations were maximal in the first sample, and this was followed by
a linear decline in ethanol concentrations (Figure 2C, 2D). Neither sex nor genotype
significantly affected peak concentration of ethanol (F(1, 21) = 1.12, p > .05) or the rate of
decline (F(1, 21) = .01, p > .05).

Effect of Pharmacological Blockade of the mu1 Receptor on Ethanol-Evoked Dopamine
Release in the Ventral Striatum: Mixed Background

Antagonism of the mu1 receptor with naloxonazine (15 mg/kg, IP) caused a sex dependent
attenuation of the ethanol-stimulated dopamine response similar to our findings with the
MOPr knockout mice (Figure 3A, 3B; p < .05 for the sex × pretreatment × time interaction
by ANOVA, F(8, 165) = 2.3). Naloxonazine pretreatment abolished the stimulation of
dialysate dopamine concentrations in response to the 2.0 g/kg ethanol challenge in the
females (F (8, 165) = 2.9, p < .05). In males ethanol produced a similar increase in dialysate
dopamine concentrations in the naloxonazine and saline groups (F (8, 165) = .39, p > .05 for
the interaction between pretreatment and time).

Basal concentrations of dopamine were not significantly affected by naloxonazine, and male
and female mice also had similar basal values (F(1, 21) = 2.19, p > .05). Neither blockade of
the mu1 receptor nor sex affected the time course of dialysate ethanol concentrations in
terms of peak concentration (F (1, 15) = .36, p > .05) and the rate of decline (Figure 3C, 3D;
F (1, 15) = .01, p > .05).
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Effect of MOPr Knockout on Ethanol-Evoked Dopamine Release in the Ventral Striatum:
Congenic C57BL/6J Background

Deletion of the MOPr gene strongly inhibited the dopamine response due to ethanol
administration in mice that were back-crossed onto the C57BL/6J strain (Figure 4A, 4B,
F(8, 160) = 9.4, p < .05, genotype by time interaction in the overall ANOVA). Although
ANOVA revealed that the effect of genotype was significantly different between males and
females (F(8, 160) = 2.3, p < .05), the MOPr knockout in both sexes clearly showed a
dramatic reduction in the stimulation of dopamine release immediately after the injection.
Instead, the sex-dependence of the effect of MOPr deletion was due to a difference between
males and females in the delayed reduction of dialysate dopamine concentrations below
basal levels after the ethanol injection. Specifically, for both the male and female wildtype
mice, the maximal dopamine response occurred immediately after the injection (F(1, 160) >
40.1, p < .05; simple effects test within the group). In contrast, in the male and female
knockout mice, no changes were observed immediately after the ethanol injection. However,
there was a slowly developing decrease in accumbal dopamine levels relative to basal that
reached significance 45 min after the injection in the females (F(1, 160) = 9.3, p < .05;
simple effects test within the knockouts), and 2 hr after the injection in males (F(1,160) =
9.1, p < .05).

Basal dopamine concentrations were not affected by the deletion of the MOPr knockout in
the congenic strain in either males or females (F(1, 19) = 4.28, p > .05 for the interaction
between genotype and sex). Additionally, peak dialysate ethanol concentrations (F(1,20) =
3.11, p > .05) and the rate of decline in ethanol concentration (Figure 4C, 4D, F(1,20) = .03,
p > .05) were not different among the groups.

Effect of MOPr Knockout on Dopamine Release in the Ventral Striatum after Saline
Injection: Congenic C57BL/6J Background

To determine whether the stimulation of dialysate dopamine concentrations may be affected
by the IP injection procedure, we performed a separate experiment using the congenic strain
of MOPr knockouts and their wildtype controls. Basal concentrations of dopamine were 2.0
± .5 (n = 6), 1.2 ± .4 (n = 4), 1.8 ± .6 (n = 6), and 1.8 ± .5 nM (n = 4) for the male wildtype,
male knockout, female wildtype, and female knockout mice, respectively. Saline injection
did not significantly alter dialysate dopamine concentrations compared with basal
concentrations in any of the groups (no effect of genotype × time, sex × time, or genotype ×
sex × time, F(4, 64) < 1.4, p > .05, ANOVA). In addition, neither the MOPr knockout nor
sex significantly affected basal dopamine concentrations (F(1, 16) < .8, p > .05, ANOVA for
main effects and interaction).

Discussion
Our study is the first to report diminished ethanol-stimulated dopamine release in any MOPr
knockout model. A secondary finding from the present study is the novel interaction
between sex and genotype in the MOPr-dependence of ethanol-stimulated mesolimbic
dopamine release. Female, but not male, 129SvEv-C57BL/6J mice were found to require the
MOPr for the expression of the neurochemical response to ethanol. Similar results were
observed following pharmacological blockade of the mu1 receptor. In contrast, both male
and female C57BL/6J mice required the MOPr for the ethanol-stimulated dopamine
response. Previous work in rats has shown that the mu1 receptor is involved in ethanol-
stimulated accumbal dopamine release (Tanda and Di Chiara 1998), but our study is the first
to show that this mechanism is influenced by sex and genotype. Together, the results
strongly support the hypothesis that activation of MOPr is a necessary step, under specific
conditions, in the mesoaccumbal dopamine pathway that is activated by ethanol. This
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pathway is likely to mediate, at least in part, the reinforcing or rewarding properties of
ethanol. The variation in the mechanism of the effect of ethanol on mesolimbic dopamine
activity has important implications for understanding the development of alcohol abuse as
well as for its treatment.

Our conclusion that the MOPr regulates ethanol-stimulated dopamine release in a sex and
genotype dependent manner rests primarily on the results with the 129SvEv-C57BL/6J
mice. On the basis of the breeding strategy used to maintain this model, the level of gene
fixation is approximately 90%. Because we are the first to report this epistatic interaction
between the MOPr and mesolimbic dopamine function, it is not known whether this
interaction occurs in MOPr knockout mice generated by other investigators (Loh et al. 1998;
Matthes et al. 1996; Schuller et al. 1999; Tian et al. 1997). However, one previous study
using the same MOP knockout strain as the present experiments also reported a sexual
dimorphism in ethanol reward (Hall et al. 2001). The correspondence between our
neurochemical data and the previous behavioral studies further strengthens the idea that the
MOPr mediation of mesolimbic dopamine activity contributes to the expression of the
rewarding and reinforcing properties of ethanol. Taken together, these findings suggest that
the influence of sex should be included in future studies of the interaction between the
MOPr and ethanol.

A large body of evidence from behavioral and clinical studies has suggested that ethanol
reward is influenced by endogenous opioid peptide dependent mechanisms (for review see
Gianoulakis 2001). However, there is a controversy regarding the opioid receptor subtypes
that mediate these effects of ethanol. Both MOP and delta opioid receptor antagonists
decrease ethanol consumption (Honkanen et al. 1996; Hyytia 1993; Krishnan-Sarin et al.
1995; Krishnan-Sarin et al. 1998; Le et al. 1993), but clinical studies that investigate the
effectiveness of opioid receptor antagonists for reducing relapse in alcoholism have mainly
utilized nonselective antagonists (Mason et al. 1999; Volpicelli et al. 1992). Furthermore,
the clinical efficacy of naltrexone, the most widely studied opioid receptor antagonist used
for treatment of alcohol dependence, is low and inconsistent according to some authors
(Kranzler and Van Kirk 2001). However, meta-analyses have demonstrated significant
effects of naltrexone on relapse rate (Bouza et al. 2004). It has been suggested that genetic
contributions to therapeutic response may underlie the somewhat disappointing effects of
opiate antagonists in broader populations of alcoholics, but that specific, genetically distinct,
subpopulations might exhibit better responses to naltrexone (Edenberg and Kranzler 2005).
One possible explanation for the variability in clinical responses may be that there is
underlying variability of the alcoholic population in the possible mechanisms that contribute
to the rewarding and reinforcing properties of ethanol in the first place. This may include the
regulation by opioid versus nonopioid mechanisms of actions of ethanol on the
mesoaccumbal dopamine system.

Our finding that genotype dependent epistasis influences the mechanism by which the MOPr
regulates the mesolimbic dopamine system has important implications for the
pharmacological treatment of alcoholism. First, alterations in MOPr function through
functional polymorphisms may affect the role of mesolimbic dopamine in ethanol reward.
Alcohol dependent patients who possess a functional polymorphism in the MOPr gene have
been shown to have lower rates of relapse in response to naltrexone (Oslin et al. 2003).
These results are consistent with the findings that individuals with the polymorphism report
enhanced positive feelings after ethanol administration (Ray and Hutchison 2004). Taken
together, the results support the idea that genetic variation in the MOPr system, or in
systems that interact with the MOPr, may influence the rewarding and reinforcing properties
of ethanol. This implies that genetic variability in the MOPr system will also influence the
ability of MOPr antagonists to reduce these effects. It is unclear whether the MOPr
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regulation of ethanol-stimulated dopamine release in the ventral striatum plays a role in
human alcohol addiction, but our results suggest that genetic null variants of the MOPr
could influence the vulnerability to ethanol addiction. It should be noted, however, that a
null mutation in the MOPr gene will likely produce a much larger decrease in MOPr
signaling compared with the Asn40Asp polymorphism that has been studied in human
alcoholism.

Second, our finding that sex is an important factor that interacts with genotype in the
modulation of ethanol-stimulated dopamine release by the MOPr suggests that sexual
dimorphism may exist for the clinical response to MOPr antagonists used for the treatment
of alcoholism. Recent reports suggest a sexually dimorphic response to naltrexone in the
treatment of alcoholism (Garbutt et al. 2005; Kiefer et al. 2005), further pointing to the
potential significance of the present findings. Our results imply that a more complete
understanding of the influence of sex and genotype on ethanol responses may eventually
lead to more effective pharmacological treatments for alcoholism.

The mechanisms that underlie MOPr regulation of ethanol-stimulated accumbal
dopaminergic transmission are not clear. However, several lines of evidence show 1) the
existence of endogenous opioid peptides in the VTA (Greenwell et al. 2002; Khachaturian et
al. 1983), 2) that ethanol increases the release of a variety of endogenous opioid peptides
from brain tissue in vitro and in vivo (Gianoulakis 1990; Olive et al. 2001), and 3) the
stimulation of VTA dopamine neuron firing rate by activation of MOPr on GABA
interneurons in the VTA (Johnson and North 1992). Our studies specifically implicate the
MOPr as a regulator of the stimulation of VTA dopamine neurons by ethanol, but the
present studies do not allow us to make conclusions regarding the anatomical sites of action
of the MOPr that mediate these effects.

Ethanol concentrations in NAcc dialysates were monitored concurrently with the dopamine
concentrations. No differences in the ethanol peak concentration and the rate of decline were
observed in either the gene deletion or antagonist experiments. This confirms that the
decrease in ethanol-stimulated accumbal dopamine we observed is the result of dysfunction
of central mechanisms mediated by MOP receptors and potential epistatic interactions rather
than an effect on ethanol pharmacokinetics. In agreement with our previous findings in
C57BL/6 mice (Tang et al. 2003), we confirmed that the stimulation of dopamine release by
ethanol administration is not due to the IP injection procedure. The results from our saline
control experiments suggest that the ethanol-evoked dopamine response in the ventral
striatum was due to a central pharmacological effect rather than a stress related phenomenon
in the congenic MOPr knockouts of either sex. Therefore, we believe it is unlikely that the
attenuation of ethanol-stimulated dopamine response in the female 129SvEv-C57BL/6J
MOPr knockouts is due to an attenuation of the response due to the injection alone, although
we cannot totally exclude this possibility.

Another interesting finding from our study is that females, but not males, from the 129SvEv-
C57BL/6J MOPr knockout mice exhibited an apparent decrease in basal dopamine
concentration, an effect not found in the naloxonazine experiment. This suggests that the
apparent decrease in basal dopamine was due to developmental or compensatory
mechanisms due to the lifelong deletion of the MOPr and not specifically due to MOPr
mediated mechanisms. Male MOPr null mutants on a C57BL/6 background were previously
reported to have decreased dopamine uptake and reduced dopamine release (Chefer et al.
2003) compared with wildtype controls, but females were not studied. It is possible that
similar mechanisms occur in the female 129SvEv-C57BL/6J mice in the present study, and
this could contribute to the apparent reduction in basal dopamine we observed.

Job et al. Page 8

Biol Psychiatry. Author manuscript; available in PMC 2011 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several pharmacological effects of morphine previously have been shown to differ between
males and females, for example, antinociception (Baamonde et al. 1989; Bartok and Craft
1997; Cicero et al. 1996) and reinforcement (Cicero et al. 2000). In addition, an interaction
between sex and genotype in MOPr mediated analgesia has previously been reported (Kest
et al. 1999). Furthermore, sex differences in behavior have been reported in null mutant
mice on a mixed genetic background (Hall et al. 2001; Walther et al. 2000). We now report
an interaction between sex and genotype in the role of the MOPr in neurochemical effects of
ethanol. The mechanism of the sex dependence of the various phenotypes cited above,
including our data, is unclear at present. For our studies it is apparent that the 129SvEv
strain contributes the gene(s) that is/are responsible for the epistatic interaction(s) we
observed since there was no difference in the C57BL/6J congenic strain. Additional genetic
studies are needed to determine the specific gene or genes that produce the sexual
dimorphism of the MOPr response that we observed. In particular, it would be useful to
replicate these experiments using the MOPr knockout backcrossed onto the 129SvEv strain.
However, this model is not yet available.

A small but significant decrease in accumbal dopamine release occurred approximately 60–
120 min after ethanol administration in the MOPr knockouts, but not in the naloxonazine
experiment. This delayed inhibitory response in the MOPr knockouts may reflect the
activation of kappa opioid (KOP) receptors in the NAcc by dynorphin-like peptide release
produced by ethanol (Marinelli et al. 2006), which would reduce dopamine release
(Spanagel et al. 1992). This effect would not be observed in wildtype mice because of the
predominant effect of MOPr-mediated stimulation of dopamine release. Alternatively, the
small delayed reduction in dopamine could reflect a general baseline drift that could be due,
in part, to circadian variation. We think this is unlikely because it did not occur in every
experiment, and we did not previously observe this phenomenon in C57BL/6 mice (Tang et
al. 2003). Furthermore, this is supported by previously published data that showed minimal
variation of accumbal extracellular dopamine during the light cycle (Paulson and Robinson
1994). The lack of delayed inhibition of dopamine release produced after ethanol
administration in naloxonazine-pretreated mice suggests that dysfunction of the MOPr
system at the gene level or at the receptor level may unmask the inhibitory tone to varying
degrees.

The precise role that ethanol-stimulated dopamine release plays in the rewarding or
reinforcing effects of ethanol is not completely clear at present. Accumbal dopamine signals
may contribute to ethanol reward (Weiss et al. 1993), incentive-salience of ethanol
(Robinson and Berridge 1993), or reward prediction (Schultz et al. 1997). In the present
study the mice were ethanol naive, so the incentive and rewarding properties of ethanol were
not established. Regardless of the role or roles that dopamine plays in the development and
maintenance of ethanol reinforcement, our data suggests that the MOPr may be part of the
neurochemical mechanisms that contribute to the behavioral consequences of ethanol
administration, at least in specific populations.

In summary, our data demonstrate a novel interaction between genotype and sex in MOPr
mediation of the stimulation of mesolimbic dopamine activity by ethanol. This interaction
was not due to compensatory mechanisms in the MOPr knockout mice because it was
observed after pharmacological blockade by naloxonazine. The results suggest that both sex
and genotype specific epistasis are major factors that determine the role of the MOPr in
mechanisms that contribute to ethanol reinforcement. Our results may help explain some of
the variation in the effectiveness of MOPr antagonists in the treatment of alcohol
dependence.
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Figure 1.
Microdialysis probe placements in the ventral striatum in MOPr knockout mice and their
wildtype controls. Numbers on either side of the figure represent the position of the slice (in
millimeters) relative to bregma. The border of the NAcc is highlighted with a heavy dashed
line. Drawings were from Paxinos and Franklin (2001). MOPr, mu opioid receptors; NAcc,
nucleus accumbens.
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Figure 2.
Dopamine response and dialysate ethanol in the ventral striatum after intraperitoneal
administration of ethanol (2 g/kg) in MOPr knockout mice on a mixed genetic background
(C57BL/6J-129SvEv) and their wild-type controls. (A) Female mice. The basal dopamine
concentrations were 1.1 ± .2 nM and .4 ± .1 nM for wildtype and knockout groups,
respectively (n = 8).(B) Male mice. The basal dopamine concentrations were 1.3 ± .1 nM
and 1.7 ± .3 nM for wildtype and knockout groups, respectively (n = 8). The arrow indicates
when the ethanol injection was given. *indicates significant different from basal dopamine
concentration by simple effects post hoc analysis (p < .05) after a significant three-way
interaction in the overall ANOVA. The ethanol content in samples taken after the injection
is shown in (C) female mice and (D) male mice. Note that the x-axis starts at the point of the
ethanol injection which is different from that shown in panels A and B. MOPr, mu opioid
receptors; NAcc, nucleus accumbens; ANOVA, analysis of variance.
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Figure 3.
Effect of naloxonazine on ethanol-stimulated (2 g/kg, IP) dialysate dopamine and ethanol
concentrations in the ventral striatum in wildtype mice with a mixed genetic background
(C57BL/6J-129SvEv). Naloxonazine (NALOX) (15 mg/kg), IP, or saline was given 19 –20
hours prior to the experiment. (A) Female mice. The basal dopamine concentrations were
1.7 ± .4 nM and 1.9 ± .6 nM for saline and naloxonazine groups, respectively (n = 7). (B)
Male mice. The basal dopamine concentrations were 1.1 ± .2 nM (n = 6) and .8 ± .1 nM (n =
5) for saline and naloxonazine groups, respectively. The arrow indicates when the ethanol
injection was given. *Significantly different from basal dopamine concentration by simple
effects post hoc analysis (p < .05) after a significant three-way interaction in the overall
ANOVA. The ethanol content in samples taken after the injection is shown in (C) female
mice and (D) male mice. Note that the x-axis starts at the point of the ethanol injection
which is different from that shown in panels A and B. ANOVA, analysis of variance; IP,
intraperitoneally.
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Figure 4.
Dopamine response and dialysate ethanol in the ventral striatum after intraperitoneal
administration of ethanol (2 g/kg) in MOPr knockout mice and their wildtype controls with a
C57BL/6J background. Dialysate samples were collected every 15 min. (A) Female mice.
The basal dopamine concentrations were .7 ± .1 nM (n = 5) and .7 ± .2 nM (n = 7) for
wildtype and knockout groups, respectively. (B) Male mice. The basal dopamine
concentrations were .9 ± .1 nM (n = 6) and 1.1 ± .3 nM (n = 6) for wildtype and knockout
groups, respectively. The arrow indicates when the ethanol injection was given.
*Significantly different from basal values by simple effects post hoc analyses (p <.05) after
a significant three-way interaction overall ANOVA. The ethanol content in samples taken
after the injection is shown in (C) female mice and (D) male mice. Note that the x-axis starts
at the point of the ethanol injection which is different from that shown in panels A and B.
MOPr, mu opioid receptors; ANOVA, analysis of variance.
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