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AvrcoHoLIsM: CLINICAL AND EXPERIMENTAL RESEARCH

Voluntary Alcohol Drinking Enhances Proopiomelanocortin
Gene Expression in Nucleus Accumbens Shell and
Hypothalamus of Sardinian Alcohol-Preferring Rats

Yan Zhou, Giancarlo Colombo, Keiichi Niikura, Mauro A. M. Carai, Teresa Femenia, Maria S.
Garcia-Gutiérrez, Jorge Manzanares, Ann Ho, Gian Luigi Gessa, and Mary Jeanne Kreek

Background: Evidence obtained in humans and rodents indicates that beta-endorphin (encoded by
the proopiomelanocortin [POMC] gene) is critical in the regulation of alcohol drinking behavior. How-
ever, the alcohol effect on POMC gene expression has not been studied in rodent mesolimbic regions,
such as the nucleus accumbens (NAc).

Methods: In this study, we first utilized POMC-enhanced green fluorescent protein (EGFP) trans-
genic mice to visualize POMC neurons and found that POMC-EGFP cells were modestly distributed
throughout the NAc shell and core, in addition to the hypothalamic arcuate nucleus. POMC mRNA
expression in the NAc of mice and rats was confirmed using reverse transcriptase-polymerase chain
reaction and solution hybridization assays. We then investigated whether there are genetically deter-
mined differences in basal mRNA levels of POMC and mu opioid receptor (MOP-r) between selectively
bred Sardinian alcohol-preferring (sP) and nonpreferring (sNP) rats, and whether these mRNA levels
are altered in sP rats after alcohol drinking (10%, unlimited access) for 17 days.

Results: Alcohol-naive sP rats had higher basal POMC mRNA levels than sNP rats only in hypo-
thalamus. Alcohol drinking increased POMC mRNA levels in both the NAc shell (by 100%) and the
hypothalamus (by 50%) of sP rats. Although sP rats had lower basal levels of MOP-r mRNA and
GTPyS binding in NAc shell than sNP rats, voluntary alcohol consumption had no effect on MOP-r
mRNA levels in the NAc shell.

Conclusions: Our results define the distribution of POMC-expressing neurons in the NAc of mice
and rats. Higher POMC expression at basal levels in sP rats (genetically determined), along with
increases after drinking (alcohol-induced) in the NAc shell and hypothalamus, suggests that the POMC
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systems play a role in high alcohol preference and consumption.
Key Words: Alcohol Drinking, Hypothalamus, Nucleus Accumbens Shell, POMC, Sardinian

Alcohol-Preferring and Nonpreferring Rats.

LCOHOL HAS BEEN reported to change the activity

of the endogenous opioid peptide systems, especially
the proopiomelanocortin (POMC) system. POMC is a large
peptide precursor that gives rise to several biologically active
neuropeptides, including beta-endorphin, adrenocorticotro-
pic hormone (ACTH), beta-lipotropin, and alpha-melano-
cyte-stimulating hormone. The presence of POMC neurons
was originally found to be mainly restricted to rodent hypo-
thalamus (arcuate nucleus), nucleus of the solitary tract, and
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both anterior and intermediate lobes of pituitary (Mansour
et al., 1988; Smith and Funder, 1988). In the rat hypothala-
mus, alcohol administration was reported to increase POMC
mRNA levels after 15 days of alcohol-containing liquid diet
(Angelogianni and Gianoulakis, 1993), to decrease it after
7 weeks of alcohol-containing liquid diet (Rasmussen et al.,
2002) or cause no change after 14 days of oral gavage (Zhou
et al., 2000). In rat anterior pituitary, chronic alcohol admin-
istration has been reported to increase POMC mRNA levels
after 112 days of voluntary alcohol drinking (Winkler et al.,
1995) or decrease after 14 days of continuous alcohol vapor
(Dave et al., 1986). Notably, transgenic mice with decreased
beta-endorphin exhibit decreased alcohol consumption, indi-
cating that POMC neurons may exert important functional
roles in alcohol drinking behavior (Racz et al., 2008). In con-
trast, another study reported increased alcohol consumption
in beta-endorphin-deficient mice (Grisel et al., 1999).

POMC mRNA has been detected in several rat brain
regions besides the arcuate nucleus and nucleus of the
solitary tract, including the amygdala, cerebral cortex, and
hippocampus, although in much lower levels than those in
the hypothalamus (Civelli et al., 1982; Zhou et al., 1996).
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Also, using the reverse transcriptase (RT) reaction coupled to
the polymerase chain reaction (PCR), POMC mRNA has
been found in the nucleus accumbens (NAc), frontal cortex,
and ventral tegmental area (VTA; Grauerholz et al., 1998;
Leriche et al., 2007). In the NINDS Gene Expression Ner-
vous System Atlas (GENSAT) bacterial artificial chromo-
some (BAC) transgenic project, using enhanced green
fluorescent protein (EGFP) reporter genes incorporated into
BAC transgenic mice, it has been shown that POMC-EGFP-
positive neurons are found in many dopaminergic mesocorti-
colimbic regions, including the frontal cortex, ventral
striatum, dorsal striatum, amygdala, and hippocampus
(www.gensat.org; Gong et al., 2003; Pinto et al., 2004).

Beta-endorphin, the longest endogenous opioid peptide
(31 amino acids), primarily acts at mu opioid receptors
(MOP-r). Numerous pharmacological studies provide strong
evidence that opioid antagonists decrease alcohol consump-
tion, alcohol self-administration, cue-induced reinstatement
of alcohol seeking, and relapse-like drinking in rodents and
primates (Altschuler et al., 1980; Heyser et al., 1999; Liu and
Weiss, 2002; Maccioni et al., 2005; Volpicelli et al., 1986), as
well as alcohol drinking, craving for alcohol, and relapse
episodes in human alcoholics (Kreek et al., 2002). Alcohol
self-administration is reduced in MOP-r knockout mice
(Roberts et al., 2000), further suggesting that the MOP-r is
involved in the regulation of alcohol drinking. Sardinian
alcohol-preferring (sP) rats constitute one of the currently
available rat lines selectively bred for high alcohol preference
and consumption (Colombo et al., 2006).

Therefore, in the first study herein, related to the neuroan-
atomical question of whether there are POMC-positive neu-
rons in the NAc, we utilized POMC-EGFP promoter
transgenic mice to visualize POMC-EGFP-expressing cells in
the NAc core and shell. POMC mRNA expression in NAc
of C57B6 mice, Fischer rats, and sNP rats (alcohol nonpre-
ferring counterpart) was further confirmed using RT-PCR
assay, and solution hybridization/RNase protection assay,
followed by gel electrophoresis. The second study relates to
differences in POMC and MOP-r expression in sP and sNP
rats before and after alcohol drinking, with 3 aims. The first
aim was to investigate whether there are genetically deter-
mined differences between sP and sNP rats in POMC and
MOP-r gene expression levels, as well as MOP-r [**S]JGTPyS
binding, in the hypothalamus and mesocorticolimbic
regions, including the NAc shell and core. The second aim
was to determine whether voluntary alcohol drinking alters
the expression levels of these 2 genes in the hypothalamus,
and both the NAc shell and the core of sP rats, which was
the main goal of this study. To answer this question, we
assessed the effect of 17-day alcohol drinking (post the initial
phase of acquisition and into the maintenance of alcohol
drinking) on these mRNA levels in the sP rats exposed to the
standard, home cage 2-bottle “alcohol (10%, v/v) versus
water” choice regimen with unlimited access 24 h/d. As
expected, sNP rats had extremely low levels of alcohol drink-
ing under this fluid choice condition. However, inclusion of
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sNP rats was suggested by the need to provide a more com-
plete experimental design as well as to present data on the
opposite alcohol drinking behavior and neurochemical alter-
ations between sP and sNP rats. The third and last aim was
to examine whether there are genetically determined differ-
ences in hypothalamic—pituitary—adrenal (HPA) activity at
basal levels between these rat lines and in response to alcohol
drinking in sP rats, including POMC mRNA levels in the
anterior pituitary, and plasma ACTH and corticosterone
(CORT) levels.

MATERIALS AND METHODS
Experiment 1

Distribution of POMC-EGFP-expressing neurons in POMC-
EGFP promoter transgenic mice. This study was designed to visual-
ize the POMC-EGFP neurons in the hypothalamus, NAc shell and
core, and other mesocorticolimbic regions.

Animals. POMC-EGFP mice (originally generated in CBA/
C57BI6 mice in Dr. Friedman’s laboratory at The Rockefeller Uni-
versity) were made by homologous recombination of a POMC
gene-containing BAC comprising an EGFP insert, in which the
POMC promoter drives EGFP expression (Pinto et al., 2004), and
maintained on a C57BL/6J background (see Methods in the
Data SI).

Fluorescent Microscopic Observation and Immunohistochemistry
for EGFP. For details see Methods in Data S1.

Experiment 2

POMC RT-PCR in the mouse and rat. This study was designed
to confirm the POMC mRNA species in the hypothalamus, NAc
shell and core, and anterior pituitary.

Animals and Brain Dissections. For details see Methods in
Data SI.

Proopiomelanocortin RT-PCR. The specific primer pair used in
the PCR was POMC sense (5-GAG ATT CTG CTA CAG TCG
CTC-3) and POMC antisense (5-TTG ATG ATG GCG TTC
TTG AA-3') to amplify a region corresponding to a segment of exon
2 and exon 3 [NM 008895]. The mRNAs were reverse-transcribed
(RT reaction) and PCR performed as described in Methods in
Data S1.

Experiment 3

Genetically determined differences in MOP-r [*>S]JGTPyS binding
in sP and sNP rats. This study was designed to examine striatal
levels of MOP-r [**S]GTPyS binding in sP and sNP rats without
alcohol exposure (alcohol-naive rats).

Animals. Male sP and sNP rats from the 69th generation,
approximately 75 days old at the start of the study, were housed in
the stress-minimized facility at the Neuroscience Institute, National
Research Council of Italy, Section of Cagliari, Italy (Methods in
Data S1).

DAMGO-Stimulated [*’S]GTPyS Binding Autoradiography and
Image Analysis Quantification. MOP-r [°S]JGTPyS binding was
performed as previously described (Sim et al., 1995; see Methods in
Data S1).
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Experiment 4

Genetically determined differences and effects of alcohol drinking
on POMC and MOP-r mRNA levels and HPA hormonal levels in
sP and sNP rats. This study was designed to examine both sP and
sNP rats with or without exposure to the 2-bottle “alcohol versus
water” choice regimen for 17 consecutive days (water/water
[alcohol-naive] and alcohol/water choice).

Animals. Male sP and sNP rats from the 67th generation were
used in the stress-minimized facility at the Neuroscience Institute.
The housing conditions were identical to those in Experiment 3.

Alcohol Drinking Procedure. At the beginning of the experi-
ment, rats were approximately 75 days old. There were 4 groups of
8 rats: alcohol-naive and alcohol/water choice sP rats; alcohol-naive
and alcohol/water choice sNP rats. Alcohol-naive rats had free
access to tap water throughout the experimental period. Alcohol/
water choice rats consumed alcohol with unlimited access for 24 h/d
under the standard, homecage 2-bottle, free choice procedure for 17
consecutive days (see Methods in Data S1).

Preparation of RNA Extracts. For details see Methods in

Data SI.

Solution Hybridization Ribonuclease Protection-Trichloroacetic
Acid Precipitation Assay. For details see Methods in Data S1.

Radioimmunoassays. For details see Methods in Data S1.

RESULTS

Expression of EGFP from the POMC Promoter in the
Hypothalamus, NAc, and Caudate-Putamen of POMC-EGFP
Mice

The expression of EGFP immunoreactive protein in the
arcuate nucleus of the hypothalamus, NAc, and caudate-
putamen was verified by immunohistochemistry using 3 male
POMC-EGFP (+) mice, in which the POMC promoter drives
EGFP expression. Immunohistochemistry for EGFP immu-
noreactivity demonstrated the localization of the EGFP-
expressing neurons in the NAc (Fig. 14), arcuate nucleus
(Fig. 1B), and caudate-putamen (Fig. 1C). Cells containing
POMC-EGFP were scattered throughout the shell and core
of the NAc and caudate-putamen.

Detection of POMC mRNA in the Mouse and Rat NAc by
Both RT-PCR and Solution Hybridization

To demonstrate the presence of POMC mRNA in the
NAc, we used a RT-PCR assay. As expected, we found a
678-bp amplification product in the anterior pituitary, hypo-
thalamus, and NAc in both mice and rats (Fig. 24). As a
negative control, the omission of RT resulted in no amplifi-
cation product (data not shown), indicating that neither
genomic DNA nor cDNA contamination accounts for the
678-bp signal. These results indicate that POMC mRNA is
present in the NAc of both species.

Selected samples of the hypothalamus, NAc core, and shell
were subjected to solution hybridization and RNase treat-
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& Nuclaus Accumbens

B Arcuate nucleus of hypothalamus

C Caudate Putamen

Fig. 1. Localization of proopiomelanocortin-enhanced green fluorescent
protein (POMC-EGFP)-expressing neurons in the nucleus accumbens (A),
arcuate nucleus of the hypothalamus (B), and caudate-putamen (C) of
POMC-EGFP (+) promoter transgenic mice: POMC-EGFP neurons express
EGFP immunoreactivity (green). Scale bars, 50 um in A-C; 10 um in the
inserts. AC, anterior commissure; 3V, third ventricle; LV, lateral ventricle.

POMC: 678bp

AP  Hypo NAc AP Hypo NAc

Rat Mouse

[ L

Fig. 2. (A) Detection of proopiomelanocortin (POMC) mRNA by reverse
transcriptase-polymerase chain reaction (RT-PCR) in anterior pituitary
(AP), hypothalamus (Hypo), and nucleus accumbens (NAc) of Fischer rats
and C57B6 mice. Total RNA was extracted from different regions, cDNA
obtained by RT reaction, and PCR performed as described in Materials
and Methods section. Gel photograph shows PCR products from the
amplification of POMC (678-bp product). (B) Representative autoradio-
grams of the POMC sense transcript standards with total cytoplasmic RNA
samples after hybridization with the rat POMC cRNA probe and RNase
digestion. The size of the main protected RNA:RNA hybrid is about
538 bp. Lanes ato e: 0.62, 1.25, 2.5, 5, or 10 pg of the POMC sense tran-
script standards. Lanes f, g, and h: total cytoplasmic RNA samples
extracted from the NAc core (1.6 ug), NAc shell (3.1 ug), and hypothala-
mus (6.2 pg) of alcohol-naive sNP rats, respectively.

ment followed by gel electrophoresis. Figure 2B shows the
size distribution of rat POMC antisense probe surviving
solution hybridization and RNase treatment. The protected
species was approximately 538 bp, corresponding to an
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RNA:RNA hybrid formed by the hybridization of the full-
length cRNA probe (538 bp in length) with total cytoplasmic
RNA samples extracted from the hypothalamus, NAc, or
anterior pituitary of sNP rats. Consistent with the results
from both POMC-EGFP neurons and PCR amplification,
the gel electrophoresis further confirmed that POMC mRNA
is expressed in the NAc core and shell at relatively low levels
in comparison with those found in the hypothalamus.

Genetically Determined Differences Between sP and sNP Rats
in DAMGO-Stimulated [*>S]GTPyS Binding

Under basal conditions, all the brain regions examined in
sP rats presented decreased functional activity of the MOP-r
in comparison with those in sNP rats: caudate-putamen
(t=5.12, p<0.001), cingulate cortex (Cg; ¢=2.78,
p <0.05), NAc core (=298, p<0.01), and NAc shell
(t = 2.33, p < 0.05; Fig. 3).

Genetically Determined Differences Between sP and sNP Rats
in Voluntary Alcohol Drinking

All sP rats’ daily alcohol intake rose progressively, averag-
ing approximately 6.5 g/kg/d throughout the 17-day period
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of exposure. Conversely, daily alcohol intake in alcohol/
water choice sNP rats averaged <0.5 g/kg (see details in
Results in Data S1).

Genetically Determined Differences Between sP and sNP Rats
and Effects of Voluntary Alcohol Drinking on POMC mRNA
Levels in the Brain

NAc Shell and Core. In the NAc shell (Fig. 44), 2-way
analysis of variance (ANOVA) showed a significant main
effect of alcohol consumption, F(1, 17) = 7.30, p < 0.05, but
failed to show a significant alcohol consumption x genotype
interaction, F(1, 17) = 3.82, p = 0.06. POMC mRNA levels
in alcohol-naive sP rats were not different from those of alco-
hol-naive sNP rats. However, increased POMC mRNA lev-
els in the NAc shell were observed in the sP rats after
voluntary alcohol drinking (alcohol/water choice sP vs. alco-
hol-naive sP rats, p < 0.05, Newman—Keuls test). Also, the
POMC mRNA levels were significantly higher in sP than
sNP rats under alcohol/water choice condition (p < 0.05).

In the NAc core (Fig. 4B), 2-way ANOVA showed a sig-
nificant main effect of genotype, F(1, 18) = 5.03, p < 0.05.
However, there was no significant main effect of alcohol

-
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Fig. 3. Genetically determined differences between Sardinian alcohol-preferring (sP) and nonpreferring (sNP) rats on DAMGO-stimulated [35S]
GTPyS binding in caudate-putamen (CPu), cingulate cortex (Cg), nucleus accumbens shell (NAc shell), and core (NAc core). Columns represent the
means + SEM of mu opioid receptor (MOP-r) densities. Values from MOP-r levels in CPu, Cg, NAc shell, and NAc core from sP rats that are significantly
different from sNP rats, *p < 0.05, n = 5to0 6. Bar represents 1 mm. AcbC, nucleus accumbens core; AcbS, nucleus accumbens shell.
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Fig. 4. Genetically determined differences between Sardinian alcohol-
preferring (sP) and nonpreferring (sNP) rats and effects of voluntary alco-
hol drinking on proopiomelanocortin (POMC) mRNA levels (attomole/ug
total RNA) in the nucleus accumbens (NAc) shell (A) and core (B). Both sP
and sNP rats were offered either water as the sole fluid available (water/
water choice) or a free choice between 10% (v/v) alcohol and water (alco-
hol/water choice) for 17 consecutive days. Each bar is the mean + SEM.
Significant differences: *p < 0.05, n = 5t0 6.

consumption, nor was there a significant alcohol consump-
tion X genotype interaction.

Hypothalamus. Two-way ANOVA revealed a significant
main effect of genotype, F(1, 28) = 18.9, p < 0.0005, and
there was a significant alcohol consumption x genotype
interaction, F(1, 28) = 4.77, p < 0.05. Although Newman—
Keuls post hoc tests failed to show a significant difference
between alcohol-naive sP and sNP rats (p = 0.06), a planned
comparison revealed that basal POMC mRNA levels were
significantly higher in alcohol-naive sP rats than alcohol-
naive sNP rats (p < 0.05). Increased hypothalamic POMC
mRNA levels were observed in sP rats after voluntary alco-
hol drinking (alcohol/water choice sP vs. alcohol-naive sP
rats, p < 0.05, Newman-Keuls test; Fig. 5). Also, POMC
mRNA levels were significantly higher in sP than in sNP rats
in the alcohol/water choice condition (p < 0.05).

Caudate-Putamen, Frontal Cortex, Medial/Basal Amyg-
dala, and Central Nucleus of Amygdala. In the caudate-
putamen, frontal cortex, and medial/basolateral amygdala,
there was no effect of genotype, alcohol consumption, or
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Fig. 5. Genetically determined differences between Sardinian alcohol-
preferring (sP) and nonpreferring (sNP) rats and effects of voluntary alco-
hol drinking on proopiomelanocortin (POMC) mRNA levels (attomole/ug
total RNA) in the hypothalamus. Both sP and sNP rats were offered either
water as the sole fluid available (water/water choice) or a free choice
between 10% (v/v) alcohol and water (alcohol/water choice) for 17 consec-
utive days. Each bar is the mean + SEM. Significant differences: * or
*p <0.05,n=7t08.

their interaction (Table 1). Because there was a very low
expression level of the POMC gene in the central nucleus of
amygdala in both sP and sNP rats, we did not try to deter-
mine the effects of alcohol drinking in this brain region.

Genetically Determined Differences Between sP and sNP Rats
and Effects of Voluntary Alcohol Drinking on MOP-r mRN A
Levels in the Brain

NAc Shell and Core. 1In the NAc shell (Fig. 64), 2-way
ANOVA showed a significant main effect of genotype,
F(1, 20) = 13.4, p < 0.005. A planned comparison revealed
that basal MOP-r mRNA levels in alcohol-naive sP rats were
significantly lower than those in alcohol-naive sNP rats
(p <0.05). MOP-r mRNA Ilevels in the NAc shell were
significantly lower in sP than sNP rats in the alcohol/water
choice condition (p < 0.05, Newman—Keuls test). In the NAc
core (Fig. 6B), there was no main effect of genotype, alcohol
consumption, or their interaction.

Caudate-Putamen, Frontal Cortex, Medial/ Basolateral
Amygdala, and VTA. In the caudate-putamen, there was a
significant main effect of genotype, F(1, 28) = 8.0, p < 0.05
(Table 1). Basal MOP-r mRNA levels in alcohol-naive sP
rats were significantly lower than those in alcohol-naive SNP
rats (planned comparisons, p < 0.05). The MOP-r mRNA
levels were significantly lower in sP than sNP rats in the alco-
hol/water choice condition (p < 0.05, Newman—Keuls test).

In the frontal cortex, there was a significant main effect of
genotype, F(1, 12) = 14.1, p < 0.005 (Table 1). Basal MOP-r
mRNA levels in alcohol-naive sP rats failed to show signifi-
cant differences from those in alcohol-naive sNP rats
(planned comparisons, p = 0.06).
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Table 1. Genetically Determined Differences Between Sardinian Alcohol-Preferring (sP) and Nonpreferring (sNP) Rats and Effects of Voluntary Alcohol
Drinking on Gene Expression Levels of Proopiomelanocortin (POMC) (A) and Mu Opioid Receptor (MOP-r) (B).

(A) POMC mRNA (Attomole mRNA/ug total RNA)

sP Rat sNP Rat
Alcohol-naive Alcohol/water choice Alcohol-naive Alcohol/water choice
FCx (n=8) 1.56 + 0.26 1.51 £ 0.26 1.72 £ 0.12 1.57 + 0.36
CPu(n=61t07) 0.79 = 0.11 0.66 + 0.04 1.00 + 0.21 0.91 +£ 0.07
MeBLA (n = 510 6) 5.20 + 1.00 3.41 + 0.58 2.83 + 0.62 4.26 + 0.96
Hip (n = 6) 0.24 +0.02 0.24 +0.02 0.25 + 0.03 0.21 £ 0.02
(B) MOP-r mRNA (Attomole mRNA/ug total RNA)
sP Rat sNP Rat

Alcohol-naive Alcohol/water choice Alcohol-naive Alcohol/water choice Main effect of genotype by 2-way ANOVA
FCx (n=4) 0.27 + 0.01 0.26 = 0.02 0.36 = 0.02 0.40 + 0.06 F(1,12) = 14, p < 0.005
CPu(n=61t08) 0.47 + 0.02* 0.54 + 0.02 0.61 + 0.05 0.67 + 0.05 F(1,28) = 8.0, p < 0.05
MeBLA (n = 4) 0.62 = 0.08 0.49 = 0.05 0.81 = 0.12 0.76 = 0.15 F(1,11)=7.1,p<0.05
VTA (n = 4) 0.90 + 0.08 1.08 £ 0.15 0.77 £ 0.11 0.89 = 0.11 F(1,12) = 1.87,p=0.20

FCx, frontal cortex; CPu, caudate-putamen; MeBLA, medial/basolateral amygdala; Hip, hippocampus; VTA, ventral tegmental area.

*Significant genotype difference between alcohol-naive sP rats and alcohol-naive sNP rats under water/water choice condition: p < 0.05.

Note, in B, because there was relatively lower MOP-r mRNA expression level in the FCx, MeBLA, and VTA, the RNA extracts from 2 rats were pooled
as 1 sample for the MOP-r assays. Therefore, there was a smaller sample size for each of the 3 regions. Group differences in mMRNA levels were
analyzed using 2-way (fluid choice condition [water/water or alcohol/water]; rat line [sP or sSNP]) ANOVA, followed by the Newman-Keuls post hoc tests.

Although in the medial/basolateral amygdala 2-way
ANOVA showed a significant effect of genotype, F(1, 11) =
7.11, p < 0.05, there was no effect of alcohol consumption,
nor was there a significant alcohol consumption x genotype
interaction (Table 1). In the VTA, there was no significant
effect of genotype, alcohol consumption, or their interaction
(Table 1).

Genetically Determined Differences Between sP and sNP Rats
and Effects of Voluntary Alcohol Drinking on POMC mRNA
Levels in the Anterior Pituitary, and on HPA Hormonal
Levels

POMC mRNA Levels in the Anterior Pituitary. Two-
way ANOVA showed a significant main effect of genotype,
F(1, 27) = 16.4, p < 0.0005, and a significant alcohol con-
sumption x genotype interaction, F(1, 27) = 6.00, p < 0.05
(Fig. 74). POMC mRNA levels in alcohol-naive sP rats were
not different from those of alcohol-naive sNP rats. However,
the POMC mRNA levels in the anterior pituitary were signif-
icantly lower in sP than sNP rats in the alcohol/water choice
condition (p < 0.01, Newman—Keuls test).

HPA Hormonal Levels. As shown in Fig. 7B, plasma
ACTH levels showed a similar pattern to that seen in POMC
mRNA in the anterior pituitary. Although 2-way ANOVA
showed a significant main effect of genotype, F(1, 26) = 5.34,
p < 0.05, plasma ACTH levels were not significantly lower in
sP than sNP rats in the alcohol/water choice condition. In
contrast, in plasma CORT levels, there was no significant
effect of genotype, alcohol consumption, or their interaction

(Fig. 7C).

DISCUSSION

POMC-derived peptides, especially beta-endorphin, are
distributed in the arcuate nucleus of hypothalamus, and the
dopaminergic mesocorticolimbic regions, including the NAc,
VTA, and frontal cortex. Increased extracellular level of
dopamine in the NAc is a key event in the rewarding and
reinforcing actions elicited by alcohol, psychostimulants,
opiates, and nicotine (e.g., Di Chiara et al., 1996). Because
activation of MOP-r by beta-endorphin is rewarding and
modulates dopamine release in the NAc (Spanagel et al.,
1991), beta-endorphin may be involved in reinforcing and
motivational properties (Amalric et al., 1987; Herz, 1997,
Roth-Deri et al., 2008). In addition to the arcuate nucleus,
POMC mRNA has also been detected in the NAc at very
low levels (Leriche et al., 2007). Therefore, the demonstra-
tion of POMC neuron distribution in this region is an essen-
tial issue concerning the neural networks containing POMC
mRNA and derived peptides in the NAc.

The first aim of the present study was to specifically visual-
ize the NAc POMC neurons, including the core and shell
divisions. Using POMC-EGFP transgenic mice in which
POMC-expressing neurons were labeled with EGFP and
enhanced by immunohistochemistry procedures, we found
POMC-EGFP-expressing neurons to be present in modest
amounts in both the NAc core and shell of POMC-EGFP
mice. Our findings are in agreement with and extend the
results of the GENSAT project, showing the expression of
POMC-EGFP in the ventral striatum of the POMC-EGFP
mice.

The presence of POMC mRNA in the NAc had been
reported, using a sensitive RT-PCR technique (Leriche et al.,
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Fig. 6. Genetically determined differences between Sardinian alcohol-
preferring (sP) and nonpreferring (sNP) rats and effects of voluntary alco-
hol drinking on mu opioid receptor (MOP-r) mRNA levels (attomole/yg total
RNA) in the nucleus accumbens (NAc) shell (A) and core (B). Both sP and
sNP rats were offered either water as the sole fluid available (water/water
choice) or a free choice between 10% (v/v) alcohol and water (alcohol/
water choice) for 17 consecutive days. Each bar is the mean + SEM.
Significant differences: *p < 0.05, n = 7 to 8.

2007). We show here that RT-PCR amplification, with the
POMC primer specific for rat and mouse POMC mRNA,
results in 678-bp PCR products in the NAc of both species,
the same size found in the hypothalamus, suggesting that the
NAc contains similar POMC mRNA species to that of
the hypothalamus. The PCR products obtained were not the
result of amplification of genomic DNA or cDNA contami-
nation, because the omission of RT from the RT reaction
showed no amplifications. We further used quantitative and
specific solution hybridization assays to confirm that POMC
mRNA was expressed in the NAc. The relative amount of
POMC mRNA in the NAc was about 10% of that found in
the hypothalamus. The low POMC mRNA signal observed
in the NAc in these mice seems likely due to a small number
of POMC-EGFP-containing neurons, as was found in
POMC-EGFP mice.

The next 3 aims focused on whether POMC gene expres-
sion in several brain regions (particularly the NAc) would
differentially respond to alcohol consumption in selectively
bred sP rats. Using quantitative solution hybridization
assays, we first examined genetically determined differences
in POMC levels and found that sP rats displayed markedly
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Fig. 7. Genetically determined differences between Sardinian alcohol-
preferring (sP) and nonpreferring (sNP) rats and effects of voluntary alco-
hol drinking on proopiomelanocortin (POMC) mRNA levels (attomole/ug
total RNA) in the anterior pituitary (AP) (A), plasma ACTH (B), or plasma
corticosterone (CORT) (C) levels. Both sP and sNP rats were offered
either water as the sole fluid available (water/water choice) or a free choice
between 10% (v/v) alcohol and water (alcohol/water choice) for 17 consec-
utive days. Each bar is the mean + SEM. Significant differences:
**p <0.01,n=7t08.

higher (about 40%) basal POMC mRNA levels than sNP
rats in the hypothalamus only. This suggests a contribution
of relatively higher basal POMC gene expression to the
genetically determined tendency of sP rats toward enhanced
voluntary alcohol consumption. It would be of interest to
investigate whether these line differences between sP and
sNP rats are also found in other lines of selectively bred P
and NP rats. It is noteworthy that our result is consistent
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with earlier studies, showing higher basal POMC mRNA lev-
els in the hypothalamus in the AA (Alko, Alcohol) rats or
C57BL/6 mice with high alcohol consumption or preference
than ANA (Alko, Non-Alcohol) rats or DBA/2 mice with
low alcohol consumption or preference (Jamensky and
Gianoulakis,1999; Marinelli et al., 2000). We also measured
POMC mRNA levels in mesocorticolimbic regions (specifi-
cally, the 2 subdivisions of NAc) and hypothalamus of sP
rats exposed to 17-day alcohol drinking and found that this
voluntary consumption of high amounts of alcohol by sP
rats was associated with increases in POMC mRNA levels in
the NAc shell (about 100%) and hypothalamus (about
50%), but not NAc core. This result suggests that voluntarily
consumed alcohol modulates POMC mRNA expression in
the POMC neuron populations in the NAc shell and hypo-
thalamus to a different degree, because the POMC mRNA
levels were increased by different magnitudes in these 2
regions. This stimulatory effect on POMC expression in the
NAc shell seems to be specific for the POMC gene, as no
effect of alcohol drinking was found on MOP-r mRNA levels
in this region.

Our finding with respect to POMC mRNA increases in the
NAc shell is consistent with an early report showing that
alcohol stimulates beta-endorphin release in the rat NAc
(Marinelli et al., 2003). Although the stimulatory factors
that may influence elevation of POMC mRNA level are not
yet fully elucidated in this study, it is possible that an
increased beta-endorphin release in the NAc is responsible
for the increase in POMC mRNA and biosynthesis to com-
pensate for alcohol-induced peptide depletion. Our results in
the hypothalamus of sP rats after 17-day voluntary drinking
are in agreement with an earlier study showing that after 15-
day alcohol exposure, there is an increase in POMC mRNA
levels in the hypothalamus (Angelogianni and Gianoulakis,
1993), while another study reported a decrease after long-
term (7-week) alcohol exposure (Rasmussen et al., 2002).
Together, our data suggest that enhanced POMC gene
expression in the NAc shell and hypothalamus was likely a
consequence of high alcohol consumption in sP rats. No
change in POMC mRNA levels was observed in sNP rats
given alcohol/water choice, likely because of their extremely
low levels of alcohol drinking (<0.5 g/kg/d on most days).

Although both the shell and the core express POMC, we
observed that the NAc shell appears to be the critical site in
response to alcohol drinking. Our findings suggest that
POMC neurons in the shell (a region long considered to
mediate processes of reward and reinforcement, e.g., Di Chi-
ara, 2002; Koob et al., 1998) contribute to alcohol intake.
Most relevant to the present study, a recent report demon-
strated that alcohol is self-administered directly into the med-
ial shell, but not the core (Engleman et al., 2009). It has also
been reported that cocaine (Rodd-Henricks et al., 2002) or
cannabinoids (Zangen et al., 2006) are self-administered
directly into the NAc shell. Therefore, the shell (not the core)
may be a region in which alcohol and other drugs of abuse
contribute to reinforcing effects. Several studies have exam-
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ined neurotransmitter systems in the NAc shell in the control
of alcohol drinking or self-administration, implicating the
involvement of glutamate (Goulding et al., 2011), GABA
receptors (Nie et al., 2011), neuropeptide Y (Cippitelli et al.,
2010), and kappa opioid receptors (Nealey et al., 2011) in
modulating alcohol intake. It is tempting to speculate that
pharmacological interactions with POMC neurons through
these neurotransmitters or neuromodulators may be the
initial and specific means by which alcohol exerts its effects in
this shell region, although this remains to be determined.

Although interesting and novel, the results of the current
study should be interpreted with caution for at least 2 rea-
sons. First, we did not measure levels of POMC-derived pep-
tides; our findings are limited to gene expression. To confirm
that the effects observed on the POMC mRNA level were
translated to the protein level, we have conducted several
experiments using immunohistochemistry for POMC-derived
peptides in POMC-EGFP mice. However, we had difficulty
in visualizing the immunoreactivity-positive neurons in the
mouse NAc, using 3 commercial antibodies against beta-
endorphin, ACTH, or POMC with fluorescent microscopy
(YZ and KN, unpublished data). It is possible that very low
levels of POMC peptides are constitutively expressed or that
the POMC mRNA is not translated in this region. Second, it
is possible that the current findings may result from changes
in other systems known to modulate consummatory behav-
ior. However, it is unlikely that alpha-melanocyte-stimulating
hormone (which has an inhibitory effect on food intake)
played a role, because high alcohol intake did not result in a
general suppression of appetitive or consummatory behaviors
in sP rats (Colombo, 1997). Also, in the present study, there
was no change in orexin mRNA levels in the lateral hypothal-
amus after high alcohol drinking in sP rats. Using the opioid
receptor antagonist naloxone, it has been demonstrated that
the opioid antagonist decreases alcohol self-administration in
sP rats (Maccioni et al., 2005). Our data suggest that a geneti-
cally determined difference and the effects of alcohol drinking
are mediated by the beta-endorphin system.

The activation of corticotropin-releasing factor (CRF) in
the hypothalamus contributes to the stimulatory effects of
acute alcohol on the HPA axis in rats (Rivier et al., 1990). Of
interest, beta-endorphin acting on the MOP-r exerts tonic
inhibition of CRF, and then of the HPA axis in both humans
and rodents (Kreek and Koob, 1998). Using “binge” alcohol
administration by the oral route, we have found that acute
“binge” alcohol dramatically activates HPA activity, which
is associated with decreased POMC mRNA levels in the
hypothalamus (Zhou et al., 2000). In the present study, sP
rats displayed increased hypothalamic POMC mRNA levels
after alcohol drinking, coupled with reduced levels of plasma
ACTH levels, further supporting the concept that there is an
inverse association between hypothalamic POMC activity
and the HPA axis.

A successful use of a medication for a target indication is
the use of naltrexone in the treatment of alcoholism (O’Mal-
ley et al., 1992; Volpicelli et al., 1992). Chronic naltrexone
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treatment decreases craving and alcohol consumption in
alcohol-dependent subjects and results in persistent eleva-
tions of HPA activity in alcohol-dependent subjects (Farren
et al., 1999; O’Malley et al., 2002). It is hypothesized that
the reduction in alcohol drinking by naltrexone may be due
to its activation of the HPA axis. Support for this hypothesis
can be found in many studies (Schuckit, 1994).

The MOP-r has long been considered a key element
related to increased vulnerability to develop alcohol depen-
dence and relapse, and therefore is one of the most important
therapeutic targets to treat alcohol dependence and craving
(Manzanares et al., 2005). The present study examined
MOP-r mRNA Ievels in sP and sNP rats given alcohol/water
choice. As reported earlier (Fadda et al., 1999), in alcohol-
naive sP rats, quantitative autoradiography revealed that
MOP-r-binding density is significantly reduced in the NAc
shell and caudate-putamen, compared to alcohol-naive sNP
rats. Consistent with MOP-r protein levels, we found that
the MOP-r mRNA levels were lower in the same mesolimbic
regions of alcohol-naive sP rats, including the NAc shell,
caudate-putamen, frontal cortex, and basolateral amygdala,
in comparison with alcohol-naive sNP rats. Differences in
MOP-r densities were reported in rats presenting high and
low preference for alcohol consumption (Cowen et al., 1999;
Parkes and Sinclair, 2000). Our results are also consistent
with lower basal MOP-r mRNA levels in P than NP rats
(June et al., 2004); notably, P/NP and sP/sNP rats have been
selectively bred using similar procedures and criteria (Bell
et al., 2006; Colombo et al., 2006). Indeed, sP rats presented
lower basal levels of MOP-r binding in the caudate-putamen,
Cg, NAc shell, and core compared to those of sNP rats.
These results suggest that lower MOP-r functional activity is
associated with increased vulnerability for alcohol consump-
tion.

In summary, our results demonstrate the existence of
genetically determined higher basal levels of POMC gene
expression in the hypothalamus of selectively bred sP rats, in
comparison with sNP rats. Our main finding shows a signifi-
cant increase in POMC gene expression levels in both the
NACc shell and the hypothalamus of sP rats during the initial
phases of acquisition and maintenance of alcohol drinking.
POMC-EGFP neurons were visualized in the NAc shell and
core. Because increases in POMC neuronal activity are
thought to be involved in several reward-related behaviors,
we suggest that the observed alterations in the POMC
systems in the NAc shell and hypothalamic arcuate nucleus
contribute, at least in part, to the high alcohol drinking
behavior of sP rats.
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