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Abstract
The stress-response corticotropin-releasing factor (CRF) and dynorphin systems are critically
involved in alcohol drinking and “anxiety” ”-related behaviors. Selectively bred Sardinian
alcohol-preferring (sP) rats display high inherent “anxiety”-related behaviors, in comparison with
their alcohol-non preferring counterpart (sNP rats). The present study was undertaken to
investigate: (1) if there were genetically determined differences in basal gene expression levels of
CRF, CRF-R1, preprodynorphin (ppDyn) and kappa opioid receptor (KOP-r) between sP and sNP
rats; specifically, mRNA levels of the above genes were measured in the central amygdala (CeA),
hypothalamus and other stress responsive and mesolimbic regions of alcohol-naive sP and sNP
rats; and (2) if the above mRNA levels were altered by voluntary alcohol drinking in sP rats
exposed to the standard, homecage 2-bottle “alcohol vs water” choice regimen 24 hours/day for 17
days. Higher basal CRF mRNA levels were found only in CeA of alcohol-naive sP rats, compared
with sNP rats; these levels were decreased after alcohol consumption. In contrast, ppDyn mRNA
levels in CeA of sP rats were increased by alcohol consumption, but with no basal difference from
sNP rats. Although higher basal ppDyn mRNA levels were found in hypothalamus of sP rats,
compared with sNP rats, there was no alteration after alcohol drinking in sP rats. No difference for
the above mRNA levels was observed in other regions, including nucleus accumbens shell or core,
caudate-putamen, ventral tegmental area and medial/basolateral amygdala, between the two rat
lines before or after alcohol consumption. Our results demonstrate the existence of genetically
determined high basal CRF mRNA levels in CeA of sP rats. Alcohol consumption decreased CeA
CRF mRNA levels with parallel increases in CeA ppDyn mRNA levels.
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Introduction
There is ample evidence that increased corticotropin-releasing factor (CRF) neuronal
activity may represent an important step in the neurobiology of stress-related (“anxiety”-
related and “depression”-like) behaviors in several rodent models. Chronic alcohol studies
have demonstrated that the CRF/CRF-R1 system in the central amygdala (CeA) is involved
in excessive alcohol consumption and alcohol seeking by alcohol-dependent rats [1]. CRF is
expressed in the GABAergic neurons of the CeA [2], and acute alcohol administration
results in an increase in the extracellular CRF levels in the CeA [3].

Alcohol consumption affects multiple neurobiological systems including the endogenous
opioid systems. Specifically, activation of the dynorphin/kappa opioid receptor (KOP-r)
system has been implicated in the negative reinforcement aspects of alcohol, opiate and
psychostimulant addictions [4, 5]. In rats, acute administration of KOP-r agonists attenuates
alcohol self-administration [6] and decreases alcohol-induced conditioned place preference
[7], while selective KOP-r antagonist nor-BNI causes an increase in alcohol drinking in rats
with high basal levels of alcohol consumption [8]. Recently KOP-r antagonists have also
been reported to attenuate alcohol-seeking behavior induced by stress in mice [10] and to
reduce alcohol consumption in alcohol-dependent rats [11]. These findings provide support
for the importance of the dynorphin/KOP-r system in the process of alcohol consumption
and addiction. Furthermore, microdialysis studies have found that acute alcohol
administration increases the extracellular dynorphin A1–8 concentrations in the CeA and
nucleus accumbens (NAc), two brain regions known to be involved in the regulation of
alcohol consumption [3, 9]. Dynorphin is co-expressed with CRF in the same CeA
GABAergic neurons [2], strongly suggesting a potential interaction between these two
neuropeptide systems in the CeA.

Sardinian alcohol-preferring (sP) and -non preferring (sNP) rats constitute one of the few
pairs of rat lines selectively bred worldwide for opposite alcohol preference and
consumption [see 12, 13]. Besides differences in alcohol drinking and several other alcohol-
related behaviors, sP rats display more inherent “anxiety”-related behaviors than sNP rats
[14–17]. Therefore, our first research question was whether there was a genetically
determined difference in CRF/CRF-R1 or dynorphin/KOP-r systems between sP and sNP
rats, as reflected by basal gene expression levels of CRF, CRF-R1 receptor, ppDyn or KOP-r
in different “anxiety”-related brain regions (e.g., CeA, medial/basolateral amygdala [Me/
BLA] or hypothalamus). The second question of this study was to examine whether 17-day
exposure to alcohol drinking altered these gene expression levels in sP rats. To answer this
question, we assessed the effect of alcohol drinking on the above mRNA levels in sP rats
exposed to the standard, homecage 2-bottle “alcohol (10%, v/v) vs. water” choice regimen
with unlimited access for 24 hours/day and 17 consecutive days. Immediately (30 min)
following the last day of drinking, specific brain regions were collected, and mRNA levels
were quantified in the CeA, Me/BLA or hypothalamus, as well as several mesolimbic
regions (including the NAc core and shell, caudate-putamen [CPu] and ventral tegmental
area [VTA]).

Materials and Methods
1. Animals and alcohol drinking procedure

Male sP and sNP rats from the 67th generation, approximately 75 days old at the start of
each study, were used. The animal facility was under an inverted 12:12 hour light-dark cycle
(lights on at 09:00 pm), at a constant temperature of 22 ± 2°C and relative humidity of
approximately 60%. Starting from the age of 60 days, all rats were individually housed in
standard plastic cages with wood chip bedding. Standard rat chow (Mucedola, Settimo
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Milanese, Italy) was always available. All experimental procedures employed in the present
study were in accordance with the Principles of Laboratory Animal Care (NIH Publication
No 86-23, 1996), the European Communities Council Directive (86/609/EEC), and the
subsequent Italian Law on the “Protection of animals used for experimental and other
scientific reasons.” During all experimental procedures, the number of animals and their
potential suffering were minimized.

sP rats were exposed to 10% (v/v) alcohol and water under the standard, homecage 2-bottle
“alcohol vs. water” choice regimen, with unlimited access for 24 hours/day, for 17
consecutive days [12]. Bottles were refilled every day with fresh solution or water and their
left-right positions interchanged at random to avoid development of position preference.
Alcohol, water, and food intake were monitored by weighing both bottles and food pellets
(0.1-g accuracy) once daily immediately before the start of the dark phase. Body weight was
recorded once every other day. To summarize, there were three treatment groups (n=8 for
each): alcohol-naive sP and sNP rats, exposed to 2-bottle “water vs. water” regimen; and
alcohol-experienced sP rats, exposed to the above-mentioned 2-bottle choice regimen. All
the animals in these three groups received the same procedures (including handling,
weighing, etc.). All 8 sP rats exposed to the 2-bottle “alcohol vs. water” choice regimen
rapidly acquired alcohol-drinking behavior, as indicated by daily alcohol intakes higher than
4 g/kg (i.e., the selection criterion adopted in the breeding program of sP rats [12]) by day 3
in each rat; subsequently, daily alcohol intake rose progressively, averaging approximately
6.5 g/kg/day throughout the 17-day period of exposure. These data were similar to those
repeatedly recorded in sP rats exposed to alcohol and water under the 2-bottle choice
regimen [12]. On day 18, animals were sacrificed 30 min after removal of alcohol and/or
water bottles and 3 hours after lights on.

2. Rat brain dissection and preparation of RNA extracts
See SI Methods section.

3. Solution hybridization ribonuclease protection-trichloroacetic acid precipitation
The solution hybridization RNase protection-TCA precipitation protocol has been described
in detail in an earlier report [18]. See SI Methods section.

4. Statistical Analyses
Group differences in mRNA levels were analyzed using one-way ANOVA for all 3 rat
groups, followed by Newman-Keuls post hoc tests or Student’s t-tests when appropriate. To
determine correlation between measured variables, linear regression analysis was performed.
The accepted level of significance for all tests was p < 0.05. All statistical analyses were
performed using Statistica (version 5.5, StatSoft Inc.).

Results
1. Genetically determined differences and effects of alcohol drinking on CRF and CRF-R1
gene expression levels

In the CeA (Fig. 1A), one-way ANOVA showed significant effects for Group (F(2,21)=5.28,
p<0.05). There were significantly higher basal levels of CRF mRNA in CeA of alcohol-
naive sP rats, compared with sNP rats (Newman-Keuls post hoc test, p<0.05) (t=3.34, df =
14, p<0.005). CRF mRNA levels were significantly decreased after alcohol consumption in
sP rats (Newman-Keuls post hoc test, p<0.05) (t=2.26, df = 14, p<0.05). Also, sP rats after
alcohol consumption displayed a significant negative correlation between CeA CRF mRNA
levels and mean daily alcohol intake (p < 0.05) (Fig. 1C).
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There was very low expression of the CRF mRNA levels in the Me/BLA of both sP and sNP
rats. A pilot study conducted with two alcohol-naive rats of each line did not show
significant difference in CRF mRNA levels in the Me/BLA (data not shown). Therefore, we
did not further determine the effects of alcohol drinking in this brain region.

In the hypothalamus, no significant group differences were found between alcohol-naive sP
and sNP rats or between alcohol-naive and -experienced sP rats (Fig. 1B).

Analysis of CRF-R1 mRNA levels in the same groups did not identify significant group
differences in the CeA, hypothalamus or VTA (See SI Results section Table S1).

2. Genetically determined differences and effects of alcohol drinking on ppDyn and KOP-r
gene expression levels

In the CeA (Fig. 2A), one-way ANOVA showed significant effects for Group (F(2,20)=7.25,
p<0.005). There was no difference in basal ppDyn mRNA levels in the CeA between
alcohol-naive sP and sNP rats. However, ppDyn mRNA levels were significantly increased
after alcohol consumption in sP rats (Newman-Keuls post hoc test, p<0.05) (t=2.42, df = 14,
p<0.05). There was no significant correlation between CeA ppDyn mRNA levels and mean
daily alcohol intake in sP rats.

In the hypothalamus (Fig. 2B), one-way ANOVA showed significant effects for Group
(F(2,21)=8.29, p<0.005. There were significantly higher basal levels of ppDyn mRNA in the
hypothalamus of alcohol-naive sP rats, compared with sNP rats (Newman-Keuls post hoc
test, p<0.005) (t=3.47, df = 14, p<0.005). The ppDyn mRNA levels were not altered after
17-day alcohol drinking in sP rats.

In the NAc shell, core, CPu or Me/BLA, no significant group differences were found for
ppDyn mRNA levels between alcohol-naive sP and sNP rats or between alcohol-naive and -
experienced sP rats (See SI Results section Table S2A).

For KOP-r mRNA levels, no significant group differences were found in the NAc shell, core
or Me/BLA (See SI Results section Table S2B).

Discussion
1. CRF in the CeA

Previous lines of experimental evidence have suggested sP rats as an animal model of
genetically determined “anxiety”. Indeed, alcohol-naive sP rats displayed more “anxiety”-
related behaviors than alcohol-naive sNP rats when tested on the elevated plus maze [14,
15], elevated zero maze [17], and open field [16]. In the present study, our first objective
was to examine whether there were genetically determined differences in gene expression
levels between sP and sNP rats in the CeA or hypothalamus, two brain regions known to
play important roles in “anxiety”-related and/or “depression”-like behaviors. We found sP
rats had higher basal CRF mRNA levels in the CeA, compared with sNP rats. This is
consistent with the results of a previous study [15] demonstrating higher basal extracellular
CRF levels in CeA of alcohol-naive sP rats, compared with sNP rats. Our results may
suggest a role for high basal CRF gene expression (probably a higher CRF biosynthesis rate
with resultant higher peptide levels) in the genetically determined tendency of sP rats
towards “anxiety”-related and “depression”-like states. These emotional states, and the
search for the anxiolytic and antidepressant-like effects of alcohol, might in turn contribute
to promoting the high levels of alcohol consumption and preference that characterize sP rats.

Zhou et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2014 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Voluntary alcohol intake reduces “anxiety”-related [14] and “depression”-like [19]
behaviors in sP rats; these data suggest that sP rats may consume alcohol, at least in part, to
ameliorate their high negative emotional states. To investigate whether voluntary alcohol
drinking could alter CRF gene expression, we measured CRF mRNA levels in the CeA of sP
rats continuously exposed to voluntary alcohol drinking. We found that 17-day consumption
of relatively high amounts of alcohol (~ 6.5 g/kg/day) by sP rats was associated with
decreased CRF mRNA levels in the CeA. This effect seemed to be gene-specific (no effect
on CRF-R1 mRNA levels in the CeA) and region-specific (no effect on CRF mRNA levels
in the hypothalamus). Reduced CRF peptide levels might be expected as a result of
decreased CRF gene expression, and thus this lowered CRF may be partially responsible for
the anxiolytic action of alcohol in sP rats. In support of this concept, correlation analysis
between mean daily alcohol intake over the entire 17-day period and CeA CRF mRNA
levels revealed that sP rats consuming relatively more alcohol showed relative lowered CeA
CRF mRNA levels. In this study, however, we did not measure CRF peptide levels, and thus
our findings are limited to gene expression and should be interpreted with caution.

Because increases of CRF neuronal activity are likely involved in “anxiety”-related
behaviors, both previous study [15] and our results in the present study suggest that the high
baseline CeA CRF expression may contribute to the “anxiety”-like emotional state of sP
rats. However, lower basal CRF was found in the CeA of another line of rats selectively
bred for high alcohol preference and consumption: Indiana alcohol-preferring P rats, when
compared with their counterparts, alcohol-nonpreferring NP rats [20]. Together, this
suggests that there are other CeA factors involved in the “anxiety”-like behaviors, like the
dynorphin/KOP-r system and its potential interactions with the CRF/CRF-R1 system.

Upon alcohol withdrawal, rats and mice show increased alcohol intake, which is
accompanied with increased CRF release in the CeA [21]. The enhanced CRF release and
activity in the CeA after short-term withdrawal from chronic alcohol exposure could be a
rebound after a decrease by chronic alcohol exposure as found by Karanikas et al [22] and
present study. In parallel, short-term alcohol withdrawal increased “anxiety”-like behavior
as measured by an elevated plus maze [23–25]. Also, alcohol withdrawal in rats has been
associated with increased CeA CRF-R1 expression [26] and GABAergic neurotransmission
[27]. CRF-R1 antagonism in the CeA abolished dependence-induced increases in
GABAergic neurotransmission and alcohol intake [27]. Furthermore, it has been reported
that Marchigian-Sardinian alcohol-preferring rats (a rat line derived from an early generation
of sP rats) had a genetically determined up-regulation of the CRF-R1 expression in the CeA,
and alcohol consumption down-regulated the CRF-R1 expression [28].

2. Dynorphin in the CeA
It was reported that ppDyn mRNA levels in the CeA were increased after 22-day voluntary
alcohol drinking at 3 g/kg daily dose [29], or after acute (1-day) withdrawal from 5-day,
multiple alcohol “binge” administrations (4.5 g/kg/day) [30] in Sprague-Dawley rats. The
CeA is a critical brain region mediating anxiety-related behavior, and is a likely site for the
interaction of the dynorphin and alcohol, although few studies have explored this
interaction. The present study provides further evidence for the involvement of the CeA
ppDyn system in alcohol drinking. In fact, in sP rats after alcohol drinking with large
amount of consumption, there was an increase in ppDyn mRNA levels in the CeA, but not in
any mesolimbic regions examined (NAc shell, core, and CPu). Therefore, high levels of
alcohol consumption in sP rats activated the dynorphin/KOP-r system involved in the
neuronal structure related to alcohol craving and stress responsivity (i.e., CeA), but not
alcohol reward (i.e., NAc). This CeA ppDyn mRNA increase may be involved in the
homeostatic adaptations of the brain after chronic alcohol exposure. In support of this
concept, it is found that mice lacking dynorphin consume more alcohol, with hyper-
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responsivity to stress [31]. Pharmacological studies also show supportive results: the
selective KOP-r antagonist nor-binaltorphimine enhances voluntary alcohol consumption in
a continuous two-bottle choice paradigm, and, of particular interest, this effect occurs in rats
with high, but not low, levels of alcohol consumption [8]. Most recent work has
demonstrated that KOP-r inhibits GABAergic synaptic responses and aolcohl effects in the
CeA [32] and bed nucleus of the stria terminalis [33], which may interact with CRF effects
on GABA release.

3. Summary
Our results demonstrate the existence of genetically determined high basal levels of CRF
gene expression in the CeA of selectively bred alcohol-preferring sP rats, in comparison
with their alcohol-non preferring counterpart (sNP rats). Here, we further investigated the
effect on CRF and ppDyn gene expression in the CeA of sP rats after voluntary alcohol
drinking, as both the CRF and dynorphin/KOP-r systems are modulators of alcohol
consumption. A significant decrease in CRF expression levels was associated with an
increase in ppDyn expression levels in the CeA of sP rats after alcohol consumption.
Because reduction of CRF neuronal activity is likely involved in anxiolytic and anti-
depressive actions of alcohol, we suggest that the observed decrease in CeA CRF gene
expression may contribute to the anxiolytic effect of alcohol through the CeA CRF system.
This dynorphin adaptive change may be involved in the homeostatic adaptations of the brain
after chronic alcohol exposure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Effects of voluntary alcohol drinking on CRF and ppDyn gene expression;

• Genetically determined high basal CRF mRNA levels in CeA of sP rats;

• Alcohol drinking decreased CRF, but increased ppDyn mRNA levels in CeA.
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Fig. 1.
Genetically determined differences between selectively bred, Sardinian alcohol-preferring
(sP) and -non preferring (sNP) rats and effects of voluntary alcohol drinking on CRF mRNA
levels (attomole/µg total RNA) in the central amygdala (CeA) (A) and hypothalamus (B). sP
and sNP rats were offered water as the sole fluid available (alcohol-naive sP and sNP rats)
or sP rats were offered a free choice between 10% (v/v) alcohol and water for 17
consecutive days (alcohol-experienced sP rats). Rat line differences: * p<0.05; Alcohol
exposure differences: + p<0.05, n=7–8. Note, different axes showing relative abundance of
CRF mRNA levels in those regions. (C) Regression of CRF mRNA levels in the central
amygdala (CeA) and voluntary alcohol consumption in Sardinian alcohol-preferring (sP)
rats. There was a significant negative correlation between the levels of CeA CRF mRNA
and mean daily alcohol intake for individual sP rats offered 10% (v/v) alcohol for 17
consecutive days (r = −0.756, d.f. = 8, p<0.05).
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Fig. 2.
Genetically determined differences between selectively bred, Sardinian alcohol-preferring
(sP) and -non preferring (sNP) rats and effects of voluntary alcohol drinking on
preprodynorphin (ppDyn) mRNA levels (attomole/µg total RNA) in the central amygdala
(CeA) (A) and hypothalamus (B). sP and sNP rats were offered water as the sole fluid
available (alcohol-naive sP and sNP rats) or sP rats were offered a free choice between 10%
(v/v) alcohol and water for 17 consecutive days (alcohol-experienced sP rats). Rat line
differences: * p<0.05; Alcohol exposure differences: + p<0.05, n=7–8. Note, different axes
showing relative abundance of ppDyn mRNA levels in those regions.
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