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Abstract

Background: The neuropeptide Y (NPY) system of the central nucleus of amygdala (CeA) has
been shown to be involved in anxiety and alcoholism. In this study, we investigated the molecular
mechanisms by which NPY in the CeA regulates anxiety and alcohol drinking behaviors using
alcohol-preferring (P) rats as an animal model.

Methods: P rats were bilaterally cannulated targeting the CeA and infused with aCSF or NPY.
Alcohol drinking and anxiety-like behaviors were assessed by the two-bottle free-choice paradigm
and light/dark box (LDB) exploration test, respectively. The levels of NPY and related signaling
proteins were determined by the gold immunolabeling procedure. The mMRNA levels of NPY were
measured by in situ RT-PCR. Double-immunofluorescence labeling was performed to observe the
colocalization of NPY and Ca?*/calmodulin dependent protein kinase IV (CaMK V).

Results: We found that NPY infusion into the CeA produced anxiolytic effects, as measured by
the LDB exploration test, and also decreased alcohol intake in P rats. NPY infusion into the CeA
significantly increased protein levels of CaMK IV and phosphorylated CREB (pCREB), and
increased mRNA and protein levels of NPY, but produced no changes in protein levels of CREB
or the catalytic a-subunit of protein kinase A (PKA-Ca) in the CeA. We also observed that alcohol
intake produced anxiolytic effects in P rats in the LDB test and also increased NPY expression and
protein levels of pPCREB and PKA-Co without modulating protein levels of CREB or CaMK IV,
in both the CeA and medial nucleus of amygdala (MeA). In addition, we found that CaMK V-
positive cells were co-localized with NPY in amygdaloid structures of P rats.

Conclusions: These results suggest that NPY infusion may increase the expression of
endogenous NPY in the CeA, which is most likely attributable to an increase in CaMK 1V-
dependent CREB phosphorylation and this molecular mechanism may be involved in regulating
anxiety and alcohol-drinking behaviors of P rats.
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Genetic factors play a critical role in the predisposition to alcoholism, leading to a rate of
heritability of 50-60% among both male and female populations (Kendler et al., 1992;
Prescott and Kendler, 1999; Radel and Goldman, 2001; Enoch, 2003). Inherent anxiety also
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contributes to the initiation and maintenance of alcohol drinking behavior (Koob, 2003;
Novak et al., 2003; Pandey, 2003). Several animal lines have been developed to investigate
the genetic basis of alcoholism (McBride and Li, 1998). One such animal line includes
alcohol preferring (P) and non-preferring (NP) rats that are selectively bred for high and low
alcohol preference respectively (Li et al., 1993; Murphy et al., 2002). In addition to higher
alcohol intake, both male and female P rats display more anxiety-like behaviors compared to
NP rats (Stewart et al., 1993; Salimov et al., 1996; Pandey et al., 2005). These studies
suggest that P rats are suitable animal model to investigate the molecular mechanisms in the
brain that may be involved in the co-morbidity of anxiety and alcoholism.

Neuropeptide Y (NPY), a 36-amino acid peptide, is highly expressed in various brain
structures including cortex, hippocampus, and amygdala (Allen et al., 1983; Heilig and
Widerlov, 1990; Wettstein et al., 1995), and has been implicated in several behaviors such
as feeding, anxiety, and alcohol drinking (Clark et al., 1984; Heilig et al., 1993; Heilig and
Widerlov, 1995; Thorsell and Heilig, 2002; Pandey, 2003; Pandey et al., 2003a). It has been
shown that NPY mutant mice had a higher alcohol preference, whereas mice over-
expressing NPY had a lower alcohol preference (Thiele et al., 1998). In addition, NPY
mutant mice were more susceptible to the development of anxiety-like behaviors during
ethanol withdrawal (Sparta et al., 2007). Interestingly, it has also been shown that the
protein and mMRNA levels of NPY were lower in several brain structures, including the
amygdala, of P rats compared to NP rats and that intra-brain infusion of NPY attenuated
alcohol intake of P rats (Hwang et al., 1999; Badia-Elder et al., 2001; 2003; Suzuki et al.,
2004; Pandey et al., 2005). Additionally, intra-amygdalar overexpression of NPY was
shown to suppress alcohol intake in rats with high but not low anxiety-like and alcohol
drinking behaviors (Primeaux et al., 2006).

NPY is one of the CAMP responsive element-binding (CREB) protein target genes (Higuchi
et al., 1988; Akabayashi et al., 1994; Pandey et al., 2004). The function of CREB protein is
regulated by phosphorylation at serine-133 by several protein kinases such as CAMP
dependent protein kinase A (PKA), Ca2*/calmodulin dependent protein kinases Il and 1V
(CaMK I & 1V), and mitogen activated protein (MAP) kinases (Impey et al., 1999;
Soderling, 1999; Lonze and Ginty, 2002; Pandey, 2004). Previous studies have shown that
NPY infusion into the hypothalamus increased CREB phosphorylation in an unselected
stock of rats and activated CaM kinases in cultured cells (Sheriff et al., 1997; 1998; 2002).
Although inconclusive, these results suggest the possibility that exogenous NPY may
increase CREB phosphorylation by a CaM kinase-dependent mechanism. We have
previously reported that protein levels of CREB, phosphorylated CREB (pCREB), and
mRNA and protein levels of NPY were lower in the central nucleus of amygdala (CeA) and
medial nucleus of amygdala (MeA), but not in the basolateral amygdala (BLA) of P rats
compared with NP rats. We also observed that NPY infused directly into the CeA attenuated
anxiety-like behaviors as measured by the elevated plus maze (EPM) test and alcohol intake
of P rats (Pandey et al., 2005). Taken together, these results indicate that a deficiency in both
CREB and NPY in the CeA may be involved in anxiety-like and alcohol drinking behaviors.
However, the molecular mechanism by which NPY in the CeA may ameliorate anxiety and
alcohol drinking behaviors in P rats is currently unknown. Therefore, in the present
investigation, we examined if a) NPY infusion into the CeA can attenuate both anxiety-like
behaviors, as measured by the light/dark box (LDB) exploration test, and alcohol intake; and
b) if NPY infusion can increase pCREB levels by increasing levels of either CaMK IV or
the catalytic a-subunit of PKA (PKA-Ca), thereby increasing the expression of endogenous
NPY in the CeA of P rats.
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MATERIALS AND METHODS

Alcohol-Preferring Rats and Implantation of Cannulas

All experiments were conducted in accordance with the NIH Guidelines for the Care and
Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee. Alcohol-naive adult male P rats were received from Indiana University (Alcohol
Research Center) and were housed in a temperature and light-controlled environment. P rats
were anesthetized using sodium pentobarbital [50 mg/kg, intraperitoneal(1.P.)], placed in a
stereotaxic apparatus, and implanted bilaterally with CMA/11 guide cannulas (CMA
Microdialysis, North Chelmsford, MA, USA) targeted 3 mm above the CeA as reported
previously (Pandey et al., 2003b; 2005; 2006). The coordinates for the CeA were: 2.5 mm
posterior and + 4.2 mm lateral to the bregma, and 5.1 mm ventral from the point of entry at
the skull surface. After a recovery period of one week, P rats were used to measure alcohol
preference as described below.

Alcohol Intake in P Rats with and without NPY Manipulations

Central amygdaloid cannulated P rats were placed in individual cages and alcohol
preference was measured using the two-bottle free-choice paradigm (Pandey et al., 2003b;
2005; 2006). Rats were habituated to drink water equally from two bottles over a period of
approximately two weeks. One group of P rats was given ethanol in one bottle and water in
the other bottle and referred to as Water/Ethanol (WE) group. The second group of P rats
was given water in both bottles and referred to as Water/Water (WW) group. The WE group
received 7% ethanol for 3 days followed by 9% ethanol for 6 days and these rats were
bilaterally infused into the CeA once (within 2 minutes) daily (between 5:00-6:00 PM) with
either 0.5 pl of aCSF (n=7) or 0.5 ul of 100 pM NPY (n=7) using microdialysis probes
(CMA/11 14/03, CMA microdialysis AB) attached to an automatic infusion pump during the
last 3 consecutive days of 9% ethanol intake. Studies from our lab and other labs have used
the microdialysis probes for NPY infusion into different parts of the brain (Hastings et al.,
1997; Pandey et al., 2003b; Meurs et al., 2007). The WW group was also bilaterally infused
(between 5:00-6:00 PM) with 0.5 pul of aCSF (n=7) or 0.5 pl of 100 pM NPY (n=7) during
the last 3 consecutive days of water intake. The microdialysis probes extended 3 mm beyond
the guide cannulas into the CeA. The consumption of ethanol (ml) and water (ml) was
measured daily (between 5:00- 6:00 pm) and fresh water and ethanol solutions were also
provided at this time. The ethanol intake was calculated as g/kg/day. The dose of NPY was
based on our previous studies showing that 0.5 ul of 100 pM NPY infused into CeA was
able to suppress the alcohol intake in both P rats and an unselected stock of rats (Misra and
Pandey, 2006; Pandey et al., 2003b; 2005). After 3 days of 7% ethanol intake and 6 days of
9% ethanol intake, P rats were used for anxiety measurements as described below.

Measurement of Anxiety-Like Behaviors by Light/Dark Box Exploration Test

The test procedure was the same as described previously by us and other investigators
(Jonkman et al., 2005; Pandey et al., 2008; Slawecki, 2005). The light/dark box (LDB) was
located in a dark room and consisted of both an unlit dark compartment and an illuminated
light compartment. Both compartments were connected through an opening. Prior to testing,
P rats were located in the room adjacent to the LDB behavioral testing room in order to
avoid disturbing the animal during the transport between rooms. On the day of testing, P rats
were removed from their home cages and individually taken to the testing room in a cage
containing bedding. The cage was placed on the floor and each P rat was allowed a 5-min
pretest habituation period in the room prior to testing. After the habituation period, the test P
rat was placed gently in the dark box with its head facing away from the opening. The
exploratory activity of rats was monitored by computer over a 5-minute test period. After
testing each rat, the compartments were wiped with a wet paper towel and then dried. The
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light/ dark compartments were equipped with an infrared beam and rat movement was
measured through beam breaks using a computer. The data were analyzed to determine the
time (in seconds) spent in either the light or dark compartment by each rat. The general
activity of rats was analyzed in terms of the total ambulations in each of the light and dark
compartments.

Gold-Immunolabeling Procedure for CREB, p-CREB, CaMK IV, PKA-Ca and NPY

After behavioral testing, P rats were anesthetized (pentobarbitol 50 mg/kg, 1.P.) and
perfused intracardially with 200 ml of n-saline, followed by 400 ml of 4% ice-cold
paraformaldehyde (PFA) fixative prepared in 0.1 M phosphate buffer (pH 7.4). Before
perfusion of the animals, blood was collected to measure the alcohol levels using an Analox
Alcohol Analyzer (Lunenburg, MA). After perfusion, brains were dissected out and post-
fixed overnight in PFA at 4 °C. After post-fixation, brains were cryoprotected using a
sucrose gradient (10%, 20% and 30%) prepared in 0.1 M phosphate buffer (pH 7.4). Brains
were then frozen and 20 um coronal sections were collected using a cryostat. Brain sections
were used for gold-immunolabeling as described previously by us (Pandey et al., 2001; Roy
and Pandey, 2002; Pandey et al., 2008) using antibodies against CREB, pCREB (Millipore,
Billerica, MA), CaMK IV (BD Biosciences, San Jose, CA), PKA-Ca. (Santa Cruz
Biotechnology, Santa Cruz, CA), or NPY (Immunostar Inc., Hudson, WI). In brief, sections
were washed with PBS (2 x 10 min) and then incubated with RPMI 1640 medium
containing L-Glutamine (Life Technologies, Grand Island, NY) for 30 min, followed by
incubation with 10% normal goat serum (NGS) diluted in PBS containing 0.25% Triton
X-100 (PBST) for 30 min at room temperature. Then, sections were blocked with 1% BSA
(prepared in PBST) for 30 min at room temperature. Sections were further incubated with
antibodies against CREB (1:500), p-CREB (1:500), CaMK IV (1:200), PKA-Ca (1:200); or
NPY (1:500) diluted in 1% BSA prepared in PBST for 18 h at room temperature. Following
2 x 10-min washes with PBS and 2 x 10-min washes with 1% BSA in PBS, sections were
further incubated for 1h at room temperature with either gold particle (1.4 nm)-conjugated
(Nanoprobes, Inc., Yaphank, NY) anti-rabbit secondary antibody for CREB, pCREB, PKA-
Ca and NPY labeling or gold particle-conjugated anti-mouse secondary antibody for CaMK
IV labeling (1:200 dilution in 1% BSA in PBS). Sections were then rinsed three times each
in 1% BSA in PBS followed by three washes with double distilled water. The gold particles
were then silver enhanced (Ted Pella Inc., Redding, CA) for 12 to 20 min and washed
several times with tap water. For the negative control sections an identical protocol was
used, except that the primary antibodies were substituted instead with 1% BSA in PBST.
After washing with tap water, the sections were mounted on slides and examined under a
light microscope. Sections from each brain were also processed to check for both the
position of the cannulas and toxicity using Nissl staining.

Measurement of Immunogold Particles for CREB, p-CREB, CaMK IV, PKA-Ca and NPY

The gold-immunolabeled particles of CREB, p-CREB, CaMK 1V, PKA-Ca, and NPY in the
CeA, MeA, and BLA were counted using the grain counting program of the Image Analysis
System (Loats Associates, Westminster, MD) connected to a light microscope. The
threshold of each image was set up in such a way that areas without staining gave zero
counts. Under this condition, gold particles in the defined areas of three adjacent brain
sections for a total of nine fields in each rat were counted. Then values were averaged for
each rat and presented as the number of immunogold particles/100 um? area of defined brain
structures.

In situ RT-PCR for NPY mRNA Measurement

NPY mRNA levels were determined in brain sections using in situ reverse transcription
(RT)-PCR as described by us previously (Pandey et al., 2003b; 2005; 2008). Briefly, brain
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sections (40 um) were treated with proteinase K and then DNase digested. Sections were
rinsed in PBS and transferred to PCR tubes containing 100 pl of PCR reaction mixture
(Applied Biosystems, Foster City, CA) to reverse transcribe for 1 h at 42 °C using reverse
transcriptase enzyme in the presence of oligo d(T).6. Negative control sections were
subjected to RT without reverse transcriptase enzyme. PCR was performed (94°C for 3 min;
94°C for 45 sec; 60°C for 45 sec; 72°C for 45 sec; for a total of 25 cycles and then 72°C for
7 min) using Tag DNA polymerase enzyme and 100 pmol of each NPY primer (Primers 5'-
TAGGTAACAAACGAATGGGG-3' and 5'-AGGATGAGATGAGATGTGGG-3") and 1
mM of each NTP except that dTTP was replaced by digoxigenin (DIG)-11-dUTP in 100 pl
reaction mixture. After PCR amplification, sections were mounted on slides and NPY
mRNA-positive cell bodies were detected by an alkaline phosphatase conjugated anti-DIG
antibody using NBT/BCIP as the specific substrate (Roche Molecular Biochemical,
Mannheim, Germany). The optical density (O.D.) of NPY-positive cell bodies in the CeA,
MeA, and BLA of each rat was calculated using the Image Analysis System (Loats
Associates, Westminster, MD) after substracting the O.D. of the negative brain sections
(amygdaloid areas). The results are represented as the mean O.D. /100 pixels area.

Double Immunofluorescence Staining of NPY and CaMK IV

Statistics

RESULTS

The brains collected from the P rats (n = 3) were used for double immunofluorescence
labeling of NPY and CaMK 1V in amygdaloid structures. The procedures for the anesthesia,
perfusion, and fixation of the brains for immunofluorescence microscopy are the same as
described above. Transverse sections of the frozen brains were cut at 20 um in a cryostat and
collected in PBS (0.01 M, pH 7.4). The free-floating sections were then washed with PBS
for 30 min (10 min x 3), blocked with 10 % NGS diluted in PBS containing 0.25% Triton x
100 (PBST) for 30 min and further blocked with 1% BSA prepared in PBST for 30 min. The
sections were then incubated in primary antibodies against NPY (1:500 dilution) and CaMK
IV (1:200 dilution) diluted in PBST containing 2% NGS, at 4 °C overnight. For the negative
control, some sections were incubated in 2% NGS diluted in PBST. Brain sections were
washed with PBS followed by incubation with AlexaFluor-488 dye-conjugated goat anti-
rabbit and AlexaFluor-568 dye-conjugated goat anti-mouse (Invitrogen, Molecular Probes,
Inc. Eugene, OR) secondary antibodies (1:500 dilution with PBST containing 2%NGS) to
localize the NPY and CaMK 1V respectively, for 2 h at room temperature. Sections were
washed with PBS for 30 min (10 min x 3), mounted on the glass slides using mounting
medium and images were taken using a confocal microscope (LSM 510, Carl Zeiss Inc.,
Thornwood, NY).

The neurochemical and LDB test differences between various groups were analyzed by
ANOVA and alcohol intake data were analyzed by repeated measures of two way ANOVA.
The post hoc comparisons between the groups were performed using the Tukey test.

Effect of Central Amygdaloid Infusion of NPY on Anxiety-like Behavior and Alcohol
Preference in P Rats

Anxiety-like behavior in P rats was measured by the LDB exploration test. We infused 0.5
ul of aCSF or 0.5 pl of 100 pM NPY into the CeA and examined the effects on alcohol
intake, anxiety levels, and NPY signaling in various amygdaloid structures. The cannula
positions and targeted areas of CeA of various groups of P rats are shown in representative
photomicrographs of Figure 1. A 2 x 9 (group x day) repeated-measure ANOVA was
performed on changes in alcohol intake that yielded a significant group effect (F (1 108) =
143.81; p<0.001), a significant day effect (F (g 108) = 25.09; p<0.001) and a significant

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 6

interaction (F (g 108) = 23.51; p<0.001) of these variables in P rats. Post hoc comparisons
revealed that infusion of NPY into the CeA significantly (p<0.001) decreased the 9 %
alcohol intake of P rats during the last 3 days of alcohol drinking (Fig. 2A). The total fluid
intake (ml/day) ranged from 44-51 ml/day with no significant differences between groups at
each day of drinking (Fig. 2A). The mean body weights [mean + S.E.M. (g); WW group +
aCSF =427+ 11.2; WW group + NPY =433 £ 7.7; WE + aCSF = 440 + 0.5; WE + NPY=
446 + 3.6] of the P rats at the end of the experiments showed no significant differences
among groups.

We found that NPY infusion and ethanol intake significantly increased (p<0.001) the time
spent in the light compartment and decreased (p<0.001) the time spent in the dark
compartment by P rats during the LDB exploration test (Fig. 2B). The general activity of rats
analyzed in terms of total ambulations in the compartments did not reveal significant
changes (Fig. 2B). Furthermore, NPY-infused P rats consumed less alcohol (Fig. 2A) and
spent more time in the light compartment during the LDB test (Fig. 2B). Immediately after
anxiety measurements, the blood ethanol levels (mean + S.E.M.) in ethanol drinking P rats,
infused with aCSF (n = 6) or NPY (n =7), were 182 + 15 and 59 + 9.8 mg%, respectively.
Blood ethanol data also indicated that NPY-infused P rats consumed less alcohol compared
to aCSF-infused P rats. Taken together, these results suggest that NPY infusion into the CeA
of P rats may decrease both alcohol intake and anxiety-like behaviors.

Effect of Central Amygdaloid Infusion of NPY on CREB Phosphorylation in P Rats

Brains were collected to examine the protein levels of CREB and pCREB in amygdaloid
structures of P rats, with or without alcohol drinking, and infused with NPY or aCSF. The
nuclei containing either CREB (upper panel) or pCREB (lower panel) in the CeA of the P
rat can be seen in Figure 3A. We found that NPY infusion into the CeA increased the protein
levels of pCREB (p<0.001), but did not have any effects on CREB levels in the CeA of P
rats (Fig. 3A,B). Central amygdaloid infusion of NPY had no effects on the protein levels of
CREB or p-CREB in either the MeA or BLA of P rats. In addition, we found that alcohol
consumption significantly increased the protein levels of p-CREB in both the CeA (p<0.001)
and MeA (p<0.001) but not in the BLA of P rats. Alcohol exposure did not modify total
CREB protein levels in the amygdaloid structures of P rats (Fig. 3A,B). We also found that
NPY infusion did not cause any toxicity in the CeA of P rats, as demonstrated by Nissl
staining (Fig. 1). These results suggest that NPY infusion into the CeA may increase CREB
phosphorylation, specifically in the CeA, and may also attenuate anxiety-like and excessive
alcohol drinking behaviors of P rats.

Effects of Central Amygdaloid Infusion of NPY on CaMK IV and PKA-Ca Protein Levels in P

Rats

In order to examine whether increased CREB phosphorylation by NPY infusion or by
ethanol consumption may be attributable to increased protein levels of CaMK IV or PKA-
Ca, we also measured the levels of these protein kinases in amygdaloid structures of P rats.
The nuclei containing CaMK IV (upper panel) in the CeA of the P rat can be seen in Figure
4A. The cell bodies and fibrous labeling of PKA-Ca can also be seen in Figure 4A (lower
panel). We found that NPY infusion into the CeA increased protein levels of CaMK IV
(p<0.001) but had no effect on protein levels of PKA-Ca in the CeA of P rats (Fig. 4A,B).
CeA-NPY infusion also had no effect on protein levels of CaMK IV or PKA-Ca in the MeA
or BLA of P rats. On the other hand, while alcohol consumption did not change CaMK IV
protein levels, it did increase protein levels of PKA-Ca in both the CeA (p<0.001) and MeA
(p<0.001), but not in the BLA of P rats (Fig. 4A,B). These results clearly suggest that NPY-
induced increases in CREB phosphorylation in the CeA may be related to increases in
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protein levels of CaMK IV, whereas an alcohol-induced increase in CREB phosphorylation
may be related to increases in PKA-Ca levels in the CeA and MeA of P rats.

Effects of Central Amygdaloid Infusion of NPY on Protein and mRNA Levels of NPY in P

Rats

Since NPY expression is regulated by CREB (Higuchi et al., 1988; Pandey et al., 2004), we
also determined the protein and mRNA levels of NPY in amygdaloid structures of P rats,
with or without alcohol drinking, and infused with NPY or aCSF. NPY protein or mRNA
containing cell bodies in the CeA can be seen in Figure 5A. We found that NPY infusion
into the CeA significantly increased (p<0.01-0.001) the mRNA and protein levels of NPY
(Fig. 5A,B) in the CeA but not in the MeA or BLA of P rats. On the other hand, alcohol
consumption significantly increased NPY expression (MRNA and protein levels) in both the
CeA (p<0.001) and MeA (p<0.001), but not in the BLA of P rats (Fig. 5A,B). These results
suggest that exogenous NPY infusion may have increased CaMK IV-dependent CREB
phosphorylation, thereby increasing NPY expression in the CeA of P rats.

Colocalization of NPY and CaMK IV in Amygdala of P rats

Since NPY infusion increased CaMK IV protein levels, we determined whether these two
proteins are colocalized. We employed the double immunofluorescence protocol to examine
colocalization of NPY and CaMK 1V proteins in the amygdaloid structures of P rats (Fig. 6).
The majority of NPY-immunoreactive cells in the amygdala (CeA, MeA, and BLA) co-
expressed CaMK V. However, some NPY-positive cells were devoid of CaMK 1V
immunoreactivity (Fig. 6). These results suggest that NPY is co-expressed in the majority of
CaMK IV-positive cells in the amygdaloid structures of P rats.

DISCUSSION

An interesting observation of the present study was that NPY infusion-induced increases in
CaMK 1V-dependent CREB phosphorylation and increases in the expression of endogenous
NPY in the CeA may contribute to the attenuation of anxiety-like and alcohol-drinking
behaviors of P rats. We reported earlier that both NPY infusion into the CeA and alcohol
drinking produced anxiolytic effects in P rats as measured by the EPM test. We have also
previously reported that NPY infusion into the CeA can also attenuate alcohol intake in P
rats (Pandey et al., 2005). Here, we have confirmed both of these findings and anxiolytic
effects of NPY and ethanol in P rats were measured using the LDB test, another test for
measuring anxiety-like behavior. In addition, we extended the behavioral observations to
investigate the molecular mechanisms of NPY action and found that bilateral NPY infusion
into the CeA increased protein levels of CaMK 1V, but not PKA-Ca, thereby increasing both
CREB phosphorylation and NPY expression in the CeA of P rats. Alcohol exposure also
increased both CREB phosphorylation and NPY expression in the CeA and MeA, however
the biochemical effects of alcohol were not caused by increased CaMK 1V, but instead may
have occurred due to increased PKA-Ca levels in the CeA and MeA of P rats, as reported
earlier by us (Pandey et al., 2005) and confirmed in the present study.

The actions of NPY in the central nervous system are mediated by at least five receptor
subtypes, namely the Y1, Y2, Y4, Y5, and Y6 receptors that are negatively linked to the
cAMP second messenger pathway (Michel, 1991; Blomgvist and Herzog, 1997; Larhammar
and Salaneck, 2004). The role of NPY-Y1 (Thiele et al., 2002), Y2 (Thorsell et al., 2002;
Thiele et al., 2004), and Y5 (Schroeder et al., 2003, 2005) receptors have been implicated in
alcohol drinking behaviors. Evidence accumulated suggests that NPY can positively regulate
CREB phosphorylation. For example, infusion of NPY into the rat hypothalamus has been
shown to increase CRE-DNA binding and CREB phosphorylation (Sheriff et al., 1997).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 March 1.
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Furthermore, it has been shown that NPY can activate NPY-Y1 receptors and increase
CREB phosphorylation via Ca2* mobilization and activation of CaM kinases (Sheriff et al.,
1998; 2002). Here, we have found that NPY infusion into the CeA significantly increased
the levels of both CaMK IV and pCREB in the CeA of P rats. Since NPY is a cCAMP
inducible gene, increased CREB phosphorylation may be responsible for the NPY -induced
increase in endogenous NPY expression. Voluntary ethanol consumption had no effect on
CaMK 1V protein levels, but did increase protein levels of PKA-Ca and pCREB and NPY
expression. Later findings support our previous studies showing that acute ethanol injection
or voluntary ethanol consumption can increase protein levels of PKA-Ca, pPCREB and NPY
in both the CeA and MeA, but not in BLA of P rats (Pandey et al., 2005). Taken together,
these studies suggest that ethanol-induced increases in CREB phosphorylation and NPY
expression in the CeA and MeA of P rats may be related to increased PKA activation. In
addition, NPY may be involved in the upregulation of CREB phosphorylation in the CeA
via activation of CaMK V. This is further supported by the observation that CaMK IV and
NPY are co-expressed in the CeA of P rats. Therefore, increased expression of NPY, due to
increased CREB phosphorylation, may be involved in the anxiolytic effects of both NPY
and ethanol in P rats. Future studies are needed to determine how different doses of NPY
infused into the CeA or MeA may affect anxiety and alcohol intake in P rats.

Previous preclinical studies suggest that a deficiency in the NPY gene may be involved in
promoting alcohol intake and anxiety-like behaviors (Thiele et al., 1998; Primeaux et al.,
2006; Badia-Elder et al., 2007; Thorsell et al., 2007). Heightened anxiety levels may also
predispose individuals to excessive alcohol drinking behaviors (Koob, 2003; Pandey, 2003;
Novak et al., 2003). The CeA, which is a part of the extended amygdala, appears to be
important in the regulation of anxiety and alcohol drinking behaviors (Koob, 2003;
McBride, 2002). Direct evidence supporting this notion was derived from rat studies
involving lesions to the CeA, but not the BLA, that led to decreased anxiety levels and
alcohol intake (Moller et al., 1997). NPY in the CeA has also been shown to regulate anxiety
and alcohol drinking behaviors (Pandey, 2003; Pandey et al., 2005; Thorsell et al., 2007).
Over-expression of NPY in the CeA of anxious rats using viral vectors was also shown to
significantly decrease alcohol preference (Primeaux et al., 2006). Furthermore, over-
expression of NPY via viral vectors or direct NPY infusion into the CeA significantly
diminished alcohol intake in alcohol dependent rats (Thorsell et al., 2005; 2007; Gilpin et
al., 2008). Interestingly, NPY over-expression or NPY infusion into the CeA of non-anxious
or normal rats did not have any effects on alcohol intake (Primeaux et al., 2006; Thorsell et
al., 2005). In addition, mMRNA and protein levels of NPY were decreased in the CeA and
MeA but not in the BLA during withdrawal after chronic ethanol exposure in Sprague
Dawley (SD) rats (Roy and Pandey, 2002; Zhang and Pandey, 2003; Pandey et al., 2008)).
NPY in the CeA has also been shown to regulate anxiety-like behaviors via activation of
NPY-Y1 receptors in rats (Heilig et al., 1993). Previously, we found that increased CREB
phosphorylation and NPY expression, due to PKA activation (Sp-cAMP infusion) in the
CeA, significantly decreased the anxiety-like and alcohol drinking behaviors of P rats. On
the other hand, decreased CREB phosphorylation and NPY expression due to PKA
inhibition (Rp-cAMP infusion) into the CeA significantly increased anxiety levels and
alcohol intake in both NP and SD rats (Pandey et al., 2003b; 2005). Combining these results
with our current results clearly suggests that deficits in NPY signaling in the CeA may be
involved in anxiety-like and alcohol drinking behaviors of P rats.

Several clinical studies also support the fact that NPY gene polymorphisms may be involved
in alcohol dependence (Zhu et al., 2003; Mottagui-Tabar et al., 2005). A functional NPY
Leu 7 Pro polymorphism may be associated with alcohol dependence in US populations,
however a similar polymorphism in the NPY gene may be protective against alcoholism in
Finnish populations (Ilveskoski et al., 2001; Lappalainen et al., 2002). Another study
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indicates that NPY Leu 7 Pro polymorphism has been associated with severe alcohol
withdrawal symptoms in Japanese alcoholics (Okubo and Harada, 2001). A novel
polymorphism in the 5'-flanking region of the NPY gene was identified which has been
associated with alcoholism in type I (late onset), but not in type I1 (early-onset) alcoholics
(Mottagui-Tabar et al., 2005). Also, several polymorphisms have been identified in the 5'-
flanking regions of NPY in P rats that may function to regulate NPY expression in several
brain regions including the amygdala (Spence et al., 2005). Lower NPY plasma levels may
also be associated with anxiety experienced by combat veterans with post traumatic stress
disorder after returning home from war (Rasmusson et al., 2000, Yehuda et al., 2006).
Recently, it has been shown that lower haplotype-driven NPY expression was associated
with higher emotion-induced activation of the amygdala in humans (Zhou et al., 2008). Both
clinical and preclinical studies suggest that the NPY gene may play a crucial role in
regulating anxiety and alcoholism.

In conclusion, our findings demonstrate that a deficiency in NPY signaling in the CeA may
be involved in regulating both anxiety and alcohol drinking behaviors. Here, we have
observed that NPY infusion normalized the decreased expression of NPY in the CeA via
increased CaMK IV-dependent CREB phosphorylation and also attenuated the anxiety-like
and alcohol drinking behaviors of P rats. The findings of this study, along with our previous
studies in P and NP rats (Pandey et al., 2005), clearly implies that a deficiency in CREB and
its target gene NPY may be operative in the anxiety-like and excessive alcohol drinking
behaviors observed in P rats.
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Figure 1.

Representative photomicrographs of low-magnification views of Nissl stained brain sections
of P rats (with or without alcohol drinking) infused with aCSF or NPY showing the position
of cannula tip, length of probe, and central amygdaloid target regions (WW+aCSF, Water/
Water + aCSF;, WW+NPY, Water/Water + NPY; WE+aCSF, Water/Ethanol + aCSF; WE
+NPY, Water/Ethanol + NPY). Scale Bar = 500 um.
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Figure 2.

A) Alcohol drinking (g/kg/day) patterns (7% and 9% ethanol) and effect of NPY infusion
into the CeA on alcohol intake (last 3 days of 9% ethanol intake) in P rats (lower panel). No
significant differences are observed in the total fluid intake (ml/day) of P rats from different
groups (upper panel). Values are mean + S.E.M. of 7 rats in each group. *Significantly
different from P rats infused with aCSF (p < 0.001; repeated measures using a two-way
ANOVA followed by the Tukey test). B) The effect of NPY infusion (0.5 pl of 100 pM
NPY or aCSF once daily for the last 3 days of 9% ethanol voluntary intake) and alcohol
consumption on the total ambulations (upper panel) and percent time spent by the P rats in
each of the light and dark compartments (lower panel), during the light/dark box exploration
test. Values are the mean + S.E.M. of 7 rats per group (WW+aCSF, Water/Water + aCSF;
WW+NPY, Water/Water + NPY; WE+aCSF, Water/Ethanol + aCSF; WE+NPY, Water/
Ethanol + NPY). *Significantly different from the P (WW+ aCSF) rats (p < 0.001; one-way
ANOVA followed by the Tukey test).
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Figure 3.

A) Representative photomicrographs of CREB (upper panel) and p-CREB (lower panel)
gold-immunolabeling in CeA structures of P rats infused with aCSF or NPY during
voluntary alcohol drinking. These photomicrographs show either CREB- or p-CREB-
positive nuclei in the CeA of P rats infused with aCSF or NPY. The inset figures show the
immuno-gold particles within a single nucleus (CREB, or p-CREB). Scale bar = 40 um. B)
Effect of NPY infusion into the CeA and voluntary alcohol drinking on CREB or p-CREB
protein levels in CeA, MeA, and BLA of P rats. Values are mean + S.E.M. of 7 rats per
group (WW+aCSF, Water/Water + aCSF; WW+NPY, Water/Water + NPY; WE+aCSF,
Water/Ethanol + aCSF; WE+NPY, Water/Ethanol + NPY). *Significantly different from the
P (WW+ aCSF) rats (p < 0.001; one-way ANOVA followed by the Tukey test).
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Figure 4.

A) Representative photomicrographs of CaMK 1V (upper panel) or PKA-Ca (lower panel)
gold-immunolabeling in CeA structures of P rats infused with aCSF or NPY during
voluntary alcohol drinking. The representative photomicrographs show CaMK 1V or PKA-
Ca-positive cells in the CeA of P rats infused with aCSF or NPY. The inset figures show the
immuno-gold particles within a single nucleus for CaMK IV and within a cell body for
PKA-Ca. Scale bar = 40 um. B) Effect of NPY infusion into the CeA and voluntary alcohol
drinking on CaMK 1V and PKA-Ca protein levels in CeA, MeA, and BLA of P rats. Values
are the mean + S.E.M. of 5-7 rats per group (WW+aCSF, Water/Water + aCSF; WW+NPY,
Water/Water + NPY; WE+aCSF, Water/Ethanol + aCSF; WE+NPY, Water/Ethanol +
NPY). *Significantly different from the P (WW+ aCSF) rats (p < 0.001; one-way ANOVA
followed by the Tukey test).
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Figure 5.

A) Representative photomicrographs of NPY gold-immunolabeling (upper panel) and NPY
MRNA expression (in situ RT-PCR; lower panel) in the CeA of P rats with aCSF or NPY
infusion during alcohol drinking. Inset figure for NPY protein shows gold particles in a cell
body at high magnification (100x). Scale bar = 40 um. B) Effect of alcohol consumption
with or without central amygdaloid NPY infusion on mRNA and protein levels of NPY in
the CeA, MeA and BLA structures of rats. Values are the mean + S.E.M. derived from 5 P
rats per group (WW+aCSF, Water/Water + aCSF; WW+NPY, Water/Water + NPY; WE
+aCSF, Water/Ethanol + aCSF; WE+NPY, Water/Ethanol + NPY). *Significantly different
from P (WW+ aCSF) rats (p < 0.01-0.001; one-way ANOVA followed by the Tukey test).
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Figure 6.

Representative photomicrographs showing the immunofluorescence staining for NPY
(green) and CaMK 1V (red) in the cells of CeA, MeA and BLA. The colocalization of the
NPY and CaMK IV in cells is indicated by the yellow color development (merge). These
photomicrographs show that most of the NPY-positive cells co-express CaMK IV (arrows)
with a few exceptions (arrowheads). Scale bar = 20 um.
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