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Deficits in amygdaloid cAMP-responsive 
element–binding protein signaling  

play a role in genetic predisposition  
to anxiety and alcoholism

Subhash C. Pandey, Huaibo Zhang, Adip Roy, and Tiejun Xu

Department of Psychiatry, Psychiatric Institute, University of Illinois at Chicago, and Jesse Brown VA Medical Center, Chicago, Illinois, USA.

We investigated the role of cAMP-responsive element–binding protein (CREB) in genetic predisposition to 
anxiety and alcohol-drinking behaviors using alcohol-preferring (P) and -nonpreferring (NP) rats. The levels 
of CREB, phosphorylated CREB, and neuropeptide Y (NPY) were innately lower in the central amygdala (CeA) 
and medial amygdala (MeA), but not in the basolateral amygdala (BLA), of P rats compared with NP rats. P rats 
displayed higher baseline anxiety-like behaviors and consumed higher amounts of alcohol compared with NP 
rats. Ethanol injection or voluntary intake reduced the higher anxiety levels in P rats. Ethanol also increased 
CREB function in the CeA and MeA, but not in the BLA, of P rats. Infusion of the PKA activator Sp-cAMP or 
NPY into the CeA decreased the alcohol intake and anxiety-like behaviors of P rats. PKA activator infusion 
also increased CREB function in the CeA of P rats. On the other hand, ethanol injection or voluntary intake 
did not produce any changes either in anxiety levels or on CREB function in the amygdaloid structures of NP 
rats. Interestingly, infusion of the PKA inhibitor Rp-cAMP into the CeA provoked anxiety-like behaviors and 
increased alcohol intake in NP rats. PKA inhibitor decreased CREB function in the CeA of NP rats. These novel 
results provide the first evidence to our knowledge that decreased CREB function in the CeA may be operative 
in maintaining the high anxiety and excessive alcohol-drinking behaviors of P rats.

Introduction
Genetic factors are important in the predisposition to alcohol-
ism (1–5). It has been suggested that some alcoholics may be pre-
disposed to alcohol-drinking behaviors because of innately high 
anxiety levels (6–10). Animal lines such as alcohol-preferring (P) 
and -nonpreferring (NP) genetic rats appear to be suitable models 
to study the neurobiological basis of the genetic predisposition to 
anxiety and alcohol-drinking behaviors (11–14). It has been shown 
by some investigators (15–17), but not all (18, 19), that P rats dis-
play higher anxiety-like behaviors than NP rats. Also, P rats orally 
self-administer higher amounts of ethanol for its positive-reinforc-
ing action in the central nervous system, and ethanol consumption 
leads to the development of tolerance and dependence (20, 21).  
Although there are abnormalities in various neurotransmitter sys-
tems in the brain structures of P compared with NP rats (13, 14), 
the neuromechanism that may be responsible for the genetic vul-
nerability to higher anxiety levels and excessive alcohol-drinking 
behaviors of P rats is currently not well known.

The gene transcription factor cAMP-responsive element–binding 
protein (CREB) is the common denominator of the signaling cas-
cades for a number of neurotransmitter receptors and is regulated 

via phosphorylation at serine 133 by cAMP-dependent PKA, Ca2+/
calmodulin-dependent protein kinases II and IV, and mitogen-
activated protein kinase (22–24). Phosphorylated CREB (p-CREB) 
regulates the downstream expression of cAMP-inducible genes 
(25–27). Several prior studies indicate that CREB in the brain struc-
tures plays a role in alcohol dependence and preference (28–33). 
More specifically, it has been found that CREB-haplodeficient mice 
have a higher preference to alcohol (31). Also, it was found that the 
expression and phosphorylation of CREB and cAMP-responsive 
element–DNA (CRE-DNA) binding are lower in the whole amyg-
dala of P rats than NP rats (34). Neuropeptide Y (NPY) is one of 
several CREB-related target genes (27, 31, 35) and has been shown 
to play a role in anxiety and alcohol abuse (8, 10, 36–38). NPY-null 
mutant mice also display more anxiety-like behaviors and consume 
high amounts of alcohol (38, 39). The mRNA and protein levels of 
NPY are lower in the central amygdala (CeA) of P than of NP rats 
(40, 41). These previous studies suggest that CREB and NPY pro-
tein levels are lower in the amygdala of P compared with NP rats, 
but whether these deficiencies are directly regulating anxiety and 
alcohol-drinking behaviors of P rats is not yet known.

The CeA plays a crucial role in anxiety behaviors and also in pro-
moting alcohol intake (8, 10, 29, 42–44). It is possible that P rats 
voluntarily drink excessive amounts of ethanol to reduce high anxi-
ety levels, and this may also be associated with normalization of the 
decreased CREB and NPY levels in amygdaloid structures of P rats. 
We explored this possibility in the present investigation and exam-
ined the effects of ethanol exposure on anxiety-like behaviors and 
expression and phosphorylation of CREB, as well as expression of its 
target gene NPY, in the amygdaloid structures of P and NP rats. Since 
PKA regulates CREB phosphorylation (22, 25), we also examined 
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NPY, neuropeptide Y; p-, phosphorylated; P, alcohol-preferring; PKA-Cα, α-catalytic 
subunit of PKA.
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the effects of ethanol exposure on the protein levels of α-catalytic 
subunit of PKA (PKA-Cα) in the amygdaloid structures of P and NP 
rats. To establish the role of the CeA CREB pathway in anxiety-like 
behaviors and alcohol-drinking behaviors using P and NP genetic 
rats as an animal model, we examined the effects of manipulations 
of the phosphorylation status of CREB on the expression of NPY in 
the CeA as well as on anxiety and alcohol-drinking behaviors. We also 
examined the effects of NPY infusion into the CeA on anxiety and 
alcohol-drinking behaviors of P rats. Since P and NP rats are selec-
tively bred for high and low alcohol preference (11, 12, 14), the data 
collected here provides the first evidence to our knowledge that lower 
PKA→CREB→NPY signaling in the CeA may be linked to higher 
anxiety and excessive alcohol-drinking behaviors of P rats.

Results
Baseline anxiety-like behaviors and baseline CREB and NPY levels in the 
brain structures of P and NP rats. The anxiety-like behaviors were mea-
sured in alcohol-naive P and NP rats using an elevated plus maze 
(EPM) test. P rats displayed higher levels of anxiety-like behaviors 
as demonstrated by the significantly lower percentage of open-
arm entries and percentage of time spent in open arms of the EPM 
compared with alcohol-naive NP rats. The overall general activity 
of P rats was similar to NP rats as there were no significant differ-
ences in total number of entries (open- plus closed-arm entries) 
between these rats (data not shown). These results suggest that P 
rats have higher levels of anxiety-like behaviors than NP rats.

After EPM testing, the basal protein levels of CREB, p-CREB, and 
NPY in the amygdaloid regions and nucleus accumbens (NAc) of P 
and NP rats were measured. It was found that total CREB, p-CREB, 
and NPY protein levels were significantly lower in the CeA and 
medial amygdala (MeA), but not in the basolateral amygdala (BLA), 
of P rats compared with NP rats. We also measured the basal NPY 
mRNA levels in the amygdaloid structures of P and NP rats. It was 
found that mRNA levels of NPY were lower in the CeA and MeA, 
but not in the BLA, of P compared with NP rats. On the other hand, 
the protein levels of CREB, p-CREB, and NPY were similar in the 
core and shell structures of NAc in P and NP rats (data not shown). 

In 1 group of P and NP rats, we measured the CREB, p-CREB, and 
NPY protein levels in amygdaloid structures without the EPM test. 
It was found that the EPM test had no effect on the levels of CREB, 
p-CREB, and NPY in the CeA, MeA, and BLA of P and NP rats (data 
not shown). These results suggest that CREB and NPY levels are 
innately lower in the CeA and MeA structures, but not in the BLA 
or NAc structures, of P rats compared with NP rats.

Effect of voluntary ethanol intake on anxiety-like behaviors in P and NP 
rats. First, P and NP rats were habituated to drink water from 2 
bottles. Once they started drinking water equally from both bottles, 
rats were given ethanol (7% for 3 days, 10% for 3 days, and 12% for 
3 days) in 1 bottle. It was also found that P rats drink more etha-
nol (5–6 g/kg/d) than NP rats (1.2–1.5 g/kg/d) under the 2-bottle 
choice paradigm (Figure 1, upper panel). These results confirm pre-
vious observations (11–13) and suggest that P rats consume higher 
amounts of ethanol. On the morning of the tenth day, we measured 
the anxiety-like behaviors in these rats using the EPM test (Figure 1, 
lower panel). It was found that P rats displayed higher baseline anxi-
ety-like behaviors, but these behaviors were normal in P rats exposed 
to ethanol (mean ± SEM blood ethanol levels, 144 ± 21 mg/dl at the 
time of brain collections; Figure 1, lower panel). These blood etha-
nol levels are within the range reported in the literature (14). The 
ethanol exposure (about 1.5 g/kg/d) in NP rats (mean ± SEM blood 
ethanol levels, 16.5 ± 4.3 mg/dl at the time of brain collections) 
under the 2-bottle choice paradigm had no effects on the anxiety-
like behaviors. Ethanol exposure neither in P rats nor in NP rats had 
a significant effect on the general activity of the rats as measured by 
the total number of entries in the EPM (Figure 1, lower panel). These 
results suggest that P rats display more anxiety-like behaviors, and 
voluntary ethanol intake produces anxiolytic effects in P rats.

Effect of voluntary ethanol intake on CREB, p-CREB, PKA, and NPY 
levels in the amygdaloid structures of P and NP rats. Immediately after 
anxiety measurements, brains were collected to examine the effect of 
voluntary ethanol consumption on the protein levels of CREB and 
p-CREB and the mRNA and protein levels of NPY in the amygdaloid 
structures of P and NP rats. We examined only amygdaloid struc-
tures because of basal differences in the levels of CREB and NPY 
in the amygdala but not in the NAc structures. The positive nuclei 
showing CREB and p-CREB gold immunolabeling are shown in Fig-
ure 2A. The cell bodies showing the mRNA and protein gold immu-
nolabeling of NPY are shown in Figure 3A. It was found that ethanol 
exposure (7% for 3 days, 10% for 3 days, and 12% for 3 days) via the 
2-bottle free choice paradigm (ethanol intake, about 6 g/kg/d) led to 
increased phosphorylation of CREB (Figure 2) as well as increased 
expression of NPY (both mRNA and protein levels; Figure 3) in the 
CeA and MeA, but not in the BLA, of P rats. Ethanol consumption 
had no significant effects on the protein levels of total CREB in the 
CeA, MeA, and BLA structures of P rats (Figure 2). The voluntary 
ethanol intake (about 1.5 g/kg/d) in NP rats had no effect on CREB 
phosphorylation (Figure 2) or the expression of NPY (Figure 3) in 

Figure 1
Alcohol-drinking patterns and anxiety-like behaviors in P and NP rats. 
Upper panel: Ethanol intake (7% for 3 days, 10% for 3 days, and 12% 
for 3 days) was measured by the 2-bottle free choice paradigm in 
P and NP rats. Values represent the mean ± SEM of 6 rats in each 
group. Lower panel: The effects of voluntary ethanol intake on open- 
and closed-arm activities of P and NP rats in the EPM test. Values 
represent the mean ± SEM of 5–6 rats in each group. *P < 0.001 
versus respective controls.



research article

2764	 The Journal of Clinical Investigation      http://www.jci.org      Volume 115      Number 10      October 2005

the amygdaloid structures. These results suggest that voluntary 
ethanol intake leads to increased CREB phosphorylation and NPY 
expression in the neural circuitry of P rat CeA and MeA.

In order to determine whether increased CREB phosphorylation 
in the CeA and MeA of P rats during ethanol exposure is related to 
increased protein levels of PKA-Cα (active PKA), we examined the 
protein levels of PKA-Cα in amygdaloid structures. The positive cell 
bodies containing PKA-Cα proteins are shown in Figure 2A. It was 
found that voluntary ethanol intake (about 1.5 g/kg/d for 9 days) had 
no effect on the protein levels of PKA-Cα in the CeA, MeA, or BLA of 
NP rats. On the other hand, voluntary ethanol intake (about 6 g/kg/d  
for 9 days) significantly increased the protein levels of PKA-Cα  
in the CeA and MeA, but not in the BLA, of P rats (Figure 2). These 
results suggest that increased CREB phosphorylation during etha-
nol consumption may be related to ethanol-induced increases in 
active PKA protein levels in the CeA and MeA of P rats.

Effect of acute ethanol injection on anxiety-like behaviors in P and NP rats. 
Since NP rats drank less ethanol under the 2-bottle free choice para-
digm, it is possible that differences between CREB phosphorylation 
and NPY levels in the CeA and MeA of P and NP rats during ethanol 
drinking could be related to differences in the amount of ethanol 
consumed. To explore this possibility, P and NP rats were injected 
i.p. with ethanol (1 g/kg) or n-saline, and after 1 hour of injection, 

anxiety-like behaviors in these rats were measured using the EPM 
test (Figure 4A). It was found that ethanol injection produced anx-
iolytic effects in P rats but not in NP rats. The blood ethanol levels 
were not significantly different between P and NP rats (mean ± SEM 
blood ethanol levels, 106 ± 5 mg/dl in P and 112 ± 22 mg/dl in NP 
rats at the time of brain collections). Acute ethanol exposure neither 
in P rats nor in NP rats had a significant effect on the general activ-
ity of the rats as measured by total number of entries in the EPM 
(Figure 4A). These results suggest that a similar amount of ethanol 
exposure produces anxiolytic effects in P but not in NP rats.

Effect of acute ethanol exposure on p-CREB, PKA, and NPY levels in 
the amygdaloid structures of P and NP rats. Immediately after anxi-
ety measurements, brains were collected to examine the effect of 
acute ethanol injection (1 g/kg) on the protein levels of p-CREB, 
PKA-Cα, and NPY in the amygdaloid structures of P and NP rats. 
It was found that acute ethanol exposure significantly increased 
protein levels of PKA-Cα, p-CREB, and NPY in the CeA and MeA, 
but not in the BLA, of P rats. On the other hand, a similar amount 
of ethanol injection had no effect on the protein levels of PKA-Cα, 
p-CREB, and NPY in the CeA, MeA, and BLA structures of NP rats 
(Figure 4B). These results suggest that the function of the PKA→
CREB→NPY system is increased in the CeA and MeA of P but not 
NP rats due to ethanol exposure.

Figure 2
Voluntary ethanol intake and CREB signaling in the amygdala of P and NP rats. (A) Low-magnification views of CREB, p-CREB, and PKA-Cα 
gold immunolabeling in CeA structures of P and NP rats with or without ethanol exposure. Photomicrographs show CREB-positive nuclei (upper 
panels), p-CREB–positive nuclei (middle panels), and PKA-Cα–positive cell bodies (lower panels) in the CeA of NP and P rats with or without eth-
anol exposure. Insets show the immuno-gold particles within a single nucleus (CREB and p-CREB) or cell body (PKA-Cα) at high magnification 
(×100). Scale bar: 40 µm. (B) Effect of voluntary ethanol intake on CREB, p-CREB, and PKA-Cα protein levels in various amygdaloid structures 
(CeA, MeA, and BLA) of P and NP rats. Values represent the mean ± SEM of 4–6 rats in each group. *P < 0.001 versus respective controls.
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Effect of PKA activator infusion into the CeA on anxiety and alcohol pref-
erence as well as on CREB signaling in P rats. We observed that P rats, 
when drinking ethanol, displayed lower anxiety-like behaviors and 
had higher protein levels of PKA-Cα and increased CREB phos-
phorylation and NPY expression in the CeA and MeA but not in the 
BLA. These results suggest that P rats drink more ethanol in order to 
increase active PKA and normalize the deficit in CREB phosphoryla-
tion and thereby NPY expression in these structures of amygdala. To 
test this possibility, we infused the PKA activator Sp-cAMP directly 
into the CeA (Figure 5) and examined its effects on alcohol intake, 
anxiety levels, CREB phosphorylation, and NPY expression in the 
amygdaloid structures. P rats were habituated to drink water from 
2 bottles and then were given 7% ethanol for 3 days followed by 9% 
ethanol for 6 days. Once P rats had been drinking 9% ethanol for 
3 days, they were infused once (within a 2-minute period) daily for 
3 days (between 5 and 6 pm on the fourth, fifth, and sixth days of 
9% ethanol intake) with 0.5 µl of artificial CSF (aCSF) or 0.5 µl of  
80 nmol of Sp-cAMP. It was found that infusions of PKA activa-
tor into the CeA significantly decreased the alcohol intake in P rats 
(Figure 6, upper panel) without changing total fluid intake. On the 
morning of the tenth day (after 9 days of ethanol intake, 7% for 3 days 
and 9% for 6 days), we measured anxiety-like behaviors in these rats. 
It was found that PKA activator and ethanol intake alone produced 
a significant increase in open-arm activity (entries and percent time 
spent on open arms) of P rats on the EPM test (Figure 6, lower panel). 
Interestingly, when PKA activator was specifically infused into the 
CeA, P rats drank less alcohol and were not anxious (Figure 6, lower 
panel). These results suggest that PKA activator infusion into the 
CeA of P rats decreases the anxiety levels and alcohol intake.

Immediately after measuring anxiety, brains were collected to 
examine the cellular expression of PKA-Cα, CREB, p-CREB, and 
NPY in P rats — with or without alcohol drinking — that were 
infused with Sp-cAMP or aCSF. Figure 7A shows the positive cell 
bodies containing PKA-Cα (upper panel) and nuclei containing 
CREB (middle panel) and p-CREB (lower panel) proteins in the 
CeA. The positive cell bodies containing protein and mRNA of 
NPY are shown in Figure 8A. It was found that PKA activator 
infusion into the CeA increased the protein levels of PKA-Cα and 
p-CREB (Figure 7) and NPY expression (both mRNA and protein 
levels; Figure 8) in the CeA, but not in the MeA or BLA, of P rats. 
On the other hand, alcohol consumption with or without PKA 
activator infusion into the CeA increased protein levels of PKA-Cα,  
CREB phosphorylation, and NPY expression (both mRNA and 
protein levels) in the CeA and MeA, but not in the BLA, of P rats. 
In the MeA of P rats, these increases were related to ethanol expo-
sure. Neither alcohol exposure nor PKA activator infusion into 
the CeA had any effect on total CREB protein levels in amygdaloid 
structures of P rats (Figure 7). It was also found that PKA activa-
tor infusion did not cause any toxicity in the CeA of P rats, as 
demonstrated by Nissl staining (Figure 5). These results suggest 
that normalization of decreased CREB phosphorylation, specifi-
cally in the CeA via activation of PKA, attenuates high anxiety 
levels and higher alcohol intake in P rats.

Effect of NPY infusion into the CeA on anxiety and alcohol intake in P 
rats. PKA activator decreased anxiety levels and alcohol intake in 
P rats and increased protein levels of PKA-Cα and p-CREB and 
NPY levels in the CeA, but not in the MeA and BLA. These results 
suggest the possibility that CREB in the CeA of P rats may regulate 

Figure 3
Voluntary ethanol intake and NPY levels in the amygdala of P and NP rats. (A) Low-magnification views of NPY mRNA expression (in situ RT-PCR;  
upper panels) and NPY gold immunolabeling (lower panels) in the CeA of NP and P rats with or without ethanol exposure. Insets show the 
immuno-gold particles in a cell body at high magnification (×100). Scale bar: 40 µm. (B) Effects of voluntary ethanol intake on mRNA and 
protein levels of NPY in the CeA, MeA, and BLA structures of NP and P rats. Values represent the mean ± SEM of 4–6 rats in each group.  
*P < 0.001 versus respective controls.
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anxiety and alcohol-drinking behaviors via NPY. To test this pos-
sibility, we infused NPY directly into the CeA and examined the 
effects on alcohol intake and anxiety levels. P rats were habituated 
to drink water from 2 bottles and then were given 7% ethanol for 3 
days followed by 9% ethanol for 6 days. Once P rats were drinking 
9% ethanol for 3 days, they were infused once (within a 2-minute 
period) daily for 3 days (between 5 and 6 pm on the fourth, fifth, 
and sixth days of 9% ethanol intake) with 0.5 µl of aCSF or 0.5 µl of 
100 pmol of NPY. It was found that infusions of NPY into the CeA 
significantly decreased the alcohol intake in P rats (Figure 9, upper 
panel) without changing total fluid intake. On the morning of the 
tenth day (after 9 days of ethanol intake, 7% for 3 days and 9% for 
6 days), we measured anxiety-like behaviors in these rats. It was 
found that NPY and ethanol intake alone produced a significant 
increase in open-arm activity (entries and percent time spent on 
open arms) of P rats on the EPM test (Figure 9, lower panel). Inter-
estingly, when NPY was specifically infused into the CeA, P rats 

drank less alcohol and were not anxious (Figure 9, lower panel). 
These results suggest that NPY infusion into the CeA decreases 
anxiety levels and alcohol intake in P rats.

Effect of PKA inhibitor infusion into the CeA on anxiety and alcohol pref-
erence as well as on CREB signaling in NP rats. If P rats have higher 
anxiety-like behaviors and alcohol preference due to lower CREB 
phosphorylation and lower NPY levels in the CeA, then decreasing 
CREB phosphorylation and NPY expression in the CeA of NP rats 
should provoke anxiety-like behaviors and higher alcohol intake 
in NP rats. To test this possibility, we infused the PKA inhibitor 
Rp-cAMP into the CeA and examined the effects on alcohol intake, 
anxiety levels, CREB phosphorylation, and NPY expression in the 
amygdaloid structures of NP rats. NP rats were habituated to drink 
water from 2 bottles and then were given 7% ethanol for 3 days fol-
lowed by 9% ethanol for 6 days as described above for P rats. Once 
NP rats were drinking 9% ethanol for 3 days, they were infused 
once (within a 2-minute period) daily for 3 days (between 5 and 6 
pm on the fourth, fifth, and sixth days of 9% ethanol intake) with 
0.5 µl of aCSF or 0.5 µl of 40 nmol of Rp-cAMP. It was found that 
infusions of PKA inhibitor into the CeA significantly increased the 
alcohol intake in NP rats (Figure 10, upper panel) without chang-
ing total fluid intake. On the morning of the tenth day (after 9 
days of ethanol intake, 7% for 3 days and 9% for 6 days), we mea-
sured anxiety-like behaviors in NP rats. It was found that PKA 
inhibitor alone produced a significant decrease in open-arm activ-
ity (entries and percent time spent on open arms) of NP rats on the 
EPM test. Interestingly, when PKA inhibitor was infused into the 
CeA, NP rats drank higher amounts of alcohol, which normalized 
PKA inhibitor–induced anxiety-like behaviors (Figure 10, lower 
panel). These results suggest that PKA inhibitor infusion into the 
CeA increases anxiety levels and alcohol intake in NP rats.

Immediately after measuring anxiety, brains were collected to 
examine the cellular expression of PKA-Cα, CREB, p-CREB, and 
NPY protein levels in NP rats — with or without alcohol drinking 
— infused with Rp-cAMP or aCSF. Figure 11A shows the positive 
cell bodies containing PKA-Cα (upper panels) and nuclei con-
taining CREB (middle panels) and p-CREB (lower panels) in the 
CeA. The positive cell bodies containing protein and mRNA of 
NPY are shown in Figure 12A. It was found that PKA inhibitor 
infusion into the CeA decreased the protein levels of PKA-Cα 
and CREB phosphorylation (Figure 11B) as well as NPY expres-
sion (both mRNA and protein levels; Figure 12B) in the CeA, but 
not in the MeA or BLA, of NP rats. On the other hand, alcohol 
intake induced after infusion of PKA inhibitor in the CeA nor-
malized the PKA-Cα protein levels, CREB phosphorylation, and 
NPY expression (both mRNA and protein levels; Figure 11B and  
Figure 12B) in the CeA of NP rats. Voluntary ethanol intake or 
PKA inhibitor infusion into the CeA did not have any effect on 
total CREB protein levels in amygdaloid structures of NP rats 
(Figure 11B). It was also found that PKA inhibitor infusion did 

Figure 4
Anxiety-like behaviors and CREB function in the amygdala of P and 
NP rats following acute ethanol exposure. (A) The effects of acute 
ethanol injection (i.p.) on open- and closed-arm activities of P and NP 
rats in the EPM test. Values represent the mean ± SEM of 5–7 rats in 
each group. (B) Effect of acute ethanol exposure on p-CREB, PKA-Cα, 
and NPY protein levels in various amygdaloid structures (CeA, MeA, 
and BLA) of P and NP rats. Values represent the mean ± SEM of 5 rats 
in each group. *P < 0.001 versus respective controls.
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not cause any toxicity in the CeA of NP rats, as demonstrated 
by Nissl staining (data not shown). These results suggest that 
decreased CREB phosphorylation and NPY expression, specifi-
cally in the CeA structures via inhibition of PKA, provokes high 
anxiety levels and increases alcohol intake in NP rats.

Discussion
The present investigation identifies a novel molecular mecha-
nism in the neural circuitry of the CeA of P rats, which suggests 
that decreased CREB phosphorylation–dependent NPY expres-
sion may be involved in genetic predisposition to anxiety and 
alcohol-drinking behaviors. This work also provides evidence for 
the first time to our knowledge that ethanol exposure attenu-
ates higher anxiety levels; this is associated with ethanol-induced 
increases in PKA-dependent CREB phosphorylation and NPY 
expression (both mRNA and protein levels) in the CeA and MeA 
of P rats. Furthermore, the present work also provides evidence 
that decreasing CREB phosphorylation–dependent NPY expres-
sion in the CeA of NP rats provokes anxiety-like behaviors and 
promotes alcohol intake. In other words, increasing the CREB 
phosphorylation–dependent NPY expression in the CeA of P rats 
decreases anxiety levels and attenuates alcohol intake, whereas 
decreasing the CREB phosphorylation–dependent NPY expres-
sion in the CeA of NP rats increases anxiety levels and alcohol 
preference. Therefore, turning off the PKA-dependent CREB 
phosphorylation in the CeA of NP rats makes these rats like P 
rats in terms of anxiety and alcohol-drinking phenotypes.

Several lines of evidence indicate that CREB phosphorylation at 
serine 133 plays a crucial role in synaptic plasticity associated with 
learning and memory and addictive behaviors (45–47). The CeA 
and MeA, along with shell structures of NAc, represent important 
circuitries of the extended amygdala, which has been shown to be 
involved in the rewarding, reinforcing, and motivating aspects of 
alcohol-drinking behaviors (8, 29, 42). Here, we found that protein 
levels of CREB and p-CREB were innately lower in the CeA and MeA, 
but not in the BLA and shell and core structures of NAc, of P com-
pared with NP rats. The basal protein levels of PKA-Cα were similar 
in the amygdaloid structures of P and NP rats. We reported earlier 
that CRE-DNA binding was lower in the nuclear extracts of whole 
amygdala, but not in the cortex, striatum, or hippocampus, of P com-
pared with NP rats (34). These results suggest that there are innately 
lower protein levels of CREB and p-CREB in the amygdaloid, but not 
in the NAc, structures of P rats compared with NP rats.

When CREB becomes active after phosphorylation, it is able 
to regulate the expression of CREB target genes, and NPY is one 
of them (27, 31, 35). Interestingly, here we also found that NPY 
expression is lower in the CeA and MeA, but not in the BLA or 
the core and shell structures of NAc, of P compared with NP rats. 
Behaviorally, we found that P rats displayed more anxiety-like 
behaviors and consumed higher amounts of alcohol compared 
with NP rats. Several previous reports support these behavioral 
findings and findings of NPY levels in the CeA of P rats (15–17, 
39–41). Next, an obvious question arises: does decreased CREB 
function in the amygdala regulate anxiety and excessive alcohol-
drinking behaviors of P rats?

Studies conducted in animal models and human alcoholics 
suggest that there is a relationship between high anxiety levels 
and alcohol consumption (7, 9, 15, 16, 48–50). It is possible that 
P rats may drink excessive amounts of alcohol because of higher 
anxiety levels, and ethanol may also be able to normalize the 
reduction in CREB phosphorylation and NPY expression in the 
CeA and MeA. When exposed to alcohol (via 2-bottle free choice 
or injection), we found that P rats did not display high anxiety 
levels; additionally, CREB phosphorylation and NPY expression 
were increased in the P rats’ CeA and MeA, but not in their BLA. 
The increase in CREB phosphorylation was related to an increase 
in PKA-Cα protein levels in the CeA and MeA of P rats. Previ-
ous studies indicate that ethanol has properties to elevate the 
PKA-Cα protein levels in the nuclei of culture cells (51, 52). In 
the present study, we also found that NP rats drank less alco-

Figure 5
Low-magnification views of Nissl staining of brain sections showing the 
positions of cannula tips, probe lengths, and CeA target regions of P 
rats infused with aCSF or Sp-cAMP. Scale bar: 250 µm.

Figure 6
The effect of PKA activator infusion into the CeA on ethanol intake and 
anxiety-like behaviors in P rats. Upper panel: The alcohol-drinking pat-
terns (7 and 9% ethanol) and the effect of Sp-cAMP infusion into the 
CeA on alcohol intake (last 3 days of 9% ethanol intake) in P rats. Val-
ues represent the mean ± SEM of 5–6 rats in each group. Lower panel: 
The effect of PKA activator infusion (0.5 µl of 80 nmol of Sp-cAMP  
or aCSF once daily for 3 days) and ethanol exposure on open- and 
closed-arm activities of P rats in the EPM. Values represent the mean 
± SEM of 5–6 rats in each group. #P < 0.01, *P < 0.001 versus P rats 
infused with aCSF.
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hol, and exposure to low amounts of ethanol — or exposure to 
similar amounts of ethanol as P rats via acute injection — did not 
have any effect on anxiety levels or levels of PKA-Cα, p-CREB, 
and NPY in their amygdaloid structures. These results suggest 
that decreased CREB phosphorylation in the CeA and MeA may 
be responsible for predisposition to anxiety and alcohol-drinking 
behaviors in P rats and that ethanol exposure increases the PKA-
dependent CREB phosphorylation and thereby NPY expression 
in the CeA and MeA of P but not of NP rats.

As mentioned above, if P rats drink ethanol to increase active 
PKA levels, CREB phosphorylation, and NPY expression in the 
CeA and MeA structures and to ameliorate anxiety-like behavior, 
then infusion of PKA activator or NPY into the CeA should attenu-
ate anxiety and decrease alcohol intake. Here we report that PKA 
activator infusion into the CeA of P rats significantly decreased 
alcohol intake and also attenuated the anxiety-like behaviors in 
these rats. PKA activator infusion also significantly increased 
CREB phosphorylation and NPY expression in P rats by increas-
ing the PKA-Cα protein levels specifically in the CeA. Interesting-
ly, it was also found that NPY infusion into the CeA significantly 
attenuated the anxiety levels and alcohol intake in P rats. Previous 
studies also support the relationship between decreased CREB and 
NPY levels and anxiety and alcohol-drinking behaviors (15, 16, 
36–41). It has been shown that icv infusions of NPY significantly 
attenuate the alcohol intake in P rats (53), but not in an unselected 

stock of rats (54). We reported earlier that CREB-haplodeficient 
mice have lower levels of NPY throughout the brain, display higher 
anxiety-like behaviors, and also have higher preference for alcohol 
(31). Other investigators have shown that decreased CREB may be 
involved in anxiety-like behaviors (29, 55, 56). We also reported 
earlier that decreased CREB phosphorylation and NPY expression 
in the CeA might be involved in anxiety-like behaviors during etha-
nol withdrawal in an unselected stock of rats (30, 57). However, the 
current studies are novel in that they specify that decreased CREB-
dependent NPY function in the neural circuitry of CeA may be a 
pre-existing condition for anxiety and alcohol-drinking behaviors 
and plays a role in the association of anxiety and alcohol-drinking 
behaviors in P rats (Figure 13).

We also tested the possibility that NP rats are not anxious and 
drink less alcohol, which may be due to the fact that they have nor-
mal levels of CREB, p-CREB, and NPY expression in the CeA and 
MeA. The effects of PKA inhibitor infusion into the CeA on anxiety 
and alcohol-drinking behaviors of NP rats were examined. Here 
we report that NP rats initially drank less alcohol, but when they 
were infused with PKA inhibitor into the CeA, their alcohol intake 
was significantly increased, and they also displayed higher levels 
of anxiety as compared with aCSF-infused NP rats. The NP rats 
infused with PKA inhibitor had lower levels of PKA-Cα, p-CREB,  
and NPY expression, specifically in the CeA. Interestingly, PKA 
inhibitor–infused NP rats drank more ethanol, which led to nor-

Figure 7
PKA activator infusion into the CeA during ethanol intake and CREB signaling in the amygdala of P rats. (A) Low-magnification views of PKA-Cα,  
CREB, and p-CREB gold immunolabeling in the CeA of P rats infused with or without Sp-cAMP during ethanol exposure. Photomicrographs show 
PKA-Cα–positive cell bodies or CREB- and p-CREB–positive nuclei in the CeA of P rats infused with aCSF or PKA activator. Insets show the 
immuno-gold particles within a single nucleus (CREB and p-CREB) or cell body (PKA-Cα) at high magnification (×100). Scale bar: 40 µm. (B) 
Effect of Sp-cAMP infusion into the CeA and voluntary ethanol exposure on PKA-Cα, CREB, and p-CREB protein levels in amygdaloid structures 
of P rats. Values represent the mean ± SEM of 5–6 rats in each group. *P < 0.001 versus P rats infused with aCSF.
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malization of PKA inhibitor–induced reductions in the levels of 
PKA-Cα, p-CREB, and NPY expression in the CeA. These results 
suggest that by regulating PKA→CREB→NPY signaling in the 
CeA, one can change the phenotype of P and NP rats. Since PKA→
CREB→NPY signaling in the MeA is increased by ethanol expo-
sure in P rats, it is possible that CREB function in the MeA may 
also regulate the anxiety and alcohol-drinking behaviors of P rats. 
Future studies will be needed to investigate this possibility. It has 
also been shown that PKA inhibitor infusions into the CeA, but 
not the BLA, of an unselected stock of rats provokes anxiety-like 
behaviors and promotes alcohol-drinking behavior, and drinking 
behaviors were attenuated by NPY or PKA activator infusions into 
the CeA (30). The results of this study identify a pathway that 
regulates NPY expression in the CeA, and this pathway may be 
responsible for regulating anxiety and alcohol-drinking behaviors 
of P rats (Figure 13).

In summary, these novel findings show for the first time to 
our knowledge that decreased CREB phosphorylation and NPY 
expression in the CeA may be part of a neuromechanism opera-

tive in regulating the high anxiety and excessive alcohol-drinking 
behaviors of P rats. We also suggest that decreased CREB function 
in the CeA may be a common molecular mechanism for comor-
bidity of anxiety and alcoholism (Figure 13). This study provides 
evidence that CREB may regulate the anxiety and alcohol-drinking 

Figure 8
PKA activator infusion into the CeA during ethanol intake and NPY levels in the amygdala of P rats. (A) Low-magnification views of NPY mRNA 
expression (in situ RT-PCR; upper panels) and NPY gold immunolabeling (lower panels) in the CeA of P rats with or without PKA activator infu-
sion during ethanol exposure. Inset shows the gold particles in a cell body at high magnification (×100). Scale bar: 40 µm. (B) Effects of voluntary 
ethanol exposure and PKA activator infusion into the CeA on mRNA and protein levels of NPY in the CeA, MeA, and BLA structures of rats. 
Values represent the mean ± SEM of 5–6 rats in each group. *P < 0.001 versus respective controls.

Figure 9
The effect of NPY infusion into the CeA on ethanol intake and anxiety-
like behaviors in P rats. Upper panel: The alcohol-drinking patterns (7 
and 9% ethanol) and the effect of NPY infusion into the CeA (last 3 days 
of 9% ethanol intake) on alcohol intake in P rats. Values represent the 
mean ± SEM of 7 rats in each group. Lower panel: The effect of NPY 
infusion (0.5 µl of aCSF or 0.5 µl of 100 pmol of NPY, once daily for 3 
days) and alcohol consumption on open- and closed-arm activities of 
P rats in the EPM. Values represent the mean ± SEM of 7 rats in each 
group. #P < 0.01, *P < 0.001 versus P rats infused with aCSF.
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behaviors of P rats by regulating NPY expression in the CeA. Corti-
cotropin releasing factor (CRF) is another CREB target gene, and 
it has previously been shown that CRF expression is lower in the 
CeA of P rats compared with NP rats (16). Since CRF is implicated 
in anxiety and alcohol-drinking behaviors (8, 58), it possible that 
CREB may regulate anxiety and alcohol-drinking behaviors of P 
rats via the CRF system. Future studies are needed to investigate 
the role of CRF or other CREB-related genes (27) in the neural 
circuitry of the CeA and MeA with the phenomenon of anxiety and 
alcohol preference in P rats or in other animal models.

Methods

Baseline studies with P and NP rats
All experiments were conducted in accordance with the NIH Guidelines 
for Care and Use of Laboratory Animals and approved by the Institu-
tional Animal Care Committee of University of Illinois at Chicago and 
Jesse Brown VA Medical Center. Alcohol-naive adult male P and NP rats 
(weighing about 350 g at the beginning of the experiment) were pur-
chased from the Indiana Alcohol Research Center and were used in all 
studies. After arrival, rats were housed in a temperature- and light-con-
trolled environment for several days. These lines of rats have been selec-
tively bred for more than 55 generations. For baseline studies, rats were 
first measured for anxiety-like behaviors as described below and then 
immediately perfused to collect the brains for immunohistochemistry 
and in situ RT-PCR as described below.

Measurement of anxiety-like behaviors by the EPM test. The test procedure 
was the same as that previously described by us (30, 31). The EPM appa-
ratus consists of 2 open arms and 2 closed arms arranged directly oppo-
site each other and connected to a central platform. After a 5-minute 
habituation period, a test rat was placed on the central platform facing 
an open arm. The P or NP rat was observed for a 5-minute test period. 
The number of entries made to each type of arm (open or closed) was 

recorded. EPM test results were expressed as the mean ± SEM of the 
percent of open-arm entries and the mean percent of time spent on the 
open arms (open-arm activity). The general activity of the each rat was 
measured by calculating the total number of the arm entries (open- plus 
closed-arm entries) in the EPM.

Gold immunolabeling of CREB, p-CREB, PKA, and NPY. Rats were anesthe-
tized (using 50 mg/kg pentobarbital i.p.) after anxiety measurements were 
taken and then perfused intracardially with n-saline (100 ml) followed 
by 400 ml of 4% ice-cold paraformaldehyde fixative. Brains were used for 
gold immunolabeling as described previously by us (30, 31, 57, 59). The 
antibodies for CREB, p-CREB, PKA-Cα, and NPY have been characterized 
previously by our laboratory (30, 31, 57, 59). The gold-immunolabeled 
particles of CREB, p-CREB, and PKA-Cα were measured using an Image 
Analysis System (Loats Associates Inc.) connected to a light microscope 
that calculated the number of immuno-gold particles per 100-µm2 area 
of defined brain structures (shell and core regions of NAc and CeA, MeA, 
and BLA). The threshold of each image was set up in such a way that areas 
without staining should give 0 counts. Under this condition, immuno-gold 
particles in the defined areas of 3 adjacent brain sections (a total of 9 fields) 
were counted, and then values were averaged for each rat.

Measurement of mRNA levels of NPY by in situ RT-PCR. Rat brain sections 
were used to determine mRNA levels of NPY using in situ RT-PCR, as we 
previously reported (30, 31, 57). Briefly, the procedure was as follows: 
brain sections were reverse transcribed and then PCR was performed 
with Taq DNA polymerase enzyme (Applied Biosystems) and 36–38 pmol  
of each NPY primer (5′-TAGGTAACAAACGAATGGGG-3′ and 5′-
AGGATGAGATGAGATGTGGG-3′) and 1 mM of deoxyribonucleoside 
triphosphates, except dTTP was replaced by digoxigenin-11-dUTP. PCR 
conditions were as follows: 25 cycles of 94°C for 3 minutes, 94°C for  
45 seconds, 60°C for 45 seconds, and 72°C for 45 seconds, followed by 
72°C for 7 minutes. After PCR, sections were mounted on slides, and 
NPY-positive cell bodies were detected using alkaline phosphatase–con-
jugated anti-digoxigenin antibody and subsequent staining of the com-
plex with specific substrate NBT/BCIP (Roche Molecular Biochemicals). 
The OD of positive cell bodies was calculated with an Image analyzer 
(Loats Associates Inc.). The OD of the negative brain sections was sub-
tracted from that of the positive brain sections. The OD of positive cell 
bodies in the amygdaloid structures of 3 adjacent brain sections of each 
rat were calculated, and values were averaged for each rat. The results are 
represented as the mean OD per 100-pixel area.

Studies related to voluntary ethanol intake and ethanol injection
Alcohol preference was measured by the 2-bottle free choice paradigm. 
P and NP rats were placed in individual cages and habituated to drink 
water equally from 2 bottles. One group of P or NP rats had free access 
only to water in both bottles, the second group of P or NP rats were given 
free access to one bottle containing water and a second bottle containing 
ethanol diluted in water. Ethanol concentration was increased as follows: 

Figure 10
The effect of PKA inhibitor infusion into the CeA on ethanol intake and 
anxiety-like behaviors in NP rats. Upper panel: The alcohol-drinking 
patterns (7 and 9% ethanol) and the effect of Rp-cAMP infusion into 
the CeA (last 3 days of 9% ethanol intake) on alcohol intake in NP 
rats. Values represent the mean ± SEM of 7–8 rats in each group. 
Lower panel: The effect of PKA inhibitor infusion (0.5 µl of 40 nmol of 
Rp-cAMP or aCSF once daily for 3 days) and alcohol drinking on open- 
and closed-arm activities of NP rats in the EPM. Values represent the 
mean ± SEM of 7–8 rats in each group. #P < 0.01, *P < 0.001 versus 
NP rats infused with aCSF.
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7% ethanol for 3 days, 9% ethanol for 3 days, and 12% ethanol for 3 days. 
The positions of the bottles were randomly changed every day to avoid 
the development of a position habit. The consumption of ethanol and 
water (in milliliters) was measured daily at 6 pm, at which time fresh 
water and ethanol solutions were provided. The ethanol consumption 
was calculated as g/kg/d. P and NP rats were then used for anxiety mea-
surements using the EPM.

For acute ethanol exposure, P and NP rats were injected i.p. with 1 g/kg 
|ethanol (diluted with n-saline) or n-saline only. This dose of ethanol is 
based on the results of a previous study in P and NP rats (15). One hour 
after ethanol injection, anxiety-like behaviors were measured using the 
EPM test. We measured blood ethanol levels immediately after examining 
anxiety behaviors — at the time of brain collection — in P and NP rats, after 
voluntary ethanol intake or ethanol injection, using an Analox alcohol 
analyzer. Brains were processed for histochemistry. The protein levels of 
PKA-Cα, CREB, and p-CREB and protein and mRNA levels of NPY were 
measured as described above. In all experiments, the body weight of each 
rat was also recorded. There were no significant differences in mean body 
weights between P and NP rats.

Anxiety-like behaviors and alcohol preference after manipulation  
of CREB function in the CeA of P and NP rats
Implantation of cannulae. P and NP rats were anesthetized with sodium pen-
tobarbital (50 mg/kg i.p.) and placed in a stereotaxic apparatus. Rats were 
implanted bilaterally with CMA/11 guide cannulae (CMA Microdialysis) 

targeted 3 mm above the CeA. Cannulae were secured to the skull using 
dental cement and screws. The coordinates for 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. Cannulae were covered with guided caps (CMA 
Microdialysis). After a recovery period of 1 week, rats were subjected to an 
alcohol preference test as described below.

Alcohol preference and anxiety measurements with and without CREB and NPY 
manipulations. Cannulated P and NP rats were placed in individual cages 
and habituated to drink water according to the 2-bottle free choice para-
digm described above. Following 3 days of 7% and 3 days of 9% ethanol 
intake, P rats were infused once (within a 2-minute period) daily for 3 days 
(between 5 and 6 pm) with 0.5 µl of aCSF, 0.5 µl of 80 nmol of Sp-cAMP,  
or 0.5 µl of 100 pmol of NPY, and NP rats were infused with 0.5 µl  
of aCSF or 0.5 µl of 40 nmol of Rp-cAMP, using microdialysis probes, 
which were attached to the automatic pump. The microdialysis probe 
extended 3 mm beyond the guide cannula into the CeA. The consump-
tion of ethanol and water (in milliliters) was measured daily at 6 pm, at 
which time fresh water and ethanol solutions were provided. The ethanol 
intake was calculated as g/kg/d.

The doses of Rp-cAMP, Sp-cAMP, and NPY were based on previous 
studies showing that the amounts we infused into the rat brain were able 
to alter alcohol and opiate withdrawal symptoms and alcohol intake (30, 
57, 60). P and NP rats were used for anxiety measurements (after 3 days 
of 7% and 6 days of 9% ethanol intake), and immediately after behavioral 
measurements were taken, brains were processed for histochemistry. The 

Figure 11
PKA inhibitor infusion into the CeA during ethanol intake and CREB signaling in the amygdala of NP rats. (A) Low-magnification views of PKA-
Cα, CREB, and p-CREB gold immunolabeling in the CeA structures of NP rats infused with or without Rp-cAMP during ethanol exposure. 
Photomicrographs show PKA-Cα–positive cell bodies or CREB- and p-CREB–positive nuclei in the CeA of NP rats infused with aCSF or PKA 
inhibitor. Insets show the immuno-gold particles within a single nucleus (CREB and p-CREB) or cell body (PKA-Cα) at high magnification (×100). 
Scale bar: 40 µm. (B) Effect of Rp-cAMP infusion into the CeA and alcohol drinking on PKA-Cα, CREB, and p-CREB protein levels in amygdaloid 
structures of NP rats. Values represent the mean ± SEM of 5 rats in each group. *P < 0.001 versus NP rats infused with aCSF.
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protein levels of PKA-Cα, CREB, and p-CREB, and protein and mRNA 
levels of NPY were measured after the PKA manipulations described 
above. All brains were also processed for Nissl staining to check the can-
nula positions and toxicity.

Statistics. The comparisons between 2 groups were performed by 2-tailed 
Student’s t test. Differences among several groups were analyzed by 1-way 
ANOVA followed by post hoc comparisons among groups by Tukey’s test. 
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Figure 12
PKA inhibitor infusion into the CeA during ethanol intake and NPY levels in the amygdala of NP rats. (A) Low-magnification views of NPY mRNA 
expression (in situ RT-PCR; upper panels) and NPY gold immunolabeling (lower panels) in the CeA of NP rats with or without PKA inhibitor infu-
sion during ethanol exposure. Inset shows the immuno-gold particles in a cell body at high magnification (×100). Scale bar: 40 µm. (B) Effects of 
voluntary ethanol exposure and PKA inhibitor infusion into the CeA on mRNA and protein levels of NPY in the CeA, MeA, and BLA structures of 
NP rats. Values represent the mean ± SEM of 5 rats in each group. *P < 0.001 versus respective controls.

Figure 13
Molecular mechanisms in the neural circuitry of the CeA of P rats for 
genetic predisposition to anxiety and alcohol-drinking behaviors. The 
data collected in the present study suggest that decreased function of 
CREB (within the CREB→p-CREB→NPY system) in CeA neurocircuitry 
may be responsible for high anxiety levels and excessive alcohol-drink-
ing behaviors of P rats. Thus, decreased CREB, p-CREB, and NPY lev-
els represent a pre-existing genetic condition for anxiety and alcoholism. 
The ethanol exposure (blue arrows) causes an increase in active PKA 
and CREB phosphorylation and thereby increases NPY expression and 
attenuates anxiety behavior. PKA activator has the ability to mimic the 
action of alcohol on PKA and CREB phosphorylation and NPY expres-
sion in the CeA of P rats. NPY infusion into the CeA also attenuates 
anxiety and alcohol intake in P rats. CREB may also alter the expression 
of other CREB target genes (23), whose function needs to be evaluated 
in future studies of anxiety and alcohol-drinking behaviors in P rats. Red 
arrows indicate the increase or decrease of signaling protein levels.
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