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ABSTRACT

AIM: To study the changes in the expression and phosphorylation of cAMP response element binding protein
(CREB) in the rat nucleus accumbens after chronic ethanol intake and its withdrawal.  METHODS: Ethanol was
given in drinking water at the concentration of 6 % (v/v), for one month.  Changes in the levels of CREB and
phospho-CREB (p-CREB) protein in the nucleus accumbens were measured by immunohistochemistry methods.
RESULTS: Ethanol given to rats in drinking water decreased the level of p-CREB protein in the nucleus accumbens
(-75 %) at the time of exposure to ethanol.  The decrement of p-CREB protein in the nucleus accumbens remained
at 24 h (-35 %) and 72 h (-28 %) of ethanol withdrawal, which recovered toward control level after 7 d of ethanol
withdrawal.  However, chronic ethanol, as well as ethanol withdrawal failed to produce any significant alteration in
the level of CREB protein in the nucleus accumbens.  Naloxone (alone) treatment of rats had no effect on the levels
of CREB and p-CREB protein in the nucleus accumbens.  However, when naloxone was administered concurrently
with ethanol treatment, it antagonized the down-regulation of p-CREB protein in the nucleus accumbens (142 %) of
rats exposed to ethanol.  CONCLUSION: A long-term intake of ethanol solution down-regulates the phosphoryla-
tion of CREB in the nucleus accumbens, and those changes can be reversed by naloxone, which may be one kind
of the molecular mechanisms associated with ethanol dependence.

INTRODUCTION

The molecular mechanisms of the addictive prop-
erties of ethanol are poorly understood.  Clinical,
biochemical, pharmacological, and behavioral studies
have shown that opioid systems are involved in some

of ethanol effects[1].  Ethanol could modulate the activ-
ity of this system via alteration of the synthesis, release
or degradation of the opioids, or of opioid receptor bind-
ing or signaling[2].   Thus, it has been hypothesised that
ethanol reward effect is mediated, at least in part, by
the increase in the opioid activity.  In line with this notion,
non-selective opioid receptor antagonists (eg, naloxone)
could attenuate ethanol consumption in animal tests and
nalmefene could prevent relapse from heavy drinking
in alcohol-dependent patients[3,4].

The nucleus accumbens, a major component of
the ventral striatum, is currently under experimental
scrutiny because of its likely involvement in self-
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administration of heroin, alcohol, and other drugs
of abuse[5], and because of its role in regulating ex-
trapyramidal motor function and the motor activity as-
sociated with motivation[6].  The nucleus accumbens
contains abundant opioid peptides, as well as three dif-
ferent opiate receptor subtypes.  It may be an impor-
tant substrate for the acute reinforcing properties of
opiates and possible also for the long-term motivational
changes associated with opiate addicton[7].  Recently,
several evidences suggest that changes in the expres-
sion and function of gene transcription factors in the
nucleus accumbens, such as the cAMP response ele-
ment binding protein (CREB), plays an important role
in the mechanism of drug addiction[8-10].  CREB is a
nuclear protein that modulates the transcription of genes
with cAMP response element (CRE) sites in their
promotors[11,12].  CREB can be phosphorylated by sev-
eral kinases, such as protein kinase A (PKA), Ca2+- and
calmodulin-dependent protein kinases (CaM kinases),
and ribosomal S6 kinase via mitogen-activated protein
kinase[13-15].  Phosphorylated CREB then forms
homodimers or heterodimers with cAMP response ele-
ment modulator protein or activator transcription fac-
tor that bind to the promotor regions of genes contain-
ing CRE sites, and thus, regulate gene expression[12].
This suggests that phosphorylation of CREB at the Ser
133 site is an essential step in the regulation of the tran-
scription of many cAMP-inducible genes.  However,
little is known about the effects of ethanol on the phos-
phorylation of CREB in the nucleus accumbens.
Whether the action of ethanol on CREB in the nucleus
accumbens being associated with opioid system is also
unknown.

The aim of the present study was to elucidate (1)
the effects of chronic ethanol intake and its withdrawal
on the expression of CREB and p-CREB in the nucleus
accumbens of rats, (2) the reversal effects of naloxone
on changes in the CREB and p-CREB induced by chronic
ethanol.

MATERIALS  AND  METHODS

Drugs and reagents  Ethanol was produced by
Nanjing Chemical Plant, China.  Total CREB antibody
and phospho-CREB (at 133 serine) antibody were from
New England Biolabs, USA.  Naloxone hydrochloride
was from Jingmei Biotech Co Ltd, China.  Vectastain
ABC kit and 3',3-diaminobenzidine (DAB) were from
Vector Laboratories, Burlingame, CA, USA.

Animals and drug administration  Fifty-four
male Sprague-Dawley rats (Grade II, Certification
No 97001, Nanjing Medical University) weighing 180
to 210 g were used at the beginning of experiments and
weighing 360 to 410 g at the end of experiments.  Ani-
mals were caged in a quiet department that was nature
light and temperature was controlled (18-24 ºC).  For
chronic ethanol experiments, ethanol was given in drink-
ing water at the concentration of 6 % (v/v) for one
month[16].  Control animals received tap water for an
identical period of time.  The amount of liquid intake
was measured daily: rats consumed ethanol 6.5-8.0 g·kg-1·d-1.
All animals were weighed once a week.  There were no
significant differences in body weight between the con-
trol and ethanol-withdrawal animals.  For the chronic
naloxone studies, the control and ethanol-administra-
tion groups received naloxone (1.0 mg·kg-1·d-1, ip) or
saline treatment for 10 d from d 20 of ethanol
administration.  Thus, there were eight groups of rats
in the chronic ethanol administration and chronic nalox-
one treatment: (1) intake of tap water for 30 d (control),
(2) chronic intake of ethanol for 30 d (chronic ethanol),
(3) withdrawal 24 h after 30 d of ethanol intake, (4)
withdrawal 72 h after 30 d of ethanol intake, (5) with-
drawal 7 d after 30 d of ethanol intake, (6) control plus
chronic naloxone-treated (naloxone only), (7) chronic
ethanol intake plus chronic saline-treated, and (8)
chronic ethanol intake plus chronic naloxone-treated
(chronic ethanol+naloxone).

Immunohistochemistry of CREB and p-CREB
Rats from these eight groups were anesthetized with
sodium pentobarbital (40 mg/kg, ip) and then perfused
intracardially with saline (0.9 % NaCl, 150 mL), fol-
lowed by 400 mL of 4 % ice-cold paraformaldehyde
prepared in 0.1 mol/L phosphate buffer solution (pH=7.4).
Brains were dissected out and placed in the same fixa-
tive solution at 4 ºC for 3-4 h.  After postfixation, brains
were soaked in 20 % sucrose (prepared in 0.1 mol/L
phosphate buffer, pH=7.4), at 4 ºC overnight.  Brains
were then frozen and consecutive 25 µm thick coronal
sections containing the nucleus accumbens between the
Bregma 1.60 mm and the Bregma 0.70 mm were pre-
pared on a cryostat, according to the Stereotaxic Atlas
of Paxinos and Watson[17].  Those sections were placed
in 0.01 mol/L phosphate-buffered saline (PBS, pH=7.4)
at 4 ºC.

Sections were washed twice with PBS at room
temperature for 10 min and then in PBS containing 0.2 %
Triton X-100 for 30 min.  Non-specific binding sites
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were blocked in 2 % goat serum in PBS/0.2 % Triton X-100
for 30 min.  Sections were further incubated with CREB
or p-CREB antibodies (diluted in PBS/0.2 % Triton
X-100: 1:200 for CREB and p-CREB) at 4 ºC for 72 h.
After incubation, the sections were washed three times
at room temperature for 10 min and were incubated
with biotinlyated secondary antibodies at room tempera-
ture for 1 h.  Then, the sections were incubated with
avidin-biotin-peroxidase complex (1:100, room
temperature, 45 min) from a Vector ABC Kit.  The sec-
tions were subsequently incubated with DAB (0.5 g/L)
at room temperature for 10-15 min.  The brown color
reaction with DAB was stopped after checking the stain-
ing with the microscope.  For the negative control sec-
tions an identical protocol was used, except that 1 %
bovine serum albumin in PBS was substituted for the
primary antibody.

Quantitative analysis  The quantification of im-
munoreactive positive particles was performed using
the Leica Image Analysis System connected to a light
microscope that calculated the number of positive par-
ticles/100 µm2 area of defined nucleus accumbens.  The
threshold of each image was set up in such a way that
areas without staining should give zero counts.  Under
this condition, we counted the positive particles in the
nucleus accumbens areas surrounding to the anterior
commissure (Fig 1).  Three adjacent brain sections of
each rat were counted and then values were averaged
for each rat.

Statistical analysis  Data from 6 rats of each

group were presented as the mean±SD.  Statistical analy-
sis of data was performed with t test.

RESULTS

Changes in CREB and p-CREB protein levels
in the nucleus accumbens during chronic ethanol
intake and its withdrawal  The immunostaining of
CREB and p-CREB protein was specific because we
did not observe any positive staining in the negative brain
sections (Fig 1).  Ethanol given to rats in drinking wa-
ter led to a significant reduction in p-CREB protein level
in the nucleus accumbens (-75 %; t=17.89) (Fig 2B,
Fig 3A) compared to control.  The decrement of p-CREB
protein in the nucleus accumbens remained at 24 h (-35 %;
t=6.76) and 72 h (-28 %; t=6.37) (Fig 2C, D, Fig 3A)
after ethanol withdawal compared to control rats, and
p-CREB protein level in the nucleus accumbens ap-
proached control levels after 7 d of ethanol withdrawal
(t=1.66) (Fig 2E).  However, ethanol given to rats in
drinking water had no effect on the expression of CREB
protein in the nucleus accumbens compared to control
(t=1.33) (Fig 2G, Fig 3B).  The level of CREB protein
in the nucleus accumbens did not change during etha-
nol withdrawal yet (t=0.87) (Fig 2H, Fig 3B).  These
results suggest that the phosphorylation status of CREB
is attenuated in the specific neurocircuitry of nucleus
accumbens during chronic ethanol intake and its
withdrawal, but the expression of CREB protein did not
change.

Effects of naloxone on the expression of CREB
and p-CREB during chronic ethanol intake Chronic
naloxone treatment, when administered concurrently
with ethanol treatment, significantly blocked the down-
regulation of p-CREB protein level in the nucleus
accumbens at the time exposure to ethanol (Fig 4B, C).
The level of p-CREB in the nucleus accumbens of etha-
nol-intake plus naloxone treatment rats was 142 % higher
than that in ethanol-intake plus saline treatment rats
(t=8.74) (Fig 5A).  However, chronic naloxone treat-
ment alone had no apparent direct effect on the phos-
phorylation of CREB in the rat nucleus accumbens, as
compared to control rats (t=0.50) (Fig 4D, Fig 5A).
Chronic naloxone treatment failed to produce signifi-
cant alteration in CREB protein level in the nucleus
accumbens of ethanol-intake rats (t=1.02) (Fig 4G, Fig
5B), and chronic naloxone treatment alone did not modify
the expression of CREB in the nucleus accumbens com-
pared with control rats (t=1.17) (Fig 4H, Fig 5B).

Fig 1.  One typical negative section containing the nucleus
accumbens.  The section was incubated with 1 % BSA in
PBS containing 0.2 % Triton X-100 without primary anti-
bodies for p-CREB and CREB.  Nacc, nucleus accumbens;
AC, anterior commisure.  ×200.
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DISCUSSION

The cAMP signaling pathway is a major target for
ethanol in intact cells[18].  It has been showed that vari-
ous components (neurotransmitter receptors, G protein,
adenylate cyclase, PKA) of the cAMP signal transduc-
tion cascade were decreased in the rodent brain during

ethanol dependence.  It is possible that the function of
the CREB gene transcription factor may also be altered
during ethanol dependence.  Since the nucleus accu-
mbens is an important brain region for reinforcement
and motivational aspects of ethanol dependence, we
explored the effects of chronic ethanol on CREB in the
nucleus accumbens of rats in this study.  The results

Fig 2.  Immunostaining of p-CREB (A-E) and CREB (F-H) protein in the nucleus accumbens of control, ethanol-intake, and
ethanol-withdrawal rats.  A, F:  control;  B, G: ethanol-intake for 30 d;  C, H: ethanol-withdrawl for 24 h; D, E: ethanol-
withdrawl for 72 h and 7 d.  ×200.

Fig 3.  Effects of chronic intake of ethanol and its withdrawal (24 h, 72 h, 7 d) on the levels of p-CREB (A) and CREB (B)
protein (number of immunopositive particles per 100 µm2 area) in the rat nucleus accumbens.  n=6 rats.  Mean±SD.  cP<0.01
vs control.
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indicated that though a long-term intake of ethanol did
not effect the expression of CREB in the nucleus
accumbens, it produced a significant decrease in p-CREB
immunoreactivity in the rat nucleus accumbens, and
the decrement of p-CREB protein remained at 24 h and
72 h of ethanol withdrawal, which implied that the de-

creased p-CREB in the nucleus accumbens at the time
of exposure to ethanol may underlie some of long-term
adaptation assiociated with ethanol dependence.  Our
findings that chronic ethanol intake led a decrease of p-
CREB protein in the nucleus accumbens are similar to
the studies of Ikemoto et al[19], who found that chronic

Fig 4.  Immunostaining of p-CREB (A-D) and CREB (E-H) protein in the nucleus accumbens of control, ethanol-intake, and
naloxone-treated rats.  A, E:  control;  B, F:  ethanol-intake for 30 d;  C, G: chronic ethanol-intake plus naloxone-treated;  D,
H: naloxone-treated alone.  ×200.

Fig 5.  Effects of chronic intake of ethanol and naloxone  with or without concurrent ethanol on the levels of p-CREB (A) and
CREB (B) protein in the rat nucleus accumbens.  n=6 rats.  Mean±SD.  cP<0.01 vs chronic ethanol.
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morphine treatment decreased CREB-DNA binding ac-
tivity in the amygdala, hypothalamus, and cortex, and
the CREB-DNA binding activity still reduced in those
brain regions after 14 d of morphine withdrawal, which
may underlie some of the long-term adaptation of opiate.
In contrast, Pandey et al[20] reported that chronic etha-
nol treatment had no effect on p-CREB immunoreac-
tivity in rat cortex such as frontal cortex, piriform cor-
tex and parietal cortex, and the level of p-CREB signifi-
cantly decreased only at 24 h of ethanol withdrawal.
The differences between the present study and the stud-
ies of Pandey et al may be related to the difference in
brain regions (cortex versus nucleus accumbens) in-
vestigated or to the time of ethanol exposure.  It was
only for 14 d that rats were fed with ethanal[20], whereas
in the present study, rats drinked ethanol solution for
one month.  It has been shown that chronic ethanol
exposure impaired phosphorylation of CREB and CRE-
binding activity in rat striatum, which were associated
with a significant reduction in two CREB-modulated
factors, proenkephalin and c-fos expression[21].  Taken
together, these results suggest the possibility that the
decreased expression of CREB-dependent genes in the
nucleus accumbens may be involved in the phenom-
enon of alcohol dependence.

As summarized in the introduction, there are nu-
merous clinical, biochemical, pharmacological, and be-
havioral studies showing interaction between ethanol
and opiates.  This interaction of ethanol and the endog-
enous opiate system in nucleus accumbens could occur,
at least in part, directly via activation of opioid receptor
or indirectly by realeasing endogenous opiate peptides
from the nucleus accumbens neuronal processes known
to contain enkephalin and perhaps dynorphin or β-en-
dorphin as well[1].  The present study showed that long-
term naloxone treatment did not affect the expression
of CREB and p-CREB in the nucleus accumbens of con-
trol rats, but it antagonized the down-regulation of
p-CREB in the nucleus accumbens at the time of expo-
sure to ethanol, which suggested that the inhibitory ac-
tions of ethanol on the phosphorylation of CREB in the
nucleus accumbens may involve the activation of opi-
ate receptor.  Opiod peptide could inhibit the transloca-
tion and phosphorylation of CREB in rheumatoid arthri-
tis synovial cells and naloxone could reverse the inhibi-
tory effect of the opioid peptides[22], which also sup-
ported that the activation of opiate receptor had an in-
hibitory action on the phosphorylation of CREB.
However, the molecular mechanism by which nalox-

one blocked the down-regulation of the phosphoryla-
tion of CREB in the nucleus accumbens at the time of
exposure to ethanol is sill unknown.  Previous studies
have demonstrated that naloxone increasing cytoplas-
mic Ca2+ in smooth muscle cells preincubated with
morphine may be associated with phosphorylation of
CREB enhancement[23].  So, it is suspected that block-
ade of the down-regulation of p-CREB by naloxone at
the time of exposure to ethanol may be due to an in-
crease in the activity of CaM kinase or PKA.  It is also
possible that naloxone treatment increases the expres-
sion of CREB mRNA in the nucleus accumbens.  Fur-
ther studies are needed to explore these possibilities.

In the present study, chronic ethanol exposure
exerted an inhibitory action on the phosphorylation of
CREB in the rat nucleus accumbens, and those changes
did not recover toward control levels until 7 d of etha-
nol withdrawal.  More importantly, chronic treament
of rats with opiate antagonist (naloxone) in combina-
tion with ethanol treatment significantly blocks the de-
crease in phosphorylation of CREB in the nucleus
accumbens at the time of exposure to ethanol.  Since
CREB has been shown to be involved in the long-term
effects of other drugs of abuse, eg, morphine and co-
caine[8-10], our results suggests that changes in the phos-
phorylation of CREB in the nucleus accumbens during
chronic ethanol intake may be associated with the
neuroadaptational mechanisms underlying alcohol
dependence.
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