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ACTA NEUROPSYCHIATRICA

Dose-related effects of venlafaxine on pCREB
and brain-derived neurotrophic factor (BDNF)
in the hippocampus of the rat by chronic
unpredictable stress

Li J-J, Yuan Y-G, Hou G, Zhang X-R. Dose-related effects of venlafaxine
on pCREB and brain-derived neurotrophic factor (BDNF) in the
hippocampus of the rat by chronic unpredictable stress.

Background: The molecular pathogenesis of depression and
psychopharmacology of antidepressants remain elusive. Recent hypotheses
suggest that changes in neurogenesis and plasticity may underlie the
aetiology of depression. The hippocampus is affected by depression and
shows neuronal remodelling during adulthood.
Objective: The present study on the adult rat hippocampus, was to
evaluate the dose-related effects of chronic venlafaxine on the expression
of brain-derived neurotrophic factor (BDNF) and phosphorylated
cyclic-AMP response element binding protein (pCREB).
Methods: Sprague-Dawley rats were exposed to a variety of chronic
unpredictable stressors (CUSs) to establish a depression model. Rats were
treated for either 14 or 28 days with venlafaxine (5 and 10 mg/kg,
respectively). The hippocampal expression of pCREB and BDNF mRNA
and protein was assessed by using immunohistochemistry, western blotting
and reverse transcription polymerase chain reaction (RT-PCR).
Results: Rats subjected to CUS procedure consumed less sucrose solution
compared with non-stressed rats. The CUS influenced exploratory activity
resulting in a reduction of the motility counts. Chronic low dose (5 mg/kg,
14 and 28 days), but not high dose (10 mg/kg, 14 and 28 days) of
venlafaxine treatment increased the expression of pCREB and BDNF
mRNA and protein in the CUS rat hippocampus.
Conclusion: Neuronal plasticity-associated proteins such as pCREB and
BDNF play an important role both in stress-related depression and in
antidepressant effect.
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Introduction

Chronic stress can precipitate depression in sus-
ceptible individuals, but the underlying molecular
pathogenesis in the brain remains elusive. Similarly,
antidepressants provide important relief in many indi-
viduals, but their mechanisms of action are not com-
pletely understood. Stress is used as a model to study
alterations in brain structure and function because
mood disorders are often precipitated or exacerbated
by acute or chronic stressful life events (1). Chronic

unpredictable stress (CUS), consisting of several
relatively unpredictable stressors, was considered to
be a valid animal model of depression (2,3) and
could induce anhedonia, a core symptom of depres-
sion in human, as measured by changes in sucrose
consumption in rats (4). The model was proved to be
successful in the functional identification of antide-
pressant, and therefore had a high degree of predic-
tive validity (5–7).

There is increasing evidence suggesting cellu-
lar and molecular adaptations at several levels of
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brain neurons in response to antidepressant treatment.
It has been reported that antidepressant treatment
blocks the stress-induced atrophy of CA3 pyrami-
dal cells and increases neurogenesis of hippocampal
granule cells (8–10). Strong evidence suggests that
antidepressants work by induction of neuroplastic
changes mediated through regulation of brain-derived
neurotrophic factor (BDNF). BDNF is a member of
the neurotrophin superfamily that is responsible for
promoting and modifying growth, development and
survival of neuronal populations (11). The expres-
sion of BDNF in the hippocampus is dramatically
downregulated by exposure to stress (12). This effect
is seen in the dentate gyrus (DG), CA3 and CA1
pyramidal cell layers, and is observed after acute or
chronic stress. In contrast to the effects of stress,
chronic administration of different classes of antide-
pressants increases the expression of BDNF in the
hippocampus, as well as in the frontal cortex (8–10).
Chronic administration of amitriptyline or venlafax-
ine at 5 mg/kg, but not 10 mg/kg, increased the
intensity of BDNF immunostaining in hippocampal
pyramidal neurons of normal rats (13). Researchers
have also found that a single infusion of BDNF
into the hippocampus produces a potent and long-
lasting antidepressant effect in these behavioural
models (14).

The transcription factor, cyclic-AMP response ele-
ment binding protein (CREB), plays an important
role in neuronal plasticity. CREB is dynamically
phosphorylated at the serine 133 residue in response
to a variety of neuronal stimuli. Therefore, nuclear
staining of pCREB reports activation of a particular
brain area in response to external or internal stim-
uli (15). Increased expression of CREB would expect
to lead to regulation of specific target genes, two of
which may be BDNF and tyrosine kinase receptor B
(TrkB) (16,17). In addition, pCREB was associated
with newly generated cells in the adult hippocampus
and has been suggested to play a role in the forma-
tion of synaptic contacts by newly generated neurons
in both the developing and adult brain (18).

Venlafaxine is a dual-action antidepressant with
high rates of remission achievement in major depres-
sion (19). The present study, in the adult rat hip-
pocampus, was to evaluate the dose effects of chronic
venlafaxine on the expression of BDNF and pCREB
and the dose-related differences in the expression of
neuroprotective proteins of rats.

Materials and methods

Animals

Adult male Sprague-Dawley rats weighing about
180–220 g were offered by the National Rodent
Laboratory Animal Resources, Shanghai branch

of China. One hundred rats were used in all
experiments. Rats were housed in groups of eight in
a temperature- and humidity-controlled (temperature:
21–23 ◦C; humidity: 50–55 ◦C) environment and
maintained on a 12-h light/dark cycle with free access
to food and water. All experiments were performed
in accordance with the local, international and institu-
tional guidelines. Every effort was taken to minimise
the number of animals used and their suffering. Six-
teen rats died during the course of the study.

Sucrose test

Sucrose test was used to measure anhedonia, which
has been defined as a reduction in sucrose consump-
tion relative to the control group. The protocol for
this test was based on that reported previously (20).
Rats were first trained to consume 1% sucrose solu-
tion before beginning the experimental procedures.
Training consisted of five 1-h baseline tests in which
sucrose was presented in the home cage, followed
by 24-h food and water deprivation; intake was mea-
sured by weighing the preweighted bottles containing
the sucrose solution at the end of the test. Subse-
quently, sucrose consumption was monitored once
each week, under similar conditions throughout the
whole experiment. All sucrose tests were carried out
at 8 a.m.

Open-field test (OFT)

The open-field test (OFT) evaluated the general
locomotor and exploratory behaviour of rats, and
the experiments were performed as described ear-
lier (21). Each rat was placed at the centre of the
open field (75 cm square chamber, 80-cm-high walls
with its floor divided into 25 equal squares) for 5 min
in a quiet room after weighing. Assessed parameters
were the time in the centre square, the number of
crossing squares, the frequency of rearing, the fre-
quency of grooming and the number of fecal pellets.
Next test was performed after cleaning the chamber.
OFTs were performed before and after CUS.

CUS paradigm

The stressed rats were subjected to the follow-
ing conditions used by Katz et al. (22) and Willner
et al. (20), with minor modifications. Rats were sub-
ject to stress once per day over a period of 28 days
between 8:00 and 12:00 a.m. The CUS procedure
consisted of the following stressors in a random
order: cold swim (4 ◦C, 5 min), food deprivation
(48 h), hot swim (58 ◦C, 5 min), water and food
deprivation (24 h), day and night reversion (24 h),
tail pinch and shaker stress (2 min) and foot shock for
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30 min (1 mA, 1 s duration, average 1 shock/min).
Non-stressed animals were left undisturbed in the
home cages except for the necessary controls such
as regular cage cleaning and weighing.

Antidepressant treatment

After CUS, the stressed rats were divided into seven
groups randomly. Normal control rats (NC, n = 10)
and the first group of stressed rats (CUS0, n = 10)
were killed (between 9 and 12 a.m.). The other
stressed rats were treated for either 14 or 28 days
with saline (14 days, CUS1, n = 10; 28 days, CUS2,
n = 10) or venlafaxine [5 mg/kg (14 days, LV1, n =
11; 28 days, LV2, n = 11) and 10 mg/kg (14 days,
HV1, n = 11; 28 days, HV2, n = 11)]. These doses
have been widely used in animal studies (13,23).
Venlafaxine was administered i.p. in a volume of
2 ml/kg with doses calculated from the salt form and
expressed as milligrams per kilogram (Fig. 1).

Immunohistochemistry

One day following the last dose of venlafaxine or
saline, rats were anesthetised by i.p. injection of
10% chloral hydrate in normal saline. Rats were
perfused transcardially with saline and then 4%
paraformaldehyde in 0.1 M phosphate buffer (PB).
After perfusion, the brains were extracted. Tissue
blocks of 3-mm thick were cut and postfixed in the
same fixative for 24 h.

Fixed blocks from the brain posterior to the
infundibular stalk were embedded in paraffin. Coro-
nal tissue sections of 4-μm thick were cut on
a rotary microtome and mounted onto 3-amino-
propyltriethoxy-silane (APES)-coated slides. Paraf-
fin sections were dewaxed with xylene and rehy-
drated in a graded series of ethanol. Slides were
submerged in 3% hydrogen peroxide to quench
any endogenous peroxidase activity, washed with

Fig. 1. Details of the experimental procedure.

distilled water and heated at 95–98 ◦C in 1 mM
ethylenediaminetetraacetic acid (EDTA) (pH 8.0) for
15 min, then cooled at room temperature for 40 min
and washed with phosphate buffered saline (PBS).
An aliquot of 10% non-immune goat serum was
applied to eliminate non-specific staining. Primary
antibodies were diluted in PBS and applied for 24 h
at 4 ◦C (pCREB: 1:50, rabbit monoclonal, Cell sig-
naling, USA; BDNF: 1:75, rabbit polyclonal, Chemi-
con, USA). The sections were washed with PBS and
incubated with biotinylated goat anti-rabbit IgG anti-
bodies for 30 min, rewashed with PBS and incubated
with peroxidase-conjugated streptavidin for 30 min.
The peroxidase activity was visualised by incubating
the sections with a peroxidase substrate solution after
sufficient washing. The sections were counterstained
with haematoxylin and mounted. A 1:1000 diluted
solution of non-immune rabbit serum was used as
control in the immunohistochemical localisation of
the pCREB and BDNF protein.

In order to determine pCREB and BDNF immuno-
reactivity intensity of hippocampus, sections were
examined under bright-field illumination, homoge-
neously lighted and digitalised using a charge cou-
pled device (CCD) camera. Photographs were taken
at ×20 magnification. We counted the numbers and
integral optical density (IOD) of positive cells.

Western blot

Right hippocampus of rats was rinsed with ice-cold
PBS before being collected in lysis buffer. After
lysis for 15 min in ice, the whole lysates were cen-
trifuged at 13 400g for 15 min. The protein con-
tent in each supernatant fraction was determined
using Bradford’s solution, and samples contain-
ing an equivalent amount of protein were applied
to 12% acrylamide denaturing gels (sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis). After
electrophoresis, proteins were transferred to nitro-
cellulose membranes (Amersham, Uppsala, Sweden)
using a Bio-Rad mini-protein-III wet transfer unit
overnight at 4 ◦C. Blotting membranes were incu-
bated with 5% non-fat milk in Tris-buffered saline
Tween-20 (TBST) [10 mM Tris (pH 7.6), 150 mM
NaCl, 0.01% Tween-20] for 2 h at room temper-
ature, washed three times, and then were incu-
bated with phospho-CREB-ser133 (1:1000, rab-
bit monoclonal, Cell signaling, USA) and BDNF
(1:1000, rabbit polyclonal, Chemicon, USA) in
TBST overnight at 4 ◦C. After several washes with
TBST buffer, the membranes were incubated for 1 h
with horseradish peroxidase-linked secondary anti-
body (Santa Cruz, USA) diluted 1:10 000 followed
by 10 washes. The membranes were then processed
with enhanced chemiluminescence western blotting
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detection reagents (Pierce, Rockford, Illinois, USA).
The films were scanned and densitometry was
performed using the Labworks Version 4.5 image
software (UVP, USA).

Reverse transcription polymerase chain reaction

Total RNA from the hippocampus was extracted
using the Trizol reagent in accordance with the
manufacturer’s instructions. The RNA product was
resuspended in 20 μl diethyl pyrocarbonate (DEPC)-
treated water. The quality of RNA was judged from
the pattern of ribosomal RNA after electrophoresis of
RNA through 1.5% agarose gel containing ethidium
bromide (EB) and visualisation by UV illumination.
RNA was stored at −80 ◦C until use. After extraction
of total RNA, reverse transcription was performed.
Following incubation for 5 min at 72 ◦C, 2 μg of
total RNA was reverse transcribed for 1 h at 42 ◦C
with 0.01 μg random primers in the presence of
200 units of M-MLV reverse transcriptase (Promega,
USA), 10 units of RNasin ribonulease inhibitor
and 500 μM final concentration of deoxynucleotide
triphosphate (dNTP) in a 20 μl reaction mixture.
The cDNA products were stored at −20 ◦C until
use.

The resulting single-stranded cDNA was amplified
by polymerase chain reaction (PCR), which was per-
formed with specific designed primers for the genes
in search. After an initial 30 s denaturing cycle at
94 ◦C, an optimal number of cycles was performed
as determined for the specific gene (Table 1), includ-
ing denaturation, annealing and polymerisation, fol-
lowed by a final 30 s elongation step at 72 ◦C. The
optimal number of cycles and cDNA amount and
primers’ concentration were established according
to a stringent calibration process determining the
log–linear phase of amplification for each gene. The
amplified products were separated on 1.5% agarose
gels stained with EB and photographed under UV
illumination with gel-documentation system. Results
were evaluated as a relative unit and determined by
normalisation of the IOD of CREB or BDNF band
to that of the β-actin band.

Statistical analysis

Results were presented as mean ± SD. Analysis
of variance (ANOVA) for repeated measures was
performed on sucrose intake and body weight.
The results of open-field behaviour were analysed
by one-factor ANOVA. When analysed all other
measures, the data of NC and CUS0 were analysed
by paired-sample t-test. The data of CUS1, CUS2,
LV1, LV2, HV1 and HV2 were analysed by two-
way ANOVA (time × dose). Where significant main
effects or interactions were indicated, post hoc
planned comparisons were performed using the
Tukey test. Significance was established against an
alpha level of 0.05.

Results

Change in body weight

There was a significant effect of stress treatment on
the body weight of the rats. The mean body weight
of rats in the eight experimental groups did not differ
significantly initially. The weight gain in the groups
exposed to CUS were significantly less than their
controls at the end of the second, third and fourth
week (Fig. 2).

Measurement of sucrose intake

For the sucrose intake test, the last seven groups
consumed sucrose solution much less than their
controls at the end of the second, third and fourth
week (Fig. 3).

Effect of CUS on open-field behaviour

Open-field testing is used to assess locomotion and
exploration behaviour of rats or mice. The CUS
paradigm increased the time in the centre square
significantly. Compared with the controls, CUS
decreased the frequency of rearing, the frequency of
grooming and the number of crossing squares. No
significant difference in the number of fecal pellets
in the open tests was observed between CUS group
and the control (Table 2).

Table 1. Prime sequences and PCR conditions

mRNA Prime sequence (5′ –3′ )

Denaturing
temperature (◦C)

and time (s)

Annealing
temperature (◦C)

and time (s)

Elongation
temperature (◦C)

and time (s)
Number of

cycles
Product
size (bp)

BDNF F TCACAGTCCTGGAGAAAGTC 94 (30) 56 (40) 72 (30) 28 158
R CCGAACATACGATTGGGT

CREB F AGCACCCACTAGCACCAT 94 (30) 56 (40) 72 (30) 28 120
R GCTTCCCTGTTCTTCATT

β-Actin F TAAAGACCTCTATGCCAACACAGT 94 (30) 58 (40) 72 (30) 26 241
R CACGATGGAGGGGCCGGACTCATC
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Fig. 2. Effects of CUS and venlafaxine on body weight.
NC, normal control group; CUS0, CUS group; CUS1,
CUS + saline 14 days group; CUS2, CUS + saline 28 days
group; LV1, CUS + venlafaxine (5 mg/kg) 14 days group;
LV2, CUS + venlafaxine (5 mg/kg) 28 days group; HV1,
CUS + venlafaxine (10 mg/kg) 14 days group; HV2,
CUS + venlafaxine (10 mg/kg) 28 days group. n = 10–11 for
each experimental group. Data were expressed as mean ± SD.
The data were analysed of variance for repeated measures
followed by Tukey post hoc test. ∗p < 0.05, NC group versus
all the stressed group.

Immunohistochemistry

Rats subjected to CUS exhibited a specific inhibition
of the number of pCREB and BDNF positive nuclei
and IOD in the DG. There were no significant
differences in the CA regions of the hippocampus
between NC and CUS groups. Chronic low dose
of venlafaxine (5 mg/kg) treatment for 28 days
increased the number of pCREB positive nuclei and
IOD in the DG, compared with CUS2 rats. Chronic
administration of low dose venlafaxine (5 mg/kg, 14
and 28 days), but not high dose (10 mg/kg, 14 and

Fig. 3. Effects of the CUS and venlafaxine on sucrose
intake. NC, normal control group; CUS0, CUS group;
CUS1, CUS + saline 14 days group; CUS2, CUS + saline
28 days group; LV1, CUS + venlafaxine (5 mg/kg) 14 days
group; LV2, CUS + venlafaxine (5 mg/kg) 28 days group;
HV1, CUS + venlafaxine (10 mg/kg) 14 days group; HV2,
CUS + venlafaxine (10 mg/kg) 28 days group. n = 10–11 for
each experimental group. Data were expressed as mean ± SD.
The data were analysed of variance for repeated measures fol-
lowed by Tukey post hoc test. ∗p < 0.05, NC group versus all
the stressed groups.

28 days), resulted in a significant increase in the
BDNF IOD in the DG, compared to CUS1 and CUS2
rats. Two-way ANOVA revealed no time × dose
interaction on the expressions of pCREB or BDNF
protein (Fig. 4).

Western blot

Rats subjected to CUS exhibited a specific inhibition
of protein levels of pCREB and BDNF in the
hippocampus. Chronic low dose of venlafaxine
(5 mg/kg) treatment for 28 days increased the protein

Table 2. Effects of CUS on open-field behaviour during the 4-week study period

Groups Number
Time in the centre

square (s)
Frequency of rearing

(times)
Frequency of

grooming (times)
Number of crossing

squares (times)
Number of fecal
pellets (times)

NC 10 0.62 ± 0.25 10.40 ± 3.69 11.20 ± 3.52 50.70 ± 11.66 4.5 ± 2.07
CUS0 10 3.40 ± 1.35∗ 5.30 ± 2.79∗ 4.10 ± 3.21∗ 23.80 ± 11.99∗ 4.3 ± 2.41
CUS1 10 2.70 ± 1.25† 5.90 ± 1.60† 6.30 ± 2.21∗ 24.00 ± 9.29∗ 4.4 ± 2.27
CUS2 10 2.70 ± 1.06† 6.20 ± 4.02† 6.30 ± 1.83∗ 25.20 ± 9.17∗ 4.8 ± 1.48
LV1 11 2.64 ± 1.21† 4.91 ± 1.58∗ 6.64 ± 3.44† 23.36 ± 12.71∗ 4.18 ± 1.89
LV2 11 2.55 ± 1.86† 4.09 ± 3.65∗ 5.55 ± 4.03∗ 21.82 ± 11.48∗ 4.09 ± 1.58
HV1 11 3.55 ± 1.63∗ 5.82 ± 2.18∗ 5.82 ± 1.47∗ 28.09 ± 11.67∗ 5.91 ± 1.22
HV2 11 4.27 ± 1.79∗ 5.55 ± 2.16∗ 6.09 ± 2.21∗ 26.64 ± 7.41∗ 4.91 ± 1.87
F 5.980 4.511 5.104 7.617 1.070
p 0.000 0.000 0.000 0.000 0.391

NC, normal control group; CUS0, CUS group; CUS1, CUS + saline 14 days group; CUS2, CUS + saline 28 days group; LV1, CUS + venlafaxine (5 mg/kg) 14 days group; LV2,
CUS + venlafaxine (5 mg/kg) 28 days group; HV1, CUS + venlafaxine (10 mg/kg) 14 days group; HV2, CUS + venlafaxine (10 mg/kg) 28 days group. Data were expressed as
mean ± SD. The data were analysed by one-factor ANOVA followed by Tukey post hoc test. Compared with control.
∗p < 0.01.
†p < 0.05.
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Fig. 4. Effects of CUS and venlafaxine on phosphorylated cAMP-responsive element binding protein (pCREB) (a) and brain-derived
neurotrophic factor (BDNF) (b) immunoreactivity in the granular cell layer. Phase-contrast micrograph (×200) of NC, normal control
group; CUS0, CUS group; CUS1, CUS + saline 14 days group; CUS2, CUS + saline 28 days group; LV1, CUS + venlafaxine
(5 mg/kg) 14 days group; LV2, CUS + venlafaxine (5 mg/kg) 28 days group; HV1, CUS + venlafaxine (10 mg/kg) 14 days group;
HV2, CUS + venlafaxine (10 mg/kg) 28 days group. Data were expressed as mean ± SD. n = 5 for each experimental group. The
data were analysed by two-way ANOVA followed by Tukey post hoc test and paired-sample t -test. Scale bars: 100 μm.

levels of pCREB compared with CUS2 rats. Chronic
administration of low dose venlafaxine (5 mg/kg,
14 and 28 days), but not high dose, resulted in a
significant increase in the protein levels of BDNF
in the hippocampus, compared with CUS1 and
CUS2. Two-way ANOVA revealed no time × dose
interaction on the expressions of pCREB or BDNF
protein (Fig. 5).

Reverse transcription polymerase chain reaction (RT-PCR)

Rats subjected to CUS exhibited a specific inhibition
of mRNA levels of CREB and BDNF in the
hippocampus. Chronic administration of low dose
venlafaxine (5 mg/kg, 14 and 28 days), but not high

dose, resulted in a significant increase in mRNA
levels of CREB in the hippocampus, compared with
CUS1 and CUS2. There was a tendency for increased
mRNA levels of BDNF in the LV1 and LV2
groups. Two-way ANOVA revealed no time × dose
interaction on the expressions of CREB or BDNF
mRNA (Fig. 6).

Discussion

It is generally believed that the CUS model is a
widely used model of depression, which has induced
several physiological and behavioural depressive-like
symptoms (24). Several studies suggest that CUS-
induced depression model can be used for evaluating

25

https://doi.org/10.1111/j.1601-5215.2010.00512.x Published online by Cambridge University Press

https://doi.org/10.1111/j.1601-5215.2010.00512.x


Li et al.

Fig. 5. Effects of CUS and venlafaxine on phosphorylated cAMP-responsive element binding protein (pCREB) and brain-derived
neurotrophic factor (BDNF) in the hippocampus of the rat. (a) Western blot for pCREB; (b) western blot for BDNF; (c) quantitation
of pCREB and BDNF between NC and CUS0; (d) quantitation of pCREB of CUS1, CUS2, LV1, LV2, HV1 and HV2 groups;
(e) quantitation of BDNF of CUS1, CUS2, LV1, LV2, HV1 and HV2 groups. NC, normal control group; CUS0, CUS group;
CUS1, CUS + saline 14 days group; CUS2, CUS + saline 28 days group; LV1, CUS + venlafaxine (5 mg/kg) 14 days group;
LV2, CUS + venlafaxine (5 mg/kg) 28 days group; HV1, CUS + venlafaxine (10 mg/kg) 14 days group; HV2, CUS + venlafaxine
(10 mg/kg) 28 days group. Data were expressed as mean ± SD. n = 5for each experimental group. The data were analysed by
two-way ANOVA followed by Tukey post hoc test and paired-sample t -test.

the efficacy of antidepressant candidates through
behavioural tests, such as sucrose preference and
OFTs (4,5,25,26).

Sucrose preference test is an indicator of
anhedonia-like behavioural change. Anhedonia, a
core symptom of human major depression, was
modelled by inducing a decrease in responsive-
ness to rewards reflected by a reduced consump-
tion and/or preference of sweetened solutions. The
results of present study showed that rats subjected
to CUS procedure consumed less sucrose solu-
tion when compared with non-stressed rats. The
CUS influenced exploratory activity, resulting in a
reduction of the motility counts in our present study.

This observation is consistent with an earlier study
performed by Katz et al. (22), involving exposure
to a stress regime of which the CUS model is a
development (20).

Recent research considers that depression is asso-
ciated with neuronal atrophy and dendritic reorgan-
isation in the hippocampus and prefrontal cortex,
and these changes are at least partially reversible
by antidepressant treatment (27–29). However, their
mechanisms of action are not completely under-
stood. In the current study, CUS significantly reduced
hippocampal pCREB expression, and chronic low
dose of venlafaxine treatment increased pCREB
expression in the hippocampus. These are in line
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Fig. 6. The expression of β-actin, cAMP-responsive element binding protein (CREB) and brain-derived neurotrophic factor
(BDNF)in the hippocampus after CUS and venlafaxine treatment. (a) RT-PCR for β-actin, CREB and BDNF; (b) quantitation
of pCREB and BDNF between NC and CUS0; (c) quantitation of pCREB of CUS1, CUS2, LV1, LV2, HV1 and HV2 groups;
(d) quantitation of BDNF of CUS1, CUS2, LV1, LV2, HV1 and HV2 groups. NC, normal control group; CUS0, CUS group;
CUS1, CUS + saline 14 days group; CUS2, CUS + saline 28 days group; LV1, CUS + venlafaxine (5 mg/kg) 14 days group;
LV2, CUS + venlafaxine (5 mg/kg) 28 days group; HV1, CUS + venlafaxine (10 mg/kg) 14 days group; HV2, CUS + venlafaxine
(10 mg/kg) 28 days group. Data were expressed as mean ± SD. n = 5 for each experimental group. The data were analysed by
two-way ANOVA followed by Tukey post hoc test and paired-sample t -test.
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with the previous results (30,31). CREB is important
in the processes of axonal growth, as well as being
involved in synaptic plasticity and processes of learn-
ing and long-term memory (32–35). An increase in
the antidepressant-induced pCREB, in contrast to the
reduction in pCREB in the stress paradigm, supports
the aforementioned implication of neuronal plasticity
in stress and in the aetiology of depression and its
treatment.

Currently, there are numerous studies suggesting
that stress decreases the proliferation of new neurons
in the subgranular zone (SGZ) of the hippocampus.
One of the several different classes of antidepres-
sants, including 5-hydroxytryptamine (5-HT) or NE-
selective reuptake inhibitors, increases neurogenesis
in adult hippocampus (36). Neurogenesis is a pro-
cess of generating functionally integrated neurons
from progenitor cells. In most mammals, active neu-
rogenesis occurs throughout life in the subventricular
zone of the lateral ventricles and in the SGZ of the
DG (37). In the present study, pCREB immunoreac-
tivity has changed most prominently in SGZ of the
hippocampus after chronic stress and chronic ven-
lafaxine treatment. Other investigators have previ-
ously reported that chronic antidepressant treatment
increased pCREB expression in the hippocampus and
DG of rats and humans (30,38). Previous studies
have showed that poly-sialated neural cell adhesion
molecule (PSA-NCAM) was transiently expressed
in recently generated granule cells and in neurons
undergoing remodelling and plasticity (39). Simi-
larly, pCREB is expressed in immature neurons of
the SGZ and is often colocalised with PSA-NCAM in
these cells. Recently, our study has shown that CUS
decreased the expression of NCAM mRNA in the
hippocampus. Moreover, the expression of NCAM
mRNA has been shown to increase after chronic
low dose venlafaxine treatment (40). Since chronic
antidepressant treatment increases neurogenesis, and
both PSA-NCAM and pCREB are markers of
recently generated neurons, antidepressant-induced
increases in neurogenesis may at least partially
explain increased expression of PSA-NCAM and
pCREB in the hippocampus of rats chronically
treated with imipramine (41). Taken together, our
findings suggest that pCREB may play an important
role in stress and in the treatment of depression.

In the current study, CUS significantly reduced
hippocampal BDNF expression. Chronic low dose
venlafaxine treatment (28 days) increased BDNF
protein in the hippocampus. They are consistent with
the previous studies (13,17). Initial studies reported
significant reductions of BDNF mRNA expression
in the DG granule, the CA3 and CA1 cell layer
of the hippocampus after an acute immobilisation
stress (12,16). Our study showed that there was a

trend towards increased mRNA levels of BDNF in
the DG of chronic low dose venlafaxine treatment
groups. Possibly, the reason for this discrepancy is
due to differences in the experimental condition. Sub-
sequent work found that other types of stress, includ-
ing unpredictable, footshock, social isolation, social
defeat, swim stress and maternal deprivation, also
decreased the expression of BDNF in the hippocam-
pus (10). In contrast to the actions of stress, different
classes of antidepressants significantly increased the
expression of BDNF in the major subfields of the
hippocampus, including the granule cell layer and
the CA1 and CA3 pyramidal cell layers (16,17). The
upregulation of BDNF by antidepressant treatment
has been confirmed by a number of studies from dif-
ferent laboratories. However, there have been some
inconsistent reports with certain classes of antide-
pressants. There are some studies that have not
observed this effect (42,43). Our study found that
chronic low dose venlafaxine treatment increased the
BDNF expression in the DG, but it did not induce a
statistically significant BDNF expression in the CA1
and CA3 pyramidal cell layers. This could be due to
the treatment paradigm, including the dose of drug
or time of treatment (44,45). For example, once daily
injections for 2 or 4 weeks were used in this study,
while twice daily injections for 2 weeks or once daily
injections for 3 weeks can also be used. We could
also find that most drugs were given in similar or
different doses.

Our results also suggest that changes in the pCREB
and BDNF are related to the dose of venlafaxine
being given. Consistently, a previous study reported
that the high dose of venlafaxine decreased the
intensity of BDNF immunostaining in all subareas
of the normal rat hippocampus (13). The increase
in the pCREB and BDNF immunostaining in the
hippocampus after the low dose of venlafaxine was
not seen after the high dose. The high dose of ven-
lafaxine had no significant effect on two plasticity-
associated proteins in the CUS rat hippocampus. The
mechanism responsible for their therapeutic action
is not understood. The present results suggest that
chronic venlafaxine treatment with low dose might
be a more appropriate therapeutic method in CUS
animal model.

The cAMP–CREB cascade is one of the impor-
tant signalling pathways involved in antidepressant
therapeutic mechanism, of which several molecular
mechanisms had been found to be upregulated in
the hippocampus after chronic antidepressant treat-
ment, including cAMP-dependent protein kinase and
the pCREB (17,38). Increased expression of CREB
would in turn lead to the change of specific target
genes, such as BDNF and TrkB. In the present study,
the mRNA and protein of pCREB and BDNF were
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induced in the hippocampus almost at the same time
point following venlafaxine administration, indicat-
ing that cAMP–CREB–BDNF cascade may play a
significant role both in stress-related depression and
in antidepressant effect.

Conclusion

These findings suggest that neuronal plasticity-
associated proteins such as pCREB and BDNF play
an important role both in stress and in the treatment
of depression.
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