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The effect of venlafaxine on the expression of brain-derived neurotrophic factor (BDNF) in rat hippocampal
neurons was studied, as well as its inhibitory effect on apoptosis of hippocampal neurons. Differences in
behavioral ability between the depression model group and the venlafaxine treatment group were observed
in behavioral, sucrose-water and open field tests. The rat hippocampal tissue was sliced, stained and
observed for BDNF distribution by immunohistochemistry. Apoptosis of hippocampal neurons was detected
by TUNEL. BDNF expression in the hippocampal tissue was detected by Western blot. Injury and apoptosis
of the hippocampal tissue were observed by electron microscopy. Behavioral test showed that venlafaxine
effectively improved the behavioral abilities of depressed rats. Immunohistochemistry showed that ven-
lafaxine markedly increased BDNF expression in the rat hippocampus. TUNEL showed that venlafaxine
markedly inhibited apoptosis of hippocampal neurons, which was also confirmed by electron microscopic
observation of the pathologic sections. Venlafaxine improved the expression of BDNF by influencing the
PI3k/PKB/eNOS pathway and repressed the apoptosis of hippocampal neurons.

1. Introduction

In recent years, the association between depression and re-
generation of neurons, especially those in the hippocampal
dentate gyrus, has aroused attention. Studies suggest that
antidepressants can promote the re-generation of hippocam-
pal neurons, knowing that the level of hippocampal neuron
re-generation is decreased. It was demonstrated that neuronal
nitric oxide synthase (nNOS) is an inhibitory molecule of neu-
ron re-generation, and is expressed in the hippocampus (Maes
2008; D’Sa and Duman 2002). The hippocampus is one of the
important structures of the cerebral limbic system related to the
pathogenesis and treatment of affective psychotic disorders.
Related clinical data have shown that serotonin (5-HT)-
norepinephrine (NE) reuptake inhibitors (SNRIs) can effectively
treat affective psychotic disorders such as depression. Currently
published evidence-based treatment guidelines recommend the
use of SNRIs such as venlafaxine HCL for the treatment of
acute major depression and as the first-line medication for the
treatment of refractory depression, which probably implies that
depression is associated with multiple not only monoamine
transmitters and other neurophysiological mechanisms (Maes
et al. 2009; Mossner et al. 2007; Miller et al. 2009; Raison et al.
2006; Qin et al. 2007; Dantzer et al. 2008; Moussavi et al. 2007;
Neumeister 2003).
Venlafaxine is a 5-serotonin/norepinephrine dual reuptake
inhibitor and can increase the activity of some CNS neuro-

transmitters, especially the activity of some neurotrophic factors
(NTF). Research in recent years indicates that the etiologic asso-
ciation between hippocampal neuron re-generation and neural
plasticity impairment has become one of the most concerned
topics in the neuropsychiatric filed, and the brain-derived neu-
rotrophic factor (BDNF) supports this hypothesis in many
aspects (Hashimoto et al. 2004; Seidah et al. 1996; Zhou et al.
2006; Gray and Ellis 2008; Huang and Reichardt 2001; Teng
et al. 2005).
Numerous studies have demonstrated that acute and chronic
stress would reduce the expression of BDNF in the rat hippocam-
pus, while administration of anti-suppressants could up-regulate
the expression of BDNF. Studies have demonstrated that nitric
oxide (NO), as a cellular signal molecule, can affect the expres-
sion of BDNF (Canossa et al. 2002; Chen et al. 2005; Kume
et al. 1997; Zheng et al. 2006).
Then how NO affects the expression of BDNF? Which sig-
nal pathway NO take effect through? We tried to contribute to
answers to these questions.

2. Investigations and results

2.1. Changes in the weight gain and amount of
sucrose-water consumption in venlafaxine-treated rats

Anorexia is one of the clinical manifestations of depression. The
sucrose-water test showed that water consumption in the depres-
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Fig. 1: (A) Venlafaxine effectively improves depression-induced anorexia and activity intolerance. Sucrose-water test showed that water consumption in depression group was
decreased significantly as compared with NC group, while the amount of food intake in venlafaxine-treatment group improved significantly. (B) Comparisons in weight
gain and the amount of sucrose-water consumption after establishment of the depression model. *compared with depression group, the values improved significantly in
venlafaxine-treatment group (p < 0.001).

sion group was decreased significantly as compared with the
NC group, while the amount of food intake in the venlafaxine-
treatment group improved significantly (Fig. 1A). Then we
compared the sucrose-water consumption after establishment
of the depression model. When compared with the depression
group, the values improved significantly in the venlafaxine-
treatment group (Fig. 1B, p < 0.001).

2.2. Behavioral changes during open field test (OFT)

As shown in Fig. 2, when compared with the NC group, the
duration of staying in the central compartment was prolonged
significantly in the depression group, and the frequencies of
standing up, tidying up the hair and passing through the com-
partments were decreased significantly, while there was no
significant difference in the number of fecal particles that the
animals eliminated. After venlafaxine treatment, the time of
staying in the central compartment was shortened, and the fre-
quencies of standing up, tidying up the hair and passing through
the compartments were increased to some extent.

2.3. HE staining of rat hippocampal pyramidal cells

Figure 3A revealed that in NC group, the hippocampal pyrami-
dal cell layer is thick; cells are densely, closely and regularly
arranged; the cellular structure is complete with a clear edge.
Figure 3B shows that in the depression group, the hippocampal
pyramidal cell layer was thin; intercellular spaces are widened;
cells are irregularly and loosely arranged; the cellular struc-

ture is incomplete, even with loss of large amounts of cells,
indicating that the hippocampal tissue was damaged and cell
apoptosis occurred in the depression group. In the venlafaxine
group, the hippocampal pyramidal cell layer was restored and
intercellular spaces were narrowed to some extent, indicating
that venlafaxine has some rehabilitative effect against damage
to the hippocampus (Fig. 3C).

2.4. Immunohistochemistry analysis of BNDF protein in
the rat hippocampus

BDNF is an important neurotrophic factor expressed highly
in the hippocampus of normal rats. As shown in Fig. 4A-C,
integrated optical density (IOD) of BDNF (brown particles)
in the depression group was significantly lower than that in
the NC group (P < 0.05). The number of positive hippocampal
neurons and IOD in the venlafaxine group were significantly
higher than those in the depression group (P < 0.05), indicating
that venlafaxine up-regulated BDNF expression in hippocampal
neurons.

2.5. Detection of hippocampal cell apoptosis by TUNEL

TUNEL assay (Fig. 5) showed a significant inhibitory effect
of venlafaxine on hippocampal cell apoptosis. The number of
positive hippocampal cells (brown particles) and IOD in the
depression group were significantly lower than those in the NC
group (P < 0.05). The number of positive hippocampal cells and
IOD in the venlafaxine group were significantly higher than

910 Pharmazie 69 (2014)



ORIGINAL ARTICLES

Fig. 2: OFT before and after depression modeling shows behavioral changes during OFT. Compared with NC group, the duration of staying in the central compartment was
prolonged significantly in depression group, and the frequencies of standing up, tidying up the hair and passing through the compartments were decreased significantly,
while there was no significant difference in the number of fecal particles that the animals eliminated. After venlafaxine treatment, the time of staying in the central
compartment was shortened, and the frequencies of standing up, tidying up the hair and passing through the compartments were increased to some extent. *compared with
depression group, the values improved significantly in venlafaxine-treatment group (p < 0.001).

Fig. 3: (A) In NC group, the hippocampal pyramidal cell layer is thick; cells are densely, closely and regularly arranged; the cellular structure is complete with a clear edge. (B)
In depression group, the hippocampal pyramidal cell layer is thin; intercellular spaces are widened; cells are irregularly and loosely arranged; the cellular structure is
incomplete, even with loss of large amounts of cells, indicating that the hippocampal tissue was damaged and cell apoptosis occurred in depression group. (C) In
venlafaxine group, the hippocampal pyramidal cell layer is restored and intercellular spaces are narrowed to some extent, indicating that venlafaxine has some
rehabilitative effect against damage to the hippocampus.

those in depression group (P < 0.05). * compared with the NC
group, P < 0.05. Data are expressed as mean ± SE.

2.6. Effects of venlafaxine-treatment on PI3K/Akt/eNOS
pathway in depression rats

The levels of PI3K protein expression (Fig. 6A), Akt phos-
phorylation (Fig. 6B) and eNOS phosphorylation (Fig. 6C) in
cerebral tissues were determined by western blot analysis. �-
Actin was used as the internal control. Data are representative
of five individual rats in each group.

2.7. Effects of electroacupuncture on the expression of
Bcl-2 and Bax in depression rats

The protein expression levels of Bcl-2 and Bax were analyzed by
western blotting. Figure 7 indicats that means are significantly
different from that of the normal controls.

2.8. Pathologic changes in the ultrastructure of the rat
hippocampus by TEM

In the NC group, the nuclear membrane was complete, without
evidence of abnormality in mitochondria, endoplasmic reticula
and other organelles (Fig. 8A). In the depression group, the ultra-
structure of the hippocampus underwent pathologic changes, as
represented by shrinkage of the nuclei of hippocampal cells; the

presence of irregular, uneven and unclear nuclear membranes,
with local ruptures; swelling/degeneration of mitochondria in
the cytoplasm and disappearance of the crests; mild dilation
and degranulation of the rough endoplasmic reticulum lumen
(Fig. 8B). In the venlafaxine group, shrinkage of the nuclei of
hippocampal cells and swelling/degeneration of mitochondria
in the cytoplasm were improved.

2.9. Effects of venlafaxine-treatment on nitric oxide
content of hippocampal tissues in rats

As shown in Fig. 9, Venlafaxine could reduce the nitric oxide
content of hippocampal tissues in rats.

3. Discussion

Animals in the depression group exhibited loss of interest,
decreased activity tolerance, sleeping pattern change and weight
loss, symptoms similar to those seen in clinical depressive
patients. The reduction in sugar intake can be regarded as a
manifestation of anhedonia. Most studies use the amount of
sucrose-water intake and the value of sucrose-water preference
as effective parameters for evaluating anhedonia in depression
models.
The result of the present study showed that the amount of
sucrose-water intake and the value of sucrose-water preference
decreased markedly 7, 14, 21 and 28 days after application of
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Fig. 4: Immunohistochemistry of BNDF protein in the rat hippocampus, IOD of BDNF (brown particles) in depression group was significantly lower than that in NC group
(P < 0.05). The number of positive hippocampal neurons and IOD in venlafaxine group were significantly higher than those in depression group (P < 0.05), indicating that
venlafaxine up-regulated the BDNF expression in hippocampal neurons. * compared with NC group, P < 0.05. Data are expressed as mean ± SE.

Fig. 5: TUNEL shows a significant inhibitory effect of venlafaxine on hippocampal cell apoptosis. The number of positive hippocampal cells (brown particles) and IOD in
depression group were significantly lower than those in NC group (P < 0.05). The number of positive hippocampal cells and IOD in venlafaxine group were significantly
higher than those in depression group (P < 0.05). * compared with NC group, P < 0.05. Data are expressed as mean ± SE.

chronic mild stress in the depression group, which is consistent
with the finding of previous studies in stress-induced depression
models. After i.p. administration of venlafaxine, these param-
eters increased suggesting that venlafaxine could relieve the
symptoms of depression.

The open field test (OFT) is a common method used to evaluate
depression and anxiety in animal models. It can also be used
to observe activity tolerance, the ability of exploration, and the
emotional state, among which the distance of horizontal move-
ment can reflect the ability of activity, and vertical movement
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Fig. 6: Effect of venlafaxine-treatment on PI3K/Akt/eNOS pathway in depression
rats. The levels of PI3K protein expression, Akt phosphorylation and eNOS
phosphorylation in cerebral tissues were determined by western blot analysis.
�-actin was used as the internal control. Data are representative of 5
individual rats in each group. The symbols “*”and “**” indicate that means
are significantly different from that of the normal controls (*: P < 0.05, **:
P < 0.001, respectively).

and the distance of the central movement route can reflect the
ability of exploration in a new environment. Some researchers
believe that the central movement route can not only reflect the
ability of exploration in rats but the state of anxiety. In the present
experiment, we applied chronic mild stress to the animals for 7,
14, 21 and 28 days, and then compared them with the normal

Fig. 7: Effect of electroacupuncture on the expression of Bcl-2 and Bax in depression
rats. The protein expression levels of Bcl-2 and Bax were analyzed by
western blotting. �-actin was used as the internal controls for western blot
analyses. Data are representative of five individual rats in each group. The
symbols “*”and “**” indicate that means are significantly different from that
of the normal controls (*: P < 0.05, **: P < 0.001, respectively).

control animals. It was found that the duration of staying in the
central zone was prolonged, and the frequencies of standing up,
tidying up the hair and passing through the compartments were
decreased to some extent in animals of the depression group.
There was no significant difference in the number of fecal par-
ticles that the animals eliminated. After venlafaxine treatment,
the duration of staying in the central zone was shortened, and
the frequencies of standing up, tidying up the hair and pass-
ing through the compartments were increased to some extent.
Most OFT studies demonstrated that the abilities of activity and
exploration were decreased in rats when they were subjected
to chronic mild stress. However, some other studies reported
that the activity of stressed rats was increased during OFT, or
there was no significant change in the overall activity ability.
These conflicting findings suggest that behavioral changes are
not always the same in stressed rats during OFT, which is con-
sistent with the clinical finding that spontaneous activities were
decreased in some depressive patients and increased in some
other depressive patients.
Many studies have demonstrated that the hippocampus became
atrophic in both depressive patients and depression-modeled ani-
mals. Anti-depressants can improve the symptoms by increasing
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Fig. 8: Pathologic changes in the ultrastructure of the rat hippocampus by TEM. In NC group, the nuclear membrane is complete, without evidence of abnormality in
mitochondria, endoplasmic reticula and other organelles. (A) In depression group, the ultrastructure of the hippocampus undergoes pathologic changes, as represented by
shrinkage of the nuclei of hippocampal cells; the presence of irregular, uneven and unclear nuclear membranes, with local ruptures; swelling/degeneration of mitochondria
in the cytoplasm and disappearance of the crests; mild dilation and degranulation of the rough endoplasmic reticulum lumen. (B) In venlafaxine group, shrinkage of the
nuclei of hippocampal cells and swelling/degeneration of mitochondria in the cytoplasm are improved.

neural re-generation and restoring the volume of the damaged
hippocampus. For this reason, most researchers believe that the
occurrence of depression may be associated with abnormal re-
generation of hippocampal neurons, which also indicates that the
phenomenon of hippocampal neural re-generation exists in var-
ious life periods. Current studies have demonstrated that nerve
re-generation occurs continuous in two brain zones: the sub-
ventricular zone (SVZ) and the subgranular zone (SGZ). With
the progression of proliferation and differentiation, newly gen-
erated neurons migrate gradually to CA3, where they conjunct
with pyramidal neurons in the hippocampal cortical circuit to
adjust emotions and cognitive function. Studies have shown that
re-generation of hippocampal neurons is affected by multiple
factors, including neurotransmitters, hormones, nerve growth
factors, and external factors such as stress, substance depen-
dence and activity. It was found in the present study that BDNF
was up-regulated after venlafaxine administration, which effec-
tively inhibited apoptosis of hippocampal neurons. The TUNEL
and TEM results showed that apoptosis of hippocampal neurons
in venlafaxine group was improved significantly as compared
with the depression group.
Venlafaxine is a common and widely used anti-depressant at
present, and its therapeutic effect of improving the symptoms
of depression is evident. Despite the short half life, a better
understanding about its action mechanism would be of great
help to the research and development of new anti-depressants of
like structures.

4. Experimental

4.1. Animals

Thirty healthy adult male Sprague-Dawley (SD) rats weighing 200 ± 20 g
(Shanghai Research Center for Model Organisms, License No. SCXK (HU)
2009-0023) were group-housed in 450 × 240 × 200 mm clear plastic con-
tainers under 12:12 h light/dark cycles, with food and water ad libitum, and
accustomed at 23 ◦C and relative humidity 45%∼2% for a week before the
experiments were begun. Animal studies were approved by the Animal Care
and Use Committee of Fudan University.

4.2. Experimental design

The animals were equally assigned to a normal control (NC) group, a depres-
sion modeled group and a venlafaxine-treatment group. Animals in NC
group did not receive any stimulation, and the remaining animals received
any one of the following stimulations randomly daily for 28 days: swim-
ming in ice cold water (4 ◦C) for 5 min, swimming in hot water (48 ◦C) for
5 min, starvation for 48 h, restraint from food and water for 24 h, day-night
reversal for 24 h, clamping the tail and shaking for 2 min, and electric shock
of the sole at 1 mA for 10 s at a 1-min interval x 30. The same stimulation

would not be used consecutively. Behaviors of the animals were evaluated
at the end of stimulation everyday.

4.3. Drug administration

Venlafaxine (2 mg) was dissolved in 1 ml normal saline (NS). After suc-
cessful establishment of the depression model as described (Canossa et al.
2002; Chen et al. 2005; Kume et al. 1997; Zheng et al. 2006), venlafax-
ine (1 mg/100 g, 2 mg/ml) was injected intraperitoneally (i.p.) to animals in
venlafaxine group 30 min before initiation of the stimulation at 7:30. The
same amount of NS was injected i.p. to animals in depression group, both
for 28 days.

4.4. Material preparation and perfusion

The rats were anesthetized by i.p. injection of 10% chloral hydrate
(0.2 ml/100 g), and fixed on the operating table to expose the thoracic cav-
ity and heart. The left ventricle was punctured and perfused quickly with
150 ml NS. At the same time, the right atrial appendage was broken with
the operation forceps to drain out the perfusion fluid. When the perfusion
fluid from the right atrial appendage became clear and transparent, the NS
was replaced with 4% paraformaldehyde for continuous perfusion for 1 h.
Soon after completion of the perfusion procedure, the head of the animal
was isolated and the brain tissue was dissected using the operation forceps,
which was fixed in 4% paraformaldehyde for 24 h, and dehydrated by gra-
dient ethanol (Zheng et al. 2006; Willner et al. 1992; Nielsen et al. 2000;
Bielajew et al. 2002).

4.5. Sucrose-water test

After starvation for food and water for 24, 1% sucrose-water was admin-
istered orally to rats before modeling and at day 7, 14, 21 and 28 after
modeling to observe the amount of 1-h water intake and calculate the
amount of water intake per 100 g body weight. The observation parame-
ters included consumption of sucrose-water: the sucrose-water preference
value = sucrose-water consumption/total fluid consumption and sucrose-
water relative consumption value = sucrose-water consumption/body weight
(to eliminate the influence of weight change on sucrose-water consumption).

4.6. Open field test (OFT)

In a quiet room with soft light, the rat was placed in the central compartment
of an open field (100 cm × l00 cm × 60 cm), the bottom of which was equally
divided into 25 compartments of equal area. The rat was observed for 5 min
for the duration of staying in the central compartment of the open box, the
frequency of standing up, the frequency of tidying up the hair, the number of
compartments that the animal passed through, and the number of the fecal
particles that the animal eliminated. OFT was conducted before and after
modeling.

4.7. Immunohistochemistry assay

Rats were sacrificed by an overdose of sodium pentobarbitone for immuno-
histochemical analysis, and then intracardially perfused with PBS, followed
by chilled 4% PFA in PBS. The brain was prepared as described in section
4.4, sliced into 15 mm sections on a cryostat, blocked in PBS containing
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Fig. 9: Effect of venlafaxine-treatment on nitric oxide content of hippocampal
tissues in rats. Data are presented as mean ± SEM. (n = 5). The symbols
“*”and “**” indicate that means are significantly different from that of the
normal controls (*: P < 0.05, **: P < 0.001, respectively).

1% goat serum and 0.1% Triton-X 100, and incubated at 4 ◦C overnight
with anti-BNDF (rat IgG, 1:500; Chemicon). After washing, a streptavidin
horseradish peroxidase (HRP) complex (1:1000; Dako) was applied for 1 h.
Color development was performed with a diaminobenzidine peroxidase sub-
strate kit (Vector Labs, Burlingame, CA). Sections were counterstained with
hematoxylin or eosin.

4.8. Western blotting analysis

Equal amounts of whole-tissue lysates were resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinylidene difluoride (PVDF) membrane (Pall Corp., Port Washing-
ton, NY). This was followed by incubation with primary mouse monoclonal
antibodies against rat PI3K (1:100 dilution; Abnova), mouse monoclonal
antibodies against rat p-AKT and t-AKT(1:100 dilution; Abnova), goat poly-
clonal antibodies against rat p-eNOS and t-NOS (1:200 dilution; Abnova),
rabbit polyclonal antibodies against rat BAX and Bcl-2 (1:200 dilution;
Abnova) mouse monoclonal antibodies against rat b-actin (1:200 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA), respectively. Immunoreac-
tive proteins were detected with enhanced chemiluminescence detection
reagents (Amersham Biosciences, Uppsala, Sweden) according to the man-
ufacturer’s instructions.

4.9. Transmission electron microscopy (TEM)

Sections for TEM were post-fixed for 1 h in 2% glutaraldehyde in PB, treated
in 1% osmium tetroxide, dehydrated, and flat-embedded in Araldite resin.
Plastic-embedded sections were studied by correlative optical microscopy
and TEM as previously described (Willner et al. 1992). Briefly, sections were
photographed under a light microscope and then serially cut into 2-�m semi-
thin sections with a Leica ultramicrotome (EM UC6; Leica Microsystems,
Wetzlar, Germany). The semi-thin sections were stained with 1% toluidine
blue in 1% borax, and examined under the light microscope. Selected semi-
thin sections were sliced into serial ultra-thin sections with a silver-gray
interference color, corresponding to a thickness of approximately 60-70 nm.
The ultra-thin sections were collected on formvar-coated, single-slot grids
stained with uranyl acetate and lead citrate, and examined using a JEOL
TEM (JEM-1011; JEOL Ltd., Tokyo, Japan).

4.10. Nitric oxide (NO) test

Rat hippocampus was isolated in the ice tray. The tissue blood was removed
with normal saline, and right hippocampus was dried with filter paper and
weighed. The tissue homogenates was prepared in 10% of normal saline
(1:9) at 4 ◦C and centrifuged at 3000 r/min for 10 min, NO in this super-
natant was detected by a commercial kit (Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacture’s specifications.

4.11. Statistical analysis

Data are presented as mean ± SD calculated from each experimental group
(n = 10). Statistical significance was determined by one-way ANOVA, fol-
lowed by Bonferroni’s post hoc test for comparison. P values less than 0.05
were considered statistically significant.
Conflicts of interest: The authors have no potential conflict of interests.
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