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Abstract

Post-stroke depression is associated with reduced expression of brain-derived neurotrophic
factor (BDNF). In this study, we evaluated whether BDNF overexpression affects depression-like
behavior in a rat model of post-stroke depression. The middle cerebral artery was occluded to
produce a model of focal cerebral ischemia. These rats were then subjected to isolation-housing
combined with chronic unpredictable mild stress to generate a model of post-stroke depression.
A BDNEF gene lentiviral vector was injected into the hippocampus. At 7 days after injection,
western blot assay and real-time quantitative PCR revealed that BDNF expression in the hippo-
campus was increased in depressive rats injected with BDNF lentivirus compared with depressive
rats injected with control vector. Furthermore, sucrose solution consumption was higher, and
horizontal and vertical movement scores were increased in the open field test in these rats as well.
These findings suggest that BDNF overexpression in the hippocampus of post-stroke depressive
rats alleviates depression-like behaviors.
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Introduction
Previous studies have shown that post-stroke depression
(PSD) is one of the most frequent and important neuropsy-
chiatric disorders associated with stroke, and the prevalence
of PSD has increased from 28% to 56% (Haq et al., 2010).
Depression and cognitive impairment in these patients
aggravates the primary disease, and hinders recovery and
the healing process (Sibon et al., 2012). With the incidence
of PSD annually rising, cognitive impairment after PSD is
attracting much more attention among researchers. PSD is
caused by numerous factors, including biological, psycholog-
ical and social factors, but the pathogenesis is still unclear (Li
etal., 2014). Current studies on the molecular pathogenesis of
PSD are focused on three main areas: inflammation (Spalletta
et al., 2006; Dantzer et al., 2011; Anisman and Hayley, 2012),
neurotrophins (Zhang and Pardridge, 2006; Numakawa et al.,
2013) and glutamate (Ising et al., 2005; Sanacora et al., 2012).
Neurotrophins are a group of molecules that promote the
development and survival of neurons. In current research,
brain-derived neurotrophic factor (BDNF) has attracted
extensive attention. A member of the nerve growth factor

family, BDNF, is expressed in both central and peripheral
nervous systems in mammals, particularly in the cortex and
hippocampus. Clinical studies have shown that a reduction
in BDNF levels in cerebrospinal fluid is associated with
age-related cognitive decline (Li et al., 2009). In addition,
perturbations in BDNF signaling are associated with oth-
er neurological diseases, including major depression (von
Bohlen und Halbach, 2010). Indeed, the levels of serum
BDNF are decreased in PSD patients (Zhou et al., 2011).
Animal models of depression indicate that BDNF deficiency
is strongly associated with depression, and antidepressants
can reverse this change (Zhang and Pardridge, 2006). Cog-
nitive impairment in a rat model of PSD is aggravated by
a decrease in BDNF expression in the hippocampus (Song,
2012). To examine whether BDNF overexpression can
improve neuronal function, BDNF lentiviral vectors were
constructed by a number of labs (Tom et al., 2013; Bahi et
al., 2014). Knockdown of BDNF in the rat hippocampus has
also been performed (Taliaz et al., 2013).

In the present study, a BDNF lentiviral vector was injected
into the hippocampus of a rat model of PSD, and the effect

1427



Chen HH, et al. / Neural Regeneration Research. 2015;10(9):1427-1432.

of BDNF overexpression on depression-like behavior was
analyzed.

Materials and Methods

Animals

Specific-pathogen-free adult male Sprague-Dawley rats
weighing 250 * 20 g were supplied by the Laboratory Animal
Center of Zhejiang University in China (animal license No.
SYXK (Zhe) 2007-0098). The animals were housed in clean
cages and maintained at 22 * 2°C with a constant 12-hour
light/dark schedule. The animals were allowed free access to
food and water. This project was approved by the Medical
Ethics Committee of Jinhua Polytechnic (Jinhua, Zhejiang
Province, China).

Experimental groups and model establishment

To evaluate behaviors, sucrose solution consumption and
open-field test behavior were assessed. Thirty-two rats
were equally and randomly divided into four groups as
follows: control (sham-operated), PSD, PSD + lentivirus
(LV)-green fluorescent protein (GFP) and PSD + LV-BD-
NFE. Rats that died after surgery or injection were replaced
with new animals. In the PSD, PSD + LV-GFP and PSD +
LV-BDNF groups, a rat model of stroke using right middle
cerebral artery occlusion was established via embolism
(Wang et al., 2008). Based on the Longa 6-point scoring
scale, rats with postoperative neurological scores > 1 and <
4 after 24 hours were selected (0, no injury; 1, extension
disorder of the left forelimb; 2, circling to the left; 3, falling
to the left when walking; 4, unconscious; 5, death). Rats
with middle cerebral artery occlusion were housed individ-
ually, and subjected to chronic unpredictable mild stress
with seven different stimuli (water deprivation, fasting, wet
litter, behavioral restriction, electric shock to the foot, tail
clamping and forced ice-water swimming). Chronic un-
predictable mild stress was started 7 days following surgery
and lasted for 4 weeks. Animals in the PSD + LV-GFP and
PSD + LV-BDNF groups were injected with lentivirus after
chronic unpredictable mild stress, while the control and
PSD groups were not. The timeline of various procedures
is shown in Figure 1.

Lentivirus for the overexpression of BDNF

In this study, the three-plasmid-based lentiviral expression
system was used. The lentiviral shuttle plasmid pLV-UbC-
GFP-3FLAG was provided by Sunbio Biotech (Shanghai,
China). Using the In-Fusion PCR cloning system, BDNF
cDNA was inserted into the EcoRI site to produce pLV-UbC-
GFP-3FLAG-BDNF. According to a standard method, virus-
es were propagated in 293T cells (No. CRL-11268, ATCC,
Manassas, VA, USA) by co-transfecting pLV-UbC-GFP-
3FLAG-BDNF with psPAX2 and pMD2.G plasmids. The
titer of the recombinant virus was determined by real-time
PCR assay. Sequences of the primers are given in Table 1.

Stereotaxic injection
For stereotaxic surgery, rats were anesthetized with pen-
tobarbital sodium (50 mg/kg) and installed in a stereotaxic
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frame (Huaibei Zhenghua, Anhui Province, China). Using a
precision Hamilton micro-syringe with a 26 G needle, 1 pL
viral solution was bilaterally infused into the CA3 region of
the hippocampus, 4.8 mm posterior to the bregma, + 2.5 mm
lateral to the medial suture, 3.5 mm ventral to the skull sur-
face. All the injections were performed based on coordinates
in The Rat Brain in Stereotaxic Coordinates by George Paxinos
and Charles Watson. Rats in the PSD + LV-GFP group were
injected with the lentiviral vector pLV-UbC-GFP-3FLAG, and
rats in the PSD + LV-BDNF group were injected with the len-
tiviral vector pLV-UbC-GFP-3FLAG-BDNE

Histochemistry

Seven days after viral injection, rats were anesthetized with
pentobarbital sodium, and then perfused with 500 mL of
0.9% saline, followed by 4% paraformaldehyde solution. The
brains were then removed and placed in 4% paraformalde-
hyde solution for at least 24 hours, then transferred to a 30%
sucrose solution. Brains were frozen, sectioned coronally,
mounted on glass slides, stained with 5 mg/L 4',6-diamid-
ino-2-phenylindole (DAPI) (Sigma, St. Louis, MO, USA),
and examined by fluorescence microscopy (BX53; Olympus,
Tokyo, Japan).

Western blot assay

The right hippocampal tissue was harvested and placed in
cold radioimmunoprecipitation assay buffer with fresh 2
mM phenylmethylsulfonylfluoride (Beyotime Bio, Nantong,
Jiangsu Province, China). Tissue blocks were ground on ice
for 15 minutes, and centrifuged at 14,000 X g for 30 minutes
at 4°C. Protein concentration was determined with a BCA
Protein Quantification Kit (Beyotime Bio, Haimen, Jiangsu
Province, China). Before loading onto a 12% sodium do-
decyl sulfate-polyacrylamide gel, equal amounts of protein
were boiled with 5x loading buffer for 5 minutes. Electro-
phoresis was performed at 80 V for 30 minutes and 120 V
for 120 minutes. Separated proteins were transferred onto a
polyvinylidene difluoride membrane at 120 V for 120 min-
utes. Membranes were blocked with 5% non-fat dry milk
overnight at 4°C, and then incubated with primary antibody,
rabbit polyclonal anti-BDNF (1:1,000; Sigma), overnight at
4°C. Equal loading of protein was confirmed by subsequent
B-actin immunoblots (1:1,000; Sigma). Immunodetec-
tion was performed by electrochemiluminescence (Pierce,
Rockford, IL, USA) after incubation with horseradish per-
oxidase-conjugated goat anti-rabbit or rabbit anti-mouse
(1:3,000; Jackson ImmunoResearch, West Grove, PA, USA)
antibody for 1 hour at 37°C. After the X-ray films were
developed and photographed, Quantity One system (Bio-
Rad, Hercules, CA, USA) was used to analyze gray values of
BDNF and f-actin bands. The gray value ratio of BDNF to
B-actin was calculated, and then the ratio of other groups
was compared with the control group.

Real-time quantitative PCR

The left hippocampal tissue was ground in liquid nitrogen.
Total RNA was extracted by Trizol extraction (Invitrogen
Life Technologies, Carlsbad, CA, USA). The purity and
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concentration were determined by spectrophotometry.
Subsequently, 1 pg total RNA was reverse-transcribed into
c¢DNA using the Bestar qPCR RT Kit (DBI Bioscience, Lud-
wigshafen, Germany). Specific primers for rat BDNF and
GAPDH (internal control) were designed by Primer Premier
6 and synthesized by Sangon Biotech (Shanghai, China). The
primer sequences are given in Table 1. SsoAdvanced SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) was used for
real time quantitative PCR that was performed with a Bio-
Rad CFX96 detection system. The reaction was incubated
at 95°C for 30 seconds, followed by 40 cycles of 95°C for 5
seconds and 57°C for 30 seconds. After the reaction, the Ct
value of each sample was subtracted from the value of the
internal control gene to generate the ACt. The 27**“ values
were then compared (Pfaffl, 2001).

Sucrose solution consumption

Prior to the test, rats were deprived of water for 24 hours,
and then provided with 1% sucrose solution for 1 hour. Su-
crose solution consumption (g/100 g) was calculated as the
consumption (g) during 1 hour/body weight (g) x 100.

Open field test

The open box used was 100 cm X 100 cm X 50 ¢cm in size.
The bottom of the box was divided into 25 equal-area grids
with white lines. Rats were placed in the central grid of the
box. The horizontal and vertical movement of the rats was
recorded. Behavioral assessment lasted 3 minutes. The hori-
zontal movement score was based on the frequency of cross-
ing the square, and the vertical movement score was based
on the frequency of rearing (removing two forelimbs from
the ground > 1 cm or clinging to the walls). Before each ex-
periment, the box was completely cleaned. The behavioral
assessment was conducted in a quiet room, from 8:00-12:00
a.m., by two observers. The data from the two observers were
averaged before final analysis.

Statistical analysis

Data are expressed as the mean + SEM, and were analyzed
with SPSS 16.0 software (IBM, Armonk, NY, USA). One-
way analysis of variance followed by Tukey’s post hoc test was
used to determine statistical significance. P < 0.05 was con-
sidered to indicate a statistically significant difference.

Results

Lentivirus-mediated GFP expression in the hippocampus
Tissue sections were stained with DAPI 7 days after lentiviral
vector injection, and observed by fluorescence microscopy.
Vectors were injected into the hippocampus (Figure 2D).
The fluorescence emitted by GFP (encoded within the vec-
tor) was used to confirm the site of injection (Figure 2B, C).

BDNF mRNA expression in the hippocampus of rats with
PSD

BDNF mRNA expression levels in the hippocampus were
lower in the PSD (0.17 + 0.02), PSD + LV-GFP (0.20 + 0.03)
and PSD + LV-BDNF (0.41 £ 0.05) groups compared with
the control group 7 days after injection (P < 0.05). BDNF

mRNA levels were higher in the PSD + LV-BDNF group
than in the PSD + LV-GFP group (P < 0.05). No significant
difference was observed between the PSD and PSD + LV-
GEFP groups (P > 0.05; Figure 3).

BDNF protein expression in the hippocampus of rats with
PSD

BDNF protein expression levels in the hippocampus were
lower in the PSD, PSD + LV-GFP and PSD + LV-BDNF
groups compared with the control group 7 days after injec-
tion (P < 0.05). BDNF protein expression was greater in the
PSD + LV-BDNF group than in the PSD + LV-GFP group
(P < 0.05). No significant difference was observed between
the PSD and PSD + LV-GFP groups (P > 0.05; Figure 4).

The effects of hippocampal lentivirus-mediated BDNF
expression on sucrose solution consumption in rats with
PSD

Before surgery, no significant difference was found in su-
crose solution consumption between the control and other
groups (P > 0.05). Sucrose solution consumption was lower
in the PSD, PSD + LV-GFP and PSD + LV-BDNF groups
compared with the control group after chronic unpredict-
able mild stress 7 days post injection (P < 0.05). Sucrose
solution consumption was higher in the PSD + LV-BDNF
group than in the PSD + LV-GFP group (P < 0.05). No sig-
nificant difference was detected between the PSD and PSD +
LV-GFP groups (P > 0.05; Table 2).

The effects of hippocampal lentivirus-mediated BDNF
expression on depression-like behaviors in rats with PSD
There was no significant difference in the horizontal and
vertical movement scores between the control and other
groups before surgery (P > 0.05). The horizontal and vertical
movement scores were lower in the PSD, PSD + LV-GFP and
PSD + LV-BDNF groups compared with the control group
after chronic unpredictable mild stress 7 days post injection
(P < 0.05). The horizontal and vertical movement scores
were higher in the PSD + LV-BDNF group than in the PSD +
LV-GFP group (P < 0.05). No significant difference was ob-
served between the PSD and PSD + LV-GFP groups (P > 0.05;
Figure 5).

Discussion
A strong association has been found between BDNF and
neurogenesis in in vitro and in vivo studies (Scharfman et al.,
2005; Li et al., 2012). In addition, other studies have shown
that antidepressants improve depression-like behaviors by
promoting hippocampal neurogenesis (Santarelli et al., 2003;
Dranovsky and Hen, 2006). In the present study, we investi-
gated whether overexpression of BDNF in the hippocampus
improves depression-like behaviors in a rat model of PSD.
Animals with PSD exhibit depression-like behaviors, in-
cluding a decline in sucrose preference and reduced activities
in the open-field test, indicative of anhedonia and a reduction
in autonomous acts and exploring behavior. Moreover, the re-
sults indicate that the PSD model was successfully generated.
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Table 1 Primer sequences for WPRE, BDNF and GAPDH, and the product lengths

Gene Sequence (5'-3') Product size (bp)

WPRE Probe: FAM-ACT CAT CGC CGC CTG CCT TGC C-TAMRA 176
Forward: CCT TTC CGG GAC TTT CGC TTT
Reverse: GCA GAA TCC AGG TGG CAA CA

BDNEF Forward: CTG GCG GTT CAT AAG GAT AG 272
Reverse: GCG TAA GTT CAA GGT GTC A
GAPDH Forward: GTC TAC TGG CGT CTT CAC 496

Reverse: CAC CAC CTT CTT GAT GTCA

WPRE: Woodchuck hepatitis posttranscriptional regulatory element; BDNF: brain-derived neurotrophic factor; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase.

7 days 7 days I 28 days 7 days

Adaptation MCAO I CUMS | Behavior evaluation | Stereotaxic injection Behavior evaluation

Behavior evaluation Isolation-housing

Figure 1 The timeline of experimental procedures.
MCAO: Middle cerebral artery occlusion; CUMS: chronic unpredictable mild stress.

Figure 2 Images of representative slices from the hippocampus of rats injected with lentivirus.

(A) The cell nuclei were stained with DAPI (blue, arrow). (B) The distribution of lentivirus, as revealed by GFP expression (green, arrow). (C)
Merged image of A and B. (D) GFP fluorescence (arrow) showing that the hippocampus was accurately targeted by the lentivirus injection. Scale
bars: 50 um. DAPI: 4',6-Diamidino-2-phenylindole; GFP: green fluorescent protein.
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Figure 5 Effects of BDNF on depression-like behaviors in rats with PSD.

(A) The horizontal movement scores for the four groups (control, PSD, PSD + LV-GFP and PSD + LV-BDNF) at three time points (before surgery,
after CUMS and on day 7 post injection). (B) Vertical movement scores. *P < 0.05, vs. control group at 7 days post injection; #P < 0.05, vs. PSD +
LV-GFP group at 7 days post injection; &P < 0.05, vs. control group after CUMS. The data are presented as the mean + SEM. Statistical analysis was
performed using one-way analysis of variance and Tukey’s post hoc test. CUMS: Chronic unpredictable mild stress; PSD: post-stroke depression; LV:
lentivirus; GFP: green fluorescent protein; BDNF: brain-derived neurotrophic factor.
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Figure 3 BDNF mRNA expression in the hippocampus of PSD rats at
7 days after lentiviral injection (real-time quantitative PCR).

*P < 0.05, vs. control group; #P < 0.05, vs. PSD + LV-BDNF group.
Data are presented as the mean = SEM with five rats in each group.
Statistical analysis was done using one-way analysis of variance and
Tukey’s post hoc test. PSD: Post-stroke depression; LV: lentivirus; GFP:
green fluorescent protein; BDNF: brain-derived neurotrophic factor.

Table 2 Changes in sucrose solution consumption (g/100 g body
weight)

7 days post
Group Before surgery After CUMS injection
Control 7.9440.72 8.12+0.88  7.89+0.82
PSD 8.00+0.92 4.9940.76%  5.06+0.58"
PSD+LV-GFP 7.15+0.64 5.1240.81%  5.20+0.97
PSD+LV-BDNE  7.79+1.12 4.8610.79%  6.06+0.88""

*P < 0.05, vs. control group at 7 days post injection; #P < 0.05, vs. PSD
+ LV-GFP group at 7 days post injection; &P < 0.05, vs. control group
after CUMS. The data are presented as the mean + SEM with eight rats
in each group. Statistical analysis was performed using one-way analysis
of variance and Tukey’s post hoc test. CUMS: Chronic unpredictable
mild stress; PSD: post-stroke depression; LV: lentivirus; GFP: green
fluorescent protein; BDNF: brain-derived neurotrophic factor.

Reduced BDNF protein and mRNA expression was found
in PSD animals, consistent with other studies (Cheng et al.,
2013; Zhang et al., 2012, 2014).

Although the mechanisms underlying PSD are not entirely
clear, it has been shown that depression is associated with
decreased expression of BDNF in the hippocampus. In this
study, a lentivirus vector for overexpression of BDNF was
injected into the hippocampus of PSD animals, and sucrose
solution consumption and open field behaviors were assessed.
The results provide direct evidence that increasing BDNF
protein levels in the hippocampus alleviates behaviors asso-
ciated with depression. Sucrose solution consumption and
vertical and horizontal movement were greater in the PSD +
LV-BDNF group compared with the PSD and PSD + LV-GFP
groups, suggesting that depression-like behaviors were ame-
liorated by targeted BDNF expression in the hippocampus.

We conjecture that BDNF enhances the survival and
growth of neurons in the hippocampus. BDNF plays an im-
portant role in learning and memory function, and promotes
the survival and growth of a variety of neurons (Mertz et al.,
2000). In animal studies, the association between depressive
behaviors and reduced hippocampal neurogenesis has been
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Figure 4 BDNF protein expression in rat hippocampus at 7 days post
injection of lentivirus by western blot assay.

(A) Molecular weight of BDNF is 27 kDa, and B-actin protein is 42
kDa. Bands for the four groups are shown (control, PSD, PSD + LV-
GFP and PSD + LV-BDNE). (B) The gray value ratio of the BDNF band
to the B-actin band was calculated, and the relative expression was
compared with the control group. *P < 0.05, vs. control group; #P <
0.05, vs. PSD + LV-GFP group. The data are presented as the mean
+ SEM with five rats in each group. Statistical analysis was performed
using one-way analysis of variance and Tukey’s post hoc test. PSD: Post-
stroke depression; LV: lentivirus; GFP: green fluorescent protein; BDNF:
brain-derived neurotrophic factor.

extensively reported (Monteggia et al., 2007; Adachi et al.,
2008; Taliaz et al., 2010). Studies show that neurogenesis in
the hippocampus is regulated by the BDNF-TrkB signaling
pathway and the N-methyl-D-aspartate receptor (Angelucci
et al., 2004). BDNF protects against glutamate toxicity to
hippocampal neurons, and this effect is mediated by the
phosphatidylinositol 3-kinase and the Ras/mitogen-activated
protein kinase signaling pathways (Almeida et al., 2005).
This study indicates that BDNF overexpression in the
hippocampus of PSD rats may improve depression-like
behaviors. However, experiments on BDNF knockout and
knockdown in specific subregions of the mouse brain have
produced conflicting results, although knockout of TrkB in
neural progenitor cells blocks the proliferation of newborn
neurons (Bergami et al., 2008; Taliaz et al., 2010). Because
reduction of BDNF expression in the hippocampus impacts
neuronal plasticity, synaptic structure and function, it is
reasonable to speculate that low BNDF levels result in de-
creased neurogenesis in the hippocampus, thereby leading to
PSD. However, the molecular mechanisms of depression and
the association with BDNF remain unclear. In the present
study, we did not examine whether overexpression of BDNF
enhances neurogenesis, and whether this in turn underlies
the improvement in depression-like behaviors. Furthermore,
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stereotaxic injection is not feasible in humans for clinical
treatment, and intranasal administration may be a better
option. It has been reported that intranasal BDNF can exert
neuroprotective effects in rats with ischemic stroke (Jiang et
al., 2012). Thus, whether intranasal BDNF can improve de-
pressive behaviors in animals with PSD should be investigat-
ed in future studies, in addition to the relationship between
BDNF and neurogenesis.
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