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Abstract  
In the present study, transplantation of bone marrow-derived mesenchymal stem cells modified 

with brain-derived neurotrophic factor gene into the lateral ventricle of a rat model of Alzheimer’s 

disease, resulted in significant attenuation of nerve cell damage in the hippocampal CA1 region. 

Furthermore, brain-derived neurotrophic factor and tyrosine kinase B mRNA and protein levels 

were significantly increased, and learning and memory were significantly improved. Results 

indicate that transplantation of bone marrow-derived mesenchymal stem cells modified with 

brain-derived neurotrophic factor gene can significantly improve cognitive function in a rat model 

of Alzheimer’s disease, possibly by increasing the levels of brain-derived neurotrophic factor and 

tyrosine kinase B in the hippocampus.  
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INTRODUCTION 
    

Alzheimer's disease (AD) is mainly 

characterized by amyloid beta 25-35 

(Aβ25-35)-induced neuronal and synaptic 

degeneration
[1-3]

, which affects long term 

potentiation and memory consolidation
[4-5]

. 

AD generally responds poorly to treatment. 

Brain-derived neurotrophic factor (BDNF), a 

member of the neurotrophic factor family, 

plays an important role in nervous system 

development and synaptic plasticity, and 

promotes neural regeneration after injury
[6-10]

. 

Some researchers have proposed that gene 

therapy may have positive effects on AD, 

involving BDNF, nerve growth factor (NGF) 

and Aβ catabolic enzyme genes
[11]

. BDNF is 

a large molecule and cannot permeate the 

blood-brain barrier, but bone 

marrow-derived mesenchymal stem cells 

(MSCs) are multipotential cells and can 

transfect genes, thus serving as carriers in 

gene therapy. Tyrosine kinase B (TrkB) is a 

receptor tyrosine kinase and functional 

receptor of BDNF, and plays an important 

role in signal transduction of cells
[12]

. 

In the present study, a rat model of AD was 

established by injection of Aβ25-35 in the 

bilateral hippocampi and transplanted with 

MSCs carrying the BDNF gene through the 

lateral ventricle, to investigate the effects of 

the BDNF gene-modified MSCs on AD 

rats
[13-16]

. 

 

RESULTS 
 

Quantitative analysis of experimental 

animals 

A total of 40 Sprague-Dawley rats were 

randomly assigned to five groups, with eight 

animals in each group. All the rats were 

included in the final analysis. 

 

Group Treatment 

Sham-surgery Injection of normal saline in bilateral 

hippocampi 

Model (AD) Establishment of AD model by injection 

of Aβ25-35 in bilateral hippocampi 

MSCs  MSCs transplantation in AD rats 

BDNF Transplantation of 

pIRESneo-EGFP-BDNF- transfected 

MSCs in AD rats 

Control  Transplantation of pIRESneo- 

transfected MSCs in AD rats  

 

Morphology of MSCs before and after 

BDNF transfection 

Inverted phase contrast microscopic 

observation showed that cells at passage 

three were aligned in a whirlpool-shape and
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were identified as MSCs, as described previously
[17]

 

(Figure 1A). Fluorescence inverted phase contrast 

microscopic observations showed successfully 

transfected MSCs with green fluorescence (Figure 1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Learning and memory ability of AD rats transplanted 

with BDNF-transfected MSCs  

Morris water maze was used to evaluate the learning and 

memory ability of rats in each group. In the navigation 

test, the average escape latency was significantly 

shortened in the BDNF group compared with the model 

group (P < 0.01 or P < 0.05; Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the spatial probe test, the number of times the test 

animal crossed the platform was increased in animals in 

the BDNF group compared with animals in the model 

group (P < 0.05 or P < 0.01; Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Histomorphology in hippocampal CA1 region of AD 

rats transplanted with BDNF-transfected MSCs 

Hematoxylin-eosin (Figure 4) and Nissl body (Figure 5) 

staining results of the hippocampal CA1 region showed 

that the structures were disorderly, number of nerve cells 

was reduced, and the number of Nissl bodies was 

decreased and even absent, and were accompanied with 

karyopyknosis. 

Uranyl acetate-lead citrate staining (Figure 6) of the 

hippocampal CA1 region showed that the neuronal 

membrane was shrunken, the cytoplasm was swollen, 

the mitochondrial crista and partial membrane fusion 

were obscure or absent, rough endoplasmic reticulum 

granule fusion and degranulation were observed, the 

number of free ribosomes was significantly decreased, 

and there was double-layer nuclear membrane fusion. 

In addition, the above pathological changes were 

improved in the control, MSCs, and BDNF groups 

(Figures 4-6). In particular, transplantation of 

pIRESneo-EGFP-BDNF-transfected MSCs significantly 

improved the pathological changes. 

BDNF and TrkB mRNA and protein expression in the 

hippocampus of AD rats transplanted with 

BDNF-transfected MSCs 

Reverse transcription-PCR and western blot analysis 

showed BDNF and TrkB mRNA and protein expression 
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Figure 1  Morphology of mesenchymal stem cells 
transfected with brain-derived neurotrophic factor.  

Cells at passage 3 were arranged in a whirlpool-shape (A; 
inverted phase contrast microscope; scale bar: 150 μm).  

pIRESneo-EGFP-BDNF-transfected mesenchymal stem 

cells showed green fluorescence (B; fluorescence inverted 
phase contrast microscope; scale bar: 20 μm). 

A B 

Figure 2  Changes in average escape latency (time that a 
rat took to search the platform) in the navigation test.  

The mean value of escape latency of each rat in one day 
was regarded as the average escape latency. Data were 
expressed as mean ± SD of eight rats in each group.  

Data of homogeneity of variance were analyzed with 

one-way analysis and Student-Newman-Keuls q test; data 
of heterogeneity of variance were analyzed with Welch 
and Dunnett T3 test.  

aP < 0.01, vs. sham group; bP < 0.05, cP < 0.01, vs. AD 
group; dP < 0.05, eP < 0.01, vs. MSCs group; fP < 0.05,  
gP < 0.01, vs. CON group.  

Sham: Sham-surgery group; AD: Alzheimer's disease 
model group; CON: rats treated with 

pIRESneo-transfected bone marrow-derived 
mesenchymal stem cells (MSCs); MSCs: rats treated with 
MSCs; BDNF: rats transplanted with 
pIRESneo-EGFP-BDNF-transfected MSCs.  

Figure 3  Number of platform crossings in the spatial 
probe test.  

The mean value of times that a rat crossed the platform in 
four times of recording of each rat in 1 day was recorded 
for the results.  

Data were expressed as mean ± SD of eight rats in each 
group. Data of homogeneity of variance were analyzed 

with one-way analysis and Student-Newman-Keuls q test; 
data of heterogeneity of variance were analyzed with 
Welch and Dunnett T3 test.  

aP < 0.01, vs. sham group; bP < 0.01, vs. AD group; cP < 
0.01, vs. MSCs group; dP < 0.05, vs. CON group. 

Sham: Sham-surgery group; AD: Alzheimer's disease 
model group; CON: rats treated with pIRESneo- 

transfected bone marrow-derived mesenchymal stem cells 
(MSCs); MSCs: rats treated with MSCs; BDNF: rats 
transplanted with pIRESneo-EGFP-BDNF-transfected 

MSCs.  
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in the hippocampal CA1 region of each group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The expression levels were minimal in the model group, 

and maximal in the sham-surgery group; the levels of 

BDNF and TrkB mRNA and protein were increased in the 

control, MSCs, and BDNF groups compared with the 

model group (P < 0.01). In particular, BDNF and TrkB 

mRNA and protein expression were significantly 

increased in the BDNF group compared with the control 

and MSCs groups (P < 0.05; Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 
 

BDNF plays an important role in cognition, learning, and 

memory formation
[18-19]

. It promotes cholinergic neuron 

differentiation and survival
[20-22]

, and enhances synaptic 

plasticity
[23-24]

. Decreased hippocampal BDNF in AD 

patients reduces retrograde transport in the cholinergic 

system and induces cognitive impairment
[25-26]

. TrkB is a 

BDNF functional receptor, comprising of one single 

transmembrane peptide chain encoding a 

Figure 4  Pathology of the hippocampal CA1 region in 
each group (hematoxylin-eosin staining; scale bars:      
50 μm).  

(A) In the model group, the size of nerve cells was 
different, and the boundary of nucleus and cytoplasm was 

obscure.  

(B) In the mesenchymal stem cell group, the nerve cells 
were orderly, with a clear boundary between the nucleus 

and cytoplasm.  

(C) In the brain-derived neurotrophic factor group, the 
nerve cells were orderly, and the nucleus and cytoplasm 
were normal. 

   

A B C 

Figure 5  Morphology of nerve cells in the hippocampal 
CA1 region in each group (Nissl staining; scale bars:     
20 μm).  

(A) In the model group, the number of Nissl bodies was 

decreased with cytoplasm karyopyknosis and darkly 
stained cytoplasm.  

(B) In the mesenchymal stem cell group, the nerve cells 
were orderly, with darkly stained cytoplasm.  

(C) In the brain-derived neurotrophic factor group, the 
stain of Nissl bodies was normal. 

A B C 

Figure 6  Ultrastructural changes of nerve cells in the 
hippocampal CA1 region in each group (uranyl acetate- 
lead citrate staining; ×15 000).  

(A) In the model group, the nerve cells were significantly 

swollen, with obscure or absent mitochondrial crista and 
membrane fusion.  

(B) In the mesenchymal stem cells group, the nerve cells 
were swollen, with obscure mitochondrial crista and 

membrane fusion.  

(C) In the brain-derived neurotrophic factor group, the 
nerve cells were mildly swollen, with slight fusion of 
mitochondrial crista and membrane. 

A B C 

Figure 7  Brain-derived neurotrophic factor (BDNF) and 
tyrosine kinase B (TrkB) mRNA (A; reverse 
transcription-PCR) and protein (B; western blot) 

expression in the hippocampus.  

The absorbance ratio of the target gene or protein band to 
the β-actin band was recorded for the results.  

Data were expressed as mean ± SD of eight rats in each 
group. Data of homogeneity of variance were analyzed 
with one-way analysis and Student-Newman-Keuls q test; 
data of heterogeneity of variance were analyzed with 

Welch and Dunnett T3 test.  

aP < 0.01, vs. sham group; bP < 0.01, vs. AD group; cP < 
0.05, vs. MSCs group; dP < 0.05, vs. CON group. 

Sham: Sham-surgery group; AD: Alzheimer's disease 
model group; CON: rats treated with 

pIRESneo-transfected bone marrow-derived 
mesenchymal stem cells (MSCs); MSCs: rats treated with 
MSCs; BDNF: rats transplanted with 

pIRESneo-EGFP-BDNF-transfected MSCs.  
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proto-oncogene, and participates in cell differentiation, 

attachment, and proliferation
[12]

. It is highly correlated 

with normal cognition and mild cognitive dysfunction, and 

from mild cognitive dysfunction to dementia
[27-28]

. Results 

from the present study showed that lateral ventricular 

transplantation of MSCs modified with the BDNF gene 

significantly attenuated neuronal injury in the 

hippocampal CA1 region of AD model rats, and 

increased BDNF and TrkB expression compared with 

MSCs transplantation alone. We presume that the 

transplanted MSCs modified with BDNF migrated to the 

hippocampus and secreted BDNF. Increased BDNF 

levels in the hippocampus can activate the neuronal 

surface receptor TrkB
[29-30]

 and increase TrkB receptor 

expression, which promotes TrkB homodimer formation, 

triggers tyrosine kinase phosphorylation, and transfers 

signals to downstream adapter proteins and enzymes, 

such as mitogen activated protein kinase, phospholipase 

C-γ, and phosphatidylinositol 3-kinase. Thus, preventing 

cholinergic neuron degeneration and death and 

facilitating learning and memory function
[31-32]

. 

Lateral ventricular transplantation simulated 

subarachnoid space injection in humans, which has been 

shown to result in minimal injury, allows for repetitive 

injections. This can help overcome problems such as low 

transplantation rate and difficulty in passing through the 

blood-brain barrier. Adenovirus has been frequently used 

as a gene vector, but it can induce an immune response 

and has carcinogenic potential. The present study 

utilized electrotransfection, a method which exhibits 

minimal effects on cell viability
[33-34]

. 

In conclusion, lateral ventricular transplantation of MSCs 

modified with the BDNF gene significantly improved 

cognition of AD model rats possibly by upregulating 

hippocampal BDNF and TrkB expression. 

 

MATERIALS AND METHODS 
 

Design 

A randomized, controlled, animal experiment. 

Time and setting 

The experiment was performed at the Central Laboratory 

of Hebei University Medical Department and Laboratory 

of Cell Biology, Hebei University College of Life Sciences, 

China, from October 2008 to March 2010. 

Materials 

A total of 40 healthy, male, adult Sprague-Dawley rats, 

weighing 280-300 g, and six healthy Sprague-Dawley 

rats (used for cell culture), aged 2-3 weeks, weighing 

80-120 g, were provided by the Laboratory Animal 

Center of Hebei University (license No. SCXK (Ji) 2008- 

1-003; 812095). The experimental procedures were 

performed in accordance with the Guidance Suggestions 

for the Care and Use of Laboratory Animals, issued by 

the Ministry of Science and Technology of China
[35]

. 

Methods 

MSCs isolation and culture 

Six rats, aged 2-3 weeks, were anesthetized and 

sacrificed. The medullary canal was rinsed with 10 mL 

L-DMEM containing 10% serum. The bone marrow was 

placed in a culture flask and cultured in 5% CO2 and 

saturated humidity at 37°C. Half of the culture medium 

was replaced after 24 hours, and totally replaced at    

72 hours. The culture medium was replaced every      

3 days thereafter. Cells were passaged after reaching 

confluency
[17]

. 

MSCs transfection with pIRESneo-EGFP-BDNF 

MSCs at passage 3 or 5 at 70-80% confluency
[22]

 were 

trypsinized, mixed with serum-containing culture medium, 

and centrifuged at 500 r/min for 5 minutes. 

Electrotransfection was performed according to the 

manufacturer’s instruction using NeuroPORTER
 

transfection reagent (GTS, San Diego, CA, USA) with an 

electrotransfection system (Bio-Rad, Hercules, CA, USA) 

at 280 V for 20 ms. Plasmids pIRESneo-EGFP-BDNF or 

pIRESneo 20 μg were provided by Sangon, Shanghai, 

China. Cells were cultured for 48 hours after 

electrotransfection and screened using culture medium 

containing 15% fetal bovine serum and 100 μg/mL G418. 

Half of the culture medium was replaced every 2-3 days. 

The screening lasted for 10-14 days. After discarding 

G418, the cells were cultured in DMEM containing 15% 

fetal bovine serum for 5-7 days. Cell morphology was 

observed by a fluorescence inverted phase contrast 

microscope (Olympus, Tokyo, Japan). 

Establishment of rat AD model and intervention 

The rats were anesthetized by intraperitoneal injection 

with 10% chloral hydrate (0.35 mL/100 g) and placed in a 

stereotaxic instrument (Chengdu Taimeng, Sichuan, 

China). According to Rat Brain Stereotaxic Coordinates 

described by George Paxinos
[4]

, the cranium was drilled 

at 3.5 mm posterior to Bregma and 2 mm adjacent to the 

median. Aβ25-35 (diluted to 2 μg/μL with normal saline at 

37°C for 6 days) was slowly injected using a vertically 

oriented microsyringe to 3 mm below the dura mater, i.e. 

hippocampal CA1 region, with 5 μL (10 μg) for each side 

of the hippocampus for at least 20 minutes. The 

microsyringe was maintained for 5 minutes, with      

10 minute intervals between two injections. The wound 

was washed with gentamicin and sutured. The rats were 

allowed free access to food and water after they 

awoke
[12]

. 

In the MSCs group, 10 days after Aβ25-35 injection, the 

rats were anesthetized by intraperitoneal injection with 

10% chloral hydrate (0.35 mL/100 g) and placed in a 

stereotaxic instrument. According to the Rat Brain 

Stereotaxic Coordinates
[4]

, the left ventricle was localized 

at 1.0 mm posterior to Bregma and 1.5 mm adjacent to 

the median, and 10 μL MSCs (5 × 10
6
) were injected 

using a vertically oriented microsyringe to 4.0 mm below 

the dura mater. The injection lasted for at least        

15 minutes. The microsyringe was maintained for     

10 minutes. In the control group, the rats were injected 

with 10 μL pIRESneo-transfected MSCs (5 × 10
6
), and 

the BDNF group was injected with 10 μL 

pIRESneo-EGFP-BDNF-transfected MSCs (5 × 10
6
). 
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Morris water maze for learning and memory ability 

Morris water maze task was used to evaluate rat learning 

and memory ability
[5]

. The test was performed at 16 days 

and was completed at 20 days. In the navigation test, the 

pool was divided into four quadrants of equal size. The 

rats in each group were placed in water with the head 

facing the wall. The duration taken for the rats to search 

and climb the platform in the water was recorded and 

regarded as the escape latency. If an animal failed to 

climb onto the platform within 120 seconds, it was 

manually guided onto the platform and made to stay for 

10 seconds. The escape latency was recorded as    

120 seconds. The four periods of training for each rat in 

the morning or afternoon were performed continuously, 

with 60 seconds between two sessions. The mean value 

of escape latency of each rat in one day was regarded as 

the average escape latency, reflecting the learning and 

memory ability of the rats to the platform in water. In the 

spatial probe test, each rat was trained for 5 days. The 

platform in the water was removed the day after the 

navigation test. The rats were placed in water at a 

random point, and the times that the rats crossed the 

position where the platform was placed in 120 seconds 

were recorded. The mean value of four recordings was 

regarded as the number of times of platform crossing for 

each rat (times/2 min). 

Preparation of hippocampal samples 

Four rats from each group were sacrificed after the 

Morris water maze test. The left cerebral hemisphere 

was rapidly harvested, and cut coronally into three parts 

from the anterior and posterior of the hippocampus. The 

segment containing the intact hippocampus was saved. 

Hippocampal CA1 region was cut into pieces, 1 mm
3
, 

fixed in 4% glutaraldehyde, postfixed in 1% osmic acid 

for 1 hour, dehydrated with alcohol and acetone, and 

embedded with epoxy resin Epon812 to prepare samples 

for electron microscopic observation. Following ultrathin 

sectioning, the sections were stained with uranyl acetate 

and lead citrate, and tissue ultrastructure was observed 

by a transmission electron microscope (Hitachi, Tokyo, 

Japan). The remaining tissues from the hippocampal 

CA1 region were fixed in 4% paraformaldehyde for 

24-48 hours, dehydrated, paraffin embedded, and 

evenly sectioned to prepare coronal sections that were  

5 μm thick. Hematoxylin-eosin and Nissl-stained sections 

were observed by light microscopy (Olympus). 

Reverse transcription-PCR for BDNF and TrkB mRNA 

expression in the hippocampus 

The rats from each group were sacrificed after the Morris 

water maze test. The right cerebral hemisphere was 

rapidly harvested, and the hippocampus was isolated in 

an ice bath. Total RNA from the brain samples were 

prepared with Trizol reagent (Life Technologies, Carlsbad, 

CA, USA), in accordance with the manufacturer’s 

protocol. RNA integrity was analyzed using 1% agarose 

gel electrophoresis and reverse transcribed into cDNA 

according to the instructions from the reverse 

transcription kit (Promega, Madison, Wisconsin, USA). 

The cDNA was subjected to PCR amplification. BDNF, 

TrkB and internal reference β-actin primers were 

designed according to rat target gene mRNA sequences 

in GenBank.  

Reaction conditions were as follows: predenaturation at 

94°C for 5 minutes, 94°C for 45 seconds, 72°C for     

30 seconds, annealing at 53°C for 45 seconds for     

30 cycles in total, followed by extension at 72°C for    

10 minutes. PCR products, 6 μL, were subjected to 1.2% 

agarose electrophoresis. After ethidium bromide staining, 

the electrophoresed images were analyzed using a 

Bio-Rad gel imaging analysis system (Hercules, CA, 

USA) under an ultraviolet lamp. The absorbance ratio of 

the target gene band to β-actin band was analyzed. 

 

Gene Primer sequence 
Product 

size (bp) 

BDNF Upstream: 5’- GTT ATT TCA TAC TTC GGT TGC-3’  

Downstream: 5’- ATG GGA TTA CAC TTG GTC TCG- 3’ 
548 

TrkB Upstream: 5’-TGG GAC GTT GGG AAT TTG GTT-3’ 

Downstream: 5’- CAG CCG TGG TAC TCC GTG TG-3’ 
347 

β-actin Upstream: 5’- AGG GAA ATC GTG CGT GAC AT-3’, 

Downstream: 5’- CAT CTG CTG GAA GGT GGA CA -3’ 
450 

 

Western blot analysis for BDNF and TrkB protein 

expression in the hippocampus 

The hippocampus was isolated in an ice bath using the 

above mentioned method. Total protein was extracted 

and protein content was determined using a 

bicinchoninic acid kit. Proteins were separated using 

10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis, with the concentration of stacking gel at 

5%. Protein sample, 20 μL, was transferred to 

polyvinylidene difluoride membranes at 100 V for      

45 minutes. Membranes were blocked with 1% bovine 

serum albumin at room temperature overnight, incubated 

with primary antibody (rabbit anti-rat BDNF, TrkB or rat 

anti-mouse β-actin monoclonal antibody; Beijing 

Zhongshan Goldernbridge, Beijing, China; 1: 1 000) at 

4°C overnight, washed with Tris-buffered saline/Tween 

for 5 minutes × 3, incubated with secondary antibody 

horseradish peroxidase-labeled goat anti-rabbit or goat 

anti-mouse (1: 3 000; Beijing Zhongshan Goldenbridge) 

at room temperature for 1 hour, and washed with 

Tris-buffered saline/Tween-20 for 5 minutes × 3. After a  

1 minute incubation in polyclonal rabbit anti-BDNF 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) (1: 400 dilution in Tris-buffered saline/Tween-20), 

the membranes were washed and incubated in 

enhanced chemiluminescence at room temperature, to 

develop the membrane. With β-actin as internal 

reference, images were analyzed using Quantity One 

software (Bio-Rad). Results were represented by the 

absorbance ratio of target protein band to the β-actin 

band.  

Statistical analysis 

Measurement data were expressed as mean ± SD and 

analyzed using SPSS 13.0 software (SPSS, Chicago, IL, 
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USA). Data were subjected to homogeneity test for 

variance. Data of homogeneity of variance were 

analyzed with one-way analysis and mean between two 

groups was compared using Student-Newman-Keuls q 

test. Data of heterogeneity of variance were analyzed 

with Welch, and mean between two groups was 

compared using Dunnett T3 test. P < 0.05 was 

considered statistically significant. 
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