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Abstract

Repetitive transcranial magnetic stimulation (rTMS) and mesenchymal stem cells (MSCs) transplantation both showed therapeutic effects on 
cognition impairment in vascular dementia (VD) model rats. However, whether these two therapies have synergistic effects and the molecular 
mechanisms remain unclear. In our present study, rats were randomly divided into six groups: control group, sham operation group, VD 
group, MSC group, rTMS group, and MSC+rTMS group. The VD model rats were prepared using a modified 2VO method. rTMS treatment 
was implemented at a frequency of 5 Hz, the stimulation intensity for 0.5 Tesla, 20 strings every day with 10 pulses per string and six 
treatment courses. The results of the Morris water maze test showed that the learning and memory abilities of the MSC group, rTMS group, 
and MSC+rTMS group were better than that of the VD group, and the MSC+rTMS group showed the most significant effect. The protein 
expression levels of brain-derived neurotrophic factor, NR1, LC3-II, and Beclin-1 were the highest and p62 protein was the lowest in the 
MSC+rTMS group. Our findings demonstrated that rTMS could further enhance the effect of MSC transplantation on VD rats and provided 
an important basis for the combined application of MSC transplantation and rTMS to treat VD or other neurological diseases.
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Vascular dementia (VD) is a chronic cerebrovascular syndrome 
caused by different etiologies, with vascular brain tissue damage 
being the main pathological manifestation (1). The symptoms of VD 
mainly include cognitive and behavioral disorders, which gradually 
worsen with the progression of the disease (2). Currently, VD is the 
second leading cause of dementia, second only to Alzheimer’s dis-
ease. According to the different parts of the lesion, the pathological 
changes in VD are various. Brain damage caused by ischemia, such 
as multiple cortical and subcortical infarcts, is considered the main 
cause of VD (3,4). The pathogenic mechanisms of VD remain unclear 
and include damage of the cholinergic system, the toxicity effect of 
excitatory amino acids, neuroinflammation, the toxicity of free radi-
cals, synaptic plasticity, and genetic alterations (5,6). The definite and 
effective treatments for VD remain in the stage of exploration (7).

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive technique that uses magnetic fields to act on the central 
nervous system based on the principle of rapid electromagnetic 
conversion (8). It causes the nerve cells of the cerebral cortex and 
subcortex to produce induced currents that affect the metabolic pro-
cesses and electrical activity of nerve cells, thereby causing a series 
of physiological and biochemical effects (Figure 1). rTMS has been 
applied in many fields of neuroscience (9–11). rTMS cannot only 
affect the function of stimulating local and functional distant sites 
but also achieve regional reorganization of cortical function, pro-
ducing subsequent biological effects. The stimulus is still present 
when the neurons are in the refractory period, generating the sum 
of excitatory postsynaptic potentials. Selecting different stimula-
tion parameters will produce different biological effects (12,13). In 
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addition, rTMS can intervene in various electrostatic processes, such 
as phosphate transfer, ligand–receptor interactions, protein–protein 
interactions, and protein–nucleic acid interactions (14).

Bone marrow mesenchymal stem cells (MSCs) have multipotent 
properties and the ability to self-renew. The most common differen-
tiation of MSCs is through the mesoderm as muscle, bone, cartilage, 
fat, and nonmesoderm tissue, including endothelial cells and nerve 
cells (15). MSCs release signals that regulate the immune response of 
the host and have the potential to enhance endogenous tissue repair 
by the release of nutritional factors (16). Compared with embry-
onic stem cells and neural stem cells, MSCs have the following 
advantages: autologous transplantation can be performed to avoid 
immune rejection; vein transplantation can be used to avoid more 
complications; the tissue sources are abundant and easy to culture; 
and ethical issues are not involved (17,18). In recent years, there 
have been some advances in the study of MSCs in nervous system 
diseases, but their mechanisms of action remain unclear. MSCs can 
differentiate into neuron-like cells and glial cells after they migrate 
to brain tissue, which is thought to be the main mechanism for 
MSCs (19,20). MSCs can secrete brain-derived neurotrophic factor 
(BDNF), vascular endothelial growth factor (VEGF), and cytokines 
and can reduce the number of apoptotic neural cells by secreting 
neurotrophic factors that downregulate the expression of Bax pro-
tein and upregulate the expression of Bcl-2 protein, thereby playing 
a neuroprotective role (21–25).

Autophagy is a unique phenomenon in eukaryotes. It degrades 
cytoplasmic components in lysosomes through the physiological and 
pathological processes (26). Macroautophagy, microautophagy, and 
chaperone-mediated autophagy are the three forms of autophagy 
(27–29). Autophagy plays an important role in starvation, microbial 
clearance, antigen presentation, cell death, development, aging, and 
tumor suppression (30,31). Two commonly used autophagy markers 
are LC3/Atg8 (microtubule-associated protein 1 light chain 3) and 
Beclin-1 (32). LC3-I and LC3-II are two forms of LC3 protein in 
cells. The intracellularly newly synthesized LC3 has its C-terminus 
cleaved by Atg4 protease and becomes a cytoplasmic soluble form 
of LC3-I. After autophagosomes are formed, LC3-I, modified by ubi-
quitination processing and coupled with phosphatidylethanolamine 
on the surface of the autophagosomal membrane, becomes a mem-
brane-bound form of LC3-II and localizes to the inner and outer 
membranes of autophagosomes. Unlike other Atg proteins located 
on the membrane of autophagosomes, LC3-II remains stable on 
the autophagosome membrane until it fuses with lysosomes; there-
fore, it is used as a marker molecule for autophagosomes. The con-
tent of LC3-II or ratio of LC3-II/LC3-I is positively correlated with 
the number of autophagosomes, reflecting the autophagic activity 

of the cells to some extent (33–35). Beclin-1 is a homolog of the 
yeast autophagy-related gene ATG6 and is a specific gene involved 
in mammalian autophagy (36). Beclin-1 is involved in the forma-
tion of autophagosomes through the formation of complexes with 
type III phosphatidylinositol 3-phosphate kinase (PI3K) and regu-
lates autophagic activity. Detecting the changes in the expression of 
LC3-II and Beclin-1 can reflect the changes in autophagy (37,38). 
The polyubiquitin-binding protein p62 (SQSTM1) is a receptor for 
cargo destined to be degraded by autophagy and includes ubiqui-
tinated protein aggregates destined for clearance. p62 can bind to 
ubiquitin and LC3, thereby targeting the autophagosome and facili-
tating clearance of ubiquitinated proteins (39,40). Because p62 is 
degraded by autophagy, there is a general correlation between the 
inhibition of autophagy and increased levels of p62. Obviously, p62 
can be used as another autophagic marker (41,42), functioning as a 
hub for intracellular signaling such as that in the mammalian target 
of rapamycin (mTOR) pathway (43).

Changes in the plasticity of the synaptic structure and function 
are the bases for the treatment of neurological diseases, and increas-
ing the plasticity of the synaptic structure and function is one of the 
efforts of nervous system diseases (44,45). Our previous study found 
that rTMS and MSCs separately exert therapeutic effects on VD 
rats, but whether the two therapies have synergistic effects and the 
molecular mechanisms remain unclear (25,46,47). The aim of our 
present study is to explore the synergistic effects of rTMS and MSCs 
on VD rats and clarify the molecular mechanisms. Our hypothesis is 
that rTMS combined MSCs has the synergistic effects on improving 
the autophagy and synaptic plasticity on VD rats.

Materials and Methods

Animal Grouping and Generation of the VD 
Rat Models
This study was performed in strict accordance with the recommen-
dations in the guidelines issued by the National Institutes of Health 
for care of laboratory animals. All experimental protocols were 
approved by the Committee on the Ethics of Animal Experiments of 
Tianjin Medical University. All surgery was performed under sodium 
pentobarbital anesthesia and all efforts were made to minimize suf-
fering. Sixty healthy male Wistar rats weighing 260  ±  40  g were 
selected and provided by the Experimental Animal Center of the 
Academy of Military Medical Sciences. Rats were fed with sufficient 
water and feed daily. The light and darkness alternated for 12 hours, 
and the room temperature was maintained at 25  ±  1°C. The rats 
were randomly divided into the following six groups: normal control 
group, sham operation group, VD group, MSC group, rTMS group, 
and MSC+ rTMS group. In the VD group, MSC group, rTMS group, 
and MSC+rTMS group, the VD rats were prepared using a modi-
fied 2VO method. The rats were fasted for 8 hours before surgery 
and water deprived for 4 hours, and 10% chloral hydrate (3 mL/
kg body weight) was intraperitoneally injected. The rats were posi-
tioned supine and fixed, and ventral midline neck incisions were per-
formed. The VD model rats were prepared using a modified bilateral 
vessel occlusion method (2VO) referring to the published literatures 
(48,49). The common carotid artery was bilaterally detached, and 
the right common carotid artery was repeatedly clamped. The artery 
was clamped for 10 minutes and then reopened for 10 minutes. This 
was repeated three times, and the artery was ligated and cutoff. One 
week later, the other common carotid artery was treated in the same 
manner, and the skin was sutured. Intraoperative care was taken to 
prevent overstimulation or injury to the vagus nerve.

Figure  1. Basic principle of repetitive transcranial magnetic stimulation 
(rTMS). The rapidly changed current drives the coil to generate a time-
varying magnetic field, which generates the induced electric field that has 
the opposite direction to the current inflowing the coil.
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Morris Water Maze Test
The Morris water maze test was used to assess the cognitive function 
of rats. (i) Positioning navigation test: After 5 days of continuous 
training, the rats were allowed to swim freely for 2 minutes in a 
circular pool without a platform on the first day to familiarize them-
selves with the environment. The swimming speeds were recorded, 
eliminating the rats with poor swimming ability. From the second 
day, the rats were placed into the water maze from the four quad-
rants (I, II, III, and IV) of the pool. The rats’ heads were all facing 
the same side, and the time in which the rats were in the water 
and climbed onto the platform quadrant (the third quadrant) was 
recorded, called the escape latency. Two training sessions (at 9 am 
and 5 pm) were tested daily, and the training interval was 8 hours. 
Each session was performed four times for 4 days. The swimming 
distance was from the beginning of the experiment to the end of 
the experiment. If the rats did not find the platform within 2 min-
utes, they were guided to the platform and stayed for 30 seconds to 
become familiar with the environment and platform position, and 
the escape latency was counted as 2 minutes. (ii) Space exploration 
test: After the positioning navigation test was completed, the space 
exploration test was conducted on the next day. When the platform 
was removed, the rats were put into the water facing the pool, and 
the same entry points were selected in the third quadrant. The num-
ber of times crossing the original quadrant platform was recorded in 
2 minutes. The swimming time in the third quadrant and percentage 
of the swimming distances in the third quadrant of the whole dis-
tances was calculated, determining the abilities of spatial cognition 
and memory storage. The criteria for judging the VD model were 
as follows: the mean value of the escape latency of the rats in the 
sham-operated group was taken as a reference value on the fifth day, 
and then the average escape latency time of the rats in the VD group 
was obtained on the fifth day. After subtracting the reference value, 
the difference was divided by the average escape latency time. Next, 
a corresponding ratio was obtained. The ratio of the successful VD 
model should be greater than 20%.

Isolation, Identification, and Transplantation of 
Rat MSCs
The tibia and femur of the rat hind limb were aseptically sepa-
rated to ensure the bone integrity. The separated tibia and femur 
were wiped off with sterile gauze to remove the adhered tissue and 
were soaked in Dulbecco’s modified Eagle’s medium (DMEM) with 
antibiotics. The bone marrow cavity was washed repeatedly with 
DMEM containing 10% fetal bovine serum, and the cell suspension 
was collected in a sterile centrifuge tube, centrifuged at 1,000 r/min 
for 10 minutes at 4°C and incubated in a 37°C/5% CO2 incubator. 
MSCs were passaged to the fifth generation, 0.25% trypsinized to 
collect cells, and washed with phosphate-buffered saline (PBS), and 
then approximately 1 × 106 cells were added to 100 μL of PBS, and 
the appropriate fluorescein isothiocyanate -labeled CD29, CD31, 
CD34, CD44, CD45, and CD90 antibodies were added. Next, the 
cells were placed in the dark at room temperature for 30 minutes, 
washed with PBS, resuspended in 500 μL of PBS to make a single-
cell suspension, and analyzed by flow cytometry. After 10 weeks of 
in vitro culture, MSCs were inoculated into six-well plates. When 
the adherent cells grew to 80% confluency, they were preincubated 
with 10% fetal bovine serum, 10 ng/mL basic fibroblast growth fac-
tor, and L-DMEM for 24 hours and washed with PBS three times. 
They were then induced with 200  mmol/L butylated hydroxyani-
sole, 2% dimethyl sulfoxide, and L-DMEM for 6 hours. According 

to the methods in our previous study (25), the telomerase reverse 
transcriptase (TERT) gene was transfected into MSCs using the 
pLXSN retroviral vector. Reverse transcriptase polymerase chain 
reaction (RT-PCR) was used to detect the expression of TERT 
mRNA in MSCs. Telomerase repeated amplification protocol was 
used to detect telomerase activity. MSCs with a concentration of 
4 × 106/mL in a 1-mL volume were injected into the MSC group and 
MSC+rTMS rat groups via the tail vein.

Parameter Settings of rTMS
The Pro R30-type magnetic stimulator and a “figure-8-shaped” coil 
manufactured by Danish Medtronic Company were used in the rTMS 
treatment. The internal diameter of the coil was 1 cm and outer diam-
eter was 8 cm. The “figure-8-shaped” coil was centered on the central 
point of the rat’s sagittal suture. The coil surface was in close contact 
with the scalp and parallel to the rat parietal bone. The parameter 
settings were decided and adopted according to the previously pub-
lished papers of our lab (46,47,50) and other groups (51,52). In the 
published papers of our lab and other groups, the figure-of-eight coils 
rather than dedicated TMS coils were used for rat models. Therefore, 
in the present study, we still used the figure-of-eight coil in our experi-
ments. The stimulation frequency was 5 Hz and the stimulation inten-
sity was 0.5 Tesla. There were 20 strings of stimulation every day with 
10 pulses per string, and the stimulation interval per pulse was 2–3 
seconds. Six courses were implemented in the rTMS treatment, each 
course lasting for 5 consecutive days, and the interval was 2 days.

Immunohistochemical Analysis of BDNF and NR1 
Protein
The brain tissues were fixed in 4% paraformaldehyde. After conven-
tional gradient alcohol dehydration and paraffin embedding, 4-μm-
thick continuous coronal slices were fixed on poly-L-lysine-treated 
clean slides and were then oven baked at 60°C for 60 minutes to 
prevent it from coming off. The standard streptavidin-peroxidase 
method and diaminobenzidine color were used to detect the expres-
sion of BDNF and NR1 protein. The Leica Mias 2000 image ana-
lysis system was used to observe the results of immunohistochemical 
staining. BioMias image analysis software was used to measure 
the average grayscale value of immune products in the hippocam-
pal CA1 region. Each rat was assayed for three sections, and each 
section was assayed for five visual fields in the hippocampus CA1 
regions. Next, the data of the average grayscale value was analyzed.

RT-PCR Detection
Trizol was used to extract RNA from the hippocampal CA1 region 
of rats in each group. RT-PCR was used to detect the expression 
of BDNF and NR1 mRNA. Glyceraldehyde 3-phosphate dehydro-
genase was used as the internal control. The total volume of the 
system was 20  μL containing 2  μL of cDNA, 0.5  μmol/L pri-
mer and SYBR Green I.  The reaction conditions were as follows: 
94°C for 30 seconds, 59°C for 30 seconds, 72°C for 30 seconds, 
for 30 cycles. The PCR products were subjected to 1% agar-
ose gel electrophoresis. The BDNF primer sequences were as fol-
lows: 5′-GTG ACA GTA GCG AGT GGG-3′ and 5′-TAT CCT 
TAT GAA CCG CCA GCA-3′, and the primer sequences of 
NR1 were as follows: 5′-AAGGTGCACGCCTTTATCTG-3′ 
and 5′-TTCTCATGGGACTTGAGTATGGA-3′. The internal 
reference GAPDH primer sequences were as follows: 
5′-CCTGGAGAAACCTGCCAAG-3′ and 5′-CACAGGAGACAA 
CCTGGTCC-3′.
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Western Blotting Analysis
The brain tissues of the hippocampal CA1 region were taken in 
each group, and 1 mL of total protein extraction reagent with pro-
tease inhibitor was added and homogenized after extraction of 
total protein. The sample concentration was determined by BCA 
protein quantitation. The proteins were separated by denaturing 
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene fluoride membranes overnight at 4°C at 30 mA. The 
membranes were then incubated for 1 hour at room temperature in 
5% nonfat dry milk solution to block nonspecific binding on the 
membrane. Antibodies against BDNF, NR1, P62, LC3, and Beclin-1 
were incubated for 1.5 hours. Horseradish peroxidase-labeled sec-
ondary antibody was added and incubated for 1 hour at room tem-
perature. Chemiluminescence was used to detect the proteins. The 
gray values of the target proteins were divided by the gray value of 
the internal reference actin for error correction. The obtained results 
were the relative expression of the target proteins.

Transmission Electron Microscope Analysis
According to the Pellegrino rat brain stereotaxic map, the brain tis-
sues of the hippocampal CA1 region of each group were rapidly 
excised. The tissues were washed with the PBS solution three times, 
were immediately placed into 2% glutaraldehyde fixation solution, 
and were fixed with 1% citric acid for 1 hour. They were dehydrated 
with acetone and fixed and were embedded with epoxy resin Epon 
812. An ultrathin microtome was used for sectioning. The samples 
were stained with 20 g/L of uranyl acetate and lead citrate, and the 
synapse structures were observed using the transmission electron 
microscope (JEM-1010).

Bioinformatics Analysis of the Interacting Proteins 
of the BDNF-p62-mTOR Network
The STRING database (http://string-db.org/) was used to query the 
interacting proteins of BDNF, p62 (SQSTM1), and mTOR protein, 
and Cytoscape software was used to analyze the protein interaction 
network to explore the relationship between autophagy-related pro-
teins and neurotrophic factors. The STRING database can be used 
to annotate the structure, function, and evolutionary properties of 
proteins. It can also explore and predict interaction networks, pro-
vide new research directions for future experiments, and provide effi-
cient mapping of cross-species predictions. Cytoscape is the software 
that graphically displays, analyzes, and edits the networks of genes 
or proteins. The GeneMANIA, DAVID, KEGG, and GO databases 
were then used to analyze the signaling pathways and functions of 
the interacting proteins of BDNF, p62, and mTOR.

Statistical Analysis
All data were represented as the means ± SD (x ± s), analyzed by 
SPSS 19.0 software. Multiple groups were compared using one-way 
analysis of variance analysis, Student’s t test was used for multiple 
comparisons, and p <.05 was considered statistically significant.

Results

MSC Transplantation and rTMS Have a Synergistic 
Effect on the Improvement of Learning and Memory 
Abilities
In the positioning navigation test, the average escape latency and 
swimming distance in the MSC group, rTMS group, and MSC+rTMS 

group were shorter than those in the VD group (Figure 2A and B). 
In the space exploration test, the swimming time in the quadrant of 
the original platform, the number of times crossing the platforms 
within 120 seconds, and percentage of the total distance through the 
original platform quadrant in the MSC group, rTMS group, and the 
MSC+rTMS group were increased compared with those in the VD 
group (Figure 2C,E, and F), while the time of crossing the platform 
for the first time was shortened compared with that in the VD group 
(Figure  2D). These findings demonstrated that separate and com-
bined application of MSC transplantation and rTMS both improved 
the learning and memory abilities of VD rats. The improvement was 
more significant in the MSC+rTMS group than in the MSC group 
and rTMS group alone, and the combined application of MSCs 
transplantation and rTMS had a synergistic effect.

The mRNA and Protein Expression Levels of 
BDNF and NR1 Are Increased Significantly by 
the Treatment of MSC Transplantation Combined 
With rTMS
The results of RT-PCR and Western blotting showed that the mRNA 
and protein expression levels of BDNF and NR1 in the hippocampus 
CA1 region in the MSC group, rTMS group, and MSC+rTMS group 
were higher than those in the VD group, and they were highest in 
the MSC+rTMS group. The difference was statistically significant 
(Figure 3A–F).

The results of immunohistochemistry analysis showed that 
BDNF-positive cells were stained in the hippocampus and cortex in 

Figure  2. Results of the Morris water maze test in six groups. In the 
positioning navigation test, the average escape latency and swimming 
distance are shown in A and B. In the space exploration test, the swimming 
time in the quadrant of the original platform, number of times crossing the 
platforms within 120 seconds and percentage of the total distance through 
the original platform quadrant are shown in C, E, and F. The time of crossing 
the platform for the first time is shown in D. *p < .05, **p < .01.
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the cytoplasm in all groups. The NR1 protein showed strong staining 
in the pyramidal cell membrane and pale staining in the cytoplasm 
in the hippocampal CA1 region. The staining in the radiography and 
lacunar molecular layer was as strong as that in the pyramidal cell 
membrane. The average gray values of BDNF- and NR1-positive 
cells in the MSC group, rTMS group, and MSC+rTMS group were 
higher than those in the VD group, and they increased more signifi-
cantly in the MSC+rTMS group than in the MSC group and rTMS 
group. The difference was statistically significant (Figure 3G and H).

Combined Treatment of MSC Transplantation and 
rTMS Has a Synergistic Effect on the Improvement 
of Autophagic Levels
Western blotting results showed that the levels of LC3-II and Beclin-1 
in the MSC group, rTMS group, and MSC+rTMS group were higher 
than those in the VD group, and the levels were significantly highest 
in the MSC+rTMS group. The expression level of p62 protein in the 
MSC group, rTMS group, and MSC+rTMS group was lowest in the 
MSC+rTMS group. This indicated that the autophagic levels of the 
MSC group, rTMS group, and MSC+rTMS group were increased, 
and the autophagic level of the MSC+rTMS group was increased 
more significantly (Figure 4A–D).

Changes in the Ultrastructure of the Hippocampal 
CA1 Regions
Under transmission electron microscope, the synapses of the hip-
pocampal CA1 region in the VD group showed long or irregular 

shapes. The presynaptic areas were significantly deformed, and mito-
chondria were condensed. The synaptic vesicles and volumes of the 
postsynaptic areas were reduced. The presynaptic and postsynaptic 
membranes were thickened, and the synaptic gaps were disappeared. 
In the MSC group, rTMS group, and MSC+rTMS group, the syn-
aptic morphology was more regular than that in the VD group. 
The synaptic volumes were increased, indicating that the synaptic 
damage was restored. The distribution of vesicles in the presynaptic 
area was uniform, the synaptic cleft was visible, and the degree 
of mitochondrial agglomeration was significantly reduced in the 
MSC+rTMS group, indicating that the MSC+rTMS group was bet-
ter than the MSC group and rTMS group (data was not shown). The 
results of the changes in the width of the synaptic cleft, thickness of 
postsynaptic density, length of the synaptic active zone, and synaptic 
curvature are shown in Figure 5A–D. These findings demonstrated 
that the combined treatment of MSC transplantation and rTMS has 
a more pronounced recovery effect on the treatment of damaged 
synapses than MSC transplantation and rTMS treatment alone.

BDNF and Autophagic Proteins Share Some 
Common Pathways and Similar Functions
The BDNF-P62-mTOR interaction network was analyzed by STRING 
and Cytoscape software (Figure  6). Twenty-seven common pro-
teins were found in the BDNF-P62-mTOR network: AKT1, ATG5, 
ATG7, ATG12, BECN1, CDC42, CHUK, GABARAP, GABARAPL1, 
GABARAPL2, HTT, IKBKB, LCK, MAP1LC3A, MAP1LC3B, 
MAP3K3, NFKB1, NFKBIA, NGF, NGFR, PARK2, PIK3R1, RELA, 

Figure 3. Results of the mRNA and protein expression levels of BDNF and NR1 in the hippocampus CA1 region in the six groups. The results of RT-PCR analysis 
are shown in A–C. The results of Western blotting analysis are shown in D–F. The results of the immunohistochemistry analysis are shown in G and H. *p < .05, 
**p < .01. BDNF = Brain-derived neurotrophic factor; RT-PCR = Reverse transcriptase polymerase chain reaction.
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RPTOR, TRAF2, TRAF6, and ULK1 (listed in Table 1). They might 
be the bridges between neurotrophic factors and autophagy-related 
proteins. The pathways and functions of these common proteins were 
further analyzed by searching the GeneMANIA, DAVID, KEGG, and 
GO databases. The related diseases of these common proteins included 
type-2 diabetes, HIV, and Alzheimer’s disease. The common pathways of 
these proteins included the neurotrophin pathway, osteoclast differenti-
ation, and MAPK signaling pathway. The biological processes included 
macroautophagic, negative regulation of apoptosis, and positive regu-
lation of transcription, and the molecular functions included protein 
binding, ubiquitin protein ligase binding, and identical protein bind-
ing. The cellular components of these common proteins included the 
cytosol, cytoplasm, autophagosome, and mitochondria (Figure 7A–F).

Discussion

Our previous study showed that rTMS plays an important and bene-
ficial role in the restoration treatment of VD that may be related 

to increasing the mRNA and protein expressions levels of BDNF, 
NR1, and synapsin (SYN) and affecting the synaptic plasticity in the 
hippocampal CA1 region (46,47). In our present study, we found 
that the mRNA and protein expression levels of BDNF and NR1 
were increased significantly by MSC transplantation combined with 
rTMS. The Morris water maze test showed that rTMS combined 
with MSC transplantation could significantly increase the learn-
ing and memory abilities of VD rats, and the effect was superior to 
MSCs and rTMS alone. Therefore, rTMS combined with MSC trans-
plantation showed the synergetic effect on the recovery of cognitive 
function of VD rats.

Our findings also showed that the expression level of p62 pro-
tein in the MSC group, rTMS group, and MSC+rTMS group was 
lower, and the expression levels of LC3-II and Beclin-1 were higher 
than those in the VD group. The decreased expression level of p62 
protein and increased expression levels of LC3-II and Beclin-1 were 
more pronounced in the MSC+rTMS group than in the MSC group 
and rTMS group. It was indicated that the autophagic levels in the 
MSC group, rTMS group, and MSC+rTMS group were increased 
and that of the MSC+rTMS group was increased more significantly. 
We speculated that rTMS could enhance the therapeutic effect of 
MSC transplantation on cognitive dysfunction in VD, and the mech-
anism might be related to the following reasons. rTMS increased the 
localization and accumulation of MSCs in the damaged regions of 
the brain, thereby enhancing the repair effect and increasing the ex-
pression of BDNF and other neurotrophic factors by promoting the 
autophagic levels. The phosphorylation of NR1 on postsynaptic den-
sities was specifically enhanced, and the permeability of calcium was 
increased. Next, the intracellular calcium ion-dependent enzymes 
were activated, causing a series of biochemical reactions, promot-
ing the production of NR1-dependent LTP and enhancing synaptic 
transmission efficiency. Ultimately, the learning and memory abili-
ties of the MSC- and rTMS-treated VD rats were improved. Based 
on these observations, we were further interested in the relationship 
between neurotrophin BDNF and autophagy-related proteins. Thus, 
we analyzed the pathways and functions of those common proteins 

Figure 4. Protein expression levels of autophagy-related proteins p62, LC3-II, 
and Beclin-1. (A) Western blotting results of p62, LC3-II, and Beclin-1; (B–D) 
relative expression levels of proteins p62, LC3-II, and Beclin-1. *p < .05, **p 
< .01.

Figure  5. The results of changes in the ultrastructure in the hippocampal 
CA1 region. (A) Width of the synaptic cleft; (B) Thickness of PSD; (C) Length 
of SAZ; (D) Synaptic curvature. PSD = Postsynaptic density; SAZ = Synaptic 
active zone.

Figure 6. Interaction proteins in the BDNF-P62-mTOR network are analyzed 
by STRING and Cytoscape software. The 27 common proteins are shown in 
green.
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in the BDNF-p62-mTOR interaction network, which shared com-
mon pathways and similar functions.

The basic working principle of rTMS is to store a high-current 
charge on a group of capacitors and release a large amount of charge 
in an extremely short time through the action of an induction coil 
so that the pulsed current flows rapidly to generate a magnetic 
field. When the intensity of the induced current exceeds the excit-
ability threshold of the nervous tissue, it will cause depolarization 
of the local cerebral nerve cells. rTMS does not directly stimulate 
the nerves but uses the induced current effects to affect the central 
nervous system and treat neurological diseases (53,54). The effect 
of rTMS depends on parameters such as the stimulation frequency, 
intensity, shape of the coil, and direction. rTMS can be treated with 
the subject fully awake and does not need to be performed with the 
assistance of anesthesia. rTMS is easy to use in clinical practice and 
has been widely used to treat stroke, depression, insomnia, and other 
neuropsychiatric diseases, as well as neurological rehabilitation (55). 
In our previous study, we found that rTMS improved the ability of 
learning and memory in VD rats and increased synaptic plasticity 
(46,47). Synaptic plasticity includes plasticity of the synapse mor-
phological structure, plasticity of synaptic development, and plastic-
ity of synaptic transmission (56). Transmission electron microscopy 
can be used to observe the changes in the synapse morphological 
structure, and the measured parameters can represent the morpho-
logical plasticity (57). Actually, there were some published articles 
showed that a global pattern of hyperexcitability was a feature sta-
bly reported in both vascular and degenerative dementia (58–60) 
or in patients with vascular depression at risk for future dementia 
(61–63). However, emerging studies (46,50,51,64) have shown that 
high-frequency rTMS can improve the recovery of cognitive function 
in rats, and its mechanism may be that it increases the expression 
of BDNF, NMDAR1, SYN, or VEGF proteins, improves synaptic 

plasticity, enhances neurogenesis, and reduces apoptosis. Therefore, 
in our present study, we used high-frequency rTMS to explore 
whether it could improve the recovery of cognitive function in VD 
rats via enhancing autophagy and the synergistic effect of rTMS and 
MSCs transplantation on VD rats.

The pathogenic factors of VD include hypertension, diabetes, 
heart disease, hyperlipidemia, and cerebral amyloidosis. Cerebral 
blood flow is closely related to the severity of dementia (65,66). The 
ideal method of generating the VD animal models should have the 
characteristics of simple operation, high survival rate, high success 
rate of model replication, clear behavioral abnormalities, and histo-
pathological changes. Currently, a few methods exist to generate VD 
rat models and include classic 2VO, 4VO (four-vessel occlusion), vas-
cular embolization, and middle cerebral artery occlusion (MCAO). 
Classical 2VO and 4VO methods lead to obvious abnormalities in 
learning, memory, spatial cognition, and motor function, but these 
two methods can lead to severe hippocampal neuronal necrosis and 
excessive damage to the animal models. The postoperative mortal-
ity is high, and it is quite different from the pathogenesis of VD in 
the clinic (67,68). After the experimental trials and comparisons, 
we believe that the improved 2VO method was a relatively ideal 
method to construct the VD rat models (48,49). In the improved 
2VO method, the right common carotid artery was clamped for 10 
minutes and was reconnected for 10 minutes, repeating three times, 
and was then cutoff after the ligation. The other common carotid 
artery was treated in the same manner 1 week later. After the VD 
models were made, the Morris water maze was used to test their 
learning and memory abilities to judge whether the models were 
successful.

MSCs can penetrate the blood–brain barrier and migrate to brain 
tissue to play a role in neuroprotection. MSCs migrate to localized 
areas of brain lesions and secrete peripheral paracrine neurotrophic 

Table 1. List of Common Proteins in BDNF-p62-mTOR Interaction Network

Abbreviation of Proteins Uniprot Accession Full Names of Proteins

AKT1 P31749 AKT serine/threonine kinase 1
ATG5 Q9H1Y0 Autophagy-related 5
ATG7 O95352 Autophagy-related 7
ATG12 O94817 Autophagy-related 12
BECN1 Q14457 Beclin 1
CDC42 P60953 Cell division cycle 42
CHUK O15111 Conserved helix-loop-helix ubiquitous kinase
GABARAP O95166 GABA type A receptor-associated protein
GABARAPL1 Q9H0R8 GABA type A receptor-associated protein like 1
GABARAPL2 P60520 GABA type A receptor-associated protein like 2
HTT P42858 Huntingtin
IKBKB O14920 Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta
LCK P06239 LCK proto-oncogene, Src family tyrosine kinase
MAP1LC3A Q9H492 Microtubule-associated protein 1 light chain 3 alpha(MAP1LC3A)
MAP1LC3B Q9GZQ8 Microtubule-associated protein 1 light chain 3 beta
MAP3K3 Q99759 Mitogen-activated protein kinase kinase kinase 3
NFKB1 P19838 Nuclear factor kappa B subunit 1
NFKBIA P25963 NFKB inhibitor alpha
NGF P01138 Nerve growth factor
NGFR P08138 Nerve growth factor receptor
PARK2 O60260 Parkin RBR E3 ubiquitin protein ligase
PIK3R1 P27986 Phosphoinositide-3-kinase regulatory subunit 1
RELA Q04206 RELA proto-oncogene, NF-kB subunit
RPTOR Q8N122 Regulatory-associated protein of MTOR complex 1
TRAF2 Q12933 TNF receptor-associated factor 2
TRAF6 Q9Y4K3 TNF receptor-associated factor 6 (TRAF6)
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factors such as BDNF, VEGF, and cytokines, which bind to recep-
tors on damaged cells and activate intracellular signaling systems, 
promoting the proliferation and survival of nerve cells in the brain 
(69,70). Although the percentage of MSCs induced to differentiate 
into neuron-like cells is high in vitro, there are many deaths of MSCs 
during the induction process, and there are few normal functions in 
the induced differentiation of nerve cells in vivo. Thus, the thera-
peutic effect is very low (71). Telomerase is a ribozyme that plays an 
important role in chromosome replication in most eukaryotes. TERT 
is a catalytic subunit that has reverse transcriptase activity and is 
an important component of telomerase (72,73). Our previous study 
showed that the rate of proliferation in TERT-transfected MSCs was 
significantly increased compared with that in untransfected MSCs 
and empty vector-transfected MSCs after long-term cell culture 
(25). Tang et al. reported that the transfection of lentivirus-mediated 
TERT and VEGF into bone marrow mesenchymal stem cells revealed 
that the proliferative activity and angiogenic capacity of bone mar-
row mesenchymal stem cells were significantly increased and did 
not promote tumorigenesis (74). In our present study, according to 
flow cytometry analysis, surface markers CD31, CD34, and CD45 
were negative (4.36%, 2.54%, and 3.87%, respectively), and CD29, 
CD44, and CD90 were positive (95.65%, 96.45%, and 94.23%, re-
spectively). After MSCs were transfected with pLXSN-TERT, the ex-
pression of TERT mRNA was significantly increased and telomerase 
activity was increased. The proliferation rate of TERT-MSCs was 

significantly higher than that of untransfected MSCs. After long-term 
culture, TERT-MSCs still had high proliferation rate (25).

BDNF is an important neurotrophic factor with a neuroprotec-
tive effect and plays an important role in synaptic plasticity (75). 
Studies have reported that BDNF can specifically enhance the phos-
phorylation of NR1 (N-methyl-D-aspartate glutamatergic receptor 
1 [NMDAR1]) and affect synaptic plasticity (76). NMDA receptors 
have a bidirectional role in the development of VD. In the acute 
phase of cerebral ischemia and hypoxia, it can mediate the cyto-
toxicity of excitatory amino acids, leading to neuronal damage and 
cognitive impairment (77). However, in the chronic phase, the cyto-
toxicity of NMDA receptor-mediated excitatory amino acids is no 
longer present, and further cognitive impairment may be related to 
the reduction of NMDA receptor-induced synaptic transmission dys-
function. NR1 and NR2 are two subunits of NMDA receptors. NR1 
is a functional subunit with full functional properties of the NMDA 
receptor. NR2 is a regulatory subunit that itself does not have the 
functional activity of NMDA receptors and only affects the func-
tional properties of NR1 after polymerization with NR1. The activa-
tion of NR1 plays an important role in long-term potentiation (LTP) 
induction and spatial learning and memory (78,79).

Actually, our present study has some limitations. For example, 
we only studied the effect of high-frequency rTMS combined with 
MSCs transplantation on the recovery of cognitive function in VD 
rats. According to our current experiments, we cannot determine 
whether the low-frequency rTMS has a stronger effect on enhanc-
ing autophagy and synaptic plasticity, which is more meaningful for 
guiding clinical application of rTMS. In addition, the detailed rela-
tionship between neurotrophin such as BDNF, NGF, neurotrophin-3 
(NT-3), and autophagy-related proteins will be further explored in 
our future work.

Taken together, for the first time, our findings revealed that rTMS 
could synergistically enhance the transplantation effect of MSCs on 
VD rats. The mechanism may be related to increasing autophagy 
and synaptic plasticity. Our findings provide an important basis of 
the combined application of MSC transplantation and rTMS treat-
ment to treat VD. The specific mechanisms of the synergetic effects 
of MSCs and rTMS on the treatment of other neurological diseases 
such as stroke, epilepsy, and depression remain to be further studied 
in the future.
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