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Abstract. Neural stem cell (NSC) migration is closely asso‑
ciated with brain development and is reportedly involved 
during recovery from ischaemic stroke. Chemokine signal‑
ling mediated by stromal cell‑derived factor 1α (SDF‑1α) 
and its receptor CXC chemokine receptor 4 (CXCR4) has 
been previously documented to guide the migration of 
NSCs. Although repetitive transcranial magnetic stimulation 
(rTMS) can increase neurological function in a rat stroke 
model, its effects on the migration of NSCs and associated 
underlying mechanism remain unclear. Therefore, the present 
study investigated the effects of rTMS on ischaemic stroke 
following middle cerebral artery occlusion (MCAO). All rats 
underwent rTMS treatment 24 h after MCAO. Neurological 
function, using modified Neurological Severity Scores and 
grip strength test and NSC migration, which were measured 
using immunofluorescence staining, were analysed at 7 and 
14 days after MCAO, before the protein expression levels of 
the SDF‑1α/CXCR4 axis was evaluated using western blot 
analysis. AMD3100, a CXCR4 inhibitor, was used to assess 
the effects of SDF‑1α/CXCR4 signalling. In addition, neuronal 
survival was investigated using Nissl staining at 14 days after 
MCAO. It was revealed that rTMS increased the neurological 
recovery of rats with MCAO, facilitated the migration of NSC, 
augmented the expression levels of the SDF‑1α/CXCR4 axis 
and decreased neuronal loss. Furthermore, the rTMS‑induced 
positive responses were significantly abolished by AMD3100. 
Overall, these results indicated that rTMS conferred therapeutic 
neuroprotective properties, which can restore neurological 

function after ischaemic stroke, in a manner that may be asso‑
ciated with the activation of the SDF‑1α/CXCR4 axis.

Introduction 

Neural stem cells (NSCs) are self‑renewing, multipotent cells 
that are located in two vital neurogenic niches: The subven‑
tricular zone (SVZ) and the subgranular zone of the adult 
brain (1). Following ischaemic insult, NSCs in the SVZ prolif‑
erate, divert from their physiological migration path and move 
directly to the lesioned brain area, where they differentiate, 
mature and functionally integrate into the neural circuits (2). 
However, this neuroregeneration process is typically inad‑
equate and transient, leading to ineffective neurological 
function recovery (3). A number of studies have shown that 
promoting endogenous stem cell migration could improve the 
neurological recovery of rats with MCAO (4,5). Furthermore, 
increased endogenous stem cell migration could be evidenced 
by the presence of recently divided (5‑bromo‑20‑deoxyuridine 
(BrdU)‑labeled) and immature neuronal (doublecortin 
(DCX)‑positive) cells in the injured area in cerebral ischaemic 
rats (4,5). In addition, another study has reported that specific 
ablation of DCX‑expressing cells suppressed neuromigration 
in adult mice and decreased neurological recovery in mouse 
stroke models (6). Therefore, these previous results suggest 
that the migration of NSCs is critical to stroke recovery.

Repetitive transcranial magnetic stimulation (rTMS) is a 
non‑invasive technique that delivers magnetic pulses through 
the skull to induce electrical or electromagnetic currents 
in selective cortical tissues, leading to changes in cortical 
excitability (7). It has been widely applied for the functional 
treatment of patients with stroke (8,9), though the mechanisms 
underlying its beneficial effects remain poorly elucidated. 
DCX is a microtubule‑associated protein that is expressed 
almost exclusively in cytoplasm of the newly formed neural 
cells and in migrating neuroblasts in the adult brain (10,11). 
Using an intracerebral haemorrhage mouse model, a previous 
study (12) demonstrated that rTMS significantly increased the 
number of DCX‑positive cells in the injured basal ganglia, 
suggesting its influence on the migration of endogenous stem 
cells. Additionally, electromagnetic field stimulation has 
been shown to increase the migration of NSCs from the SVZ 
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into demyelinated lesions in rats with multiple sclerosis (13). 
However, further studies are required to explore whether rTMS 
can promote the migration of NSCs in vivo in the SVZ and 
to explore the mechanism underlying the response following 
cerebral infarction in rats.

Stromal cell‑derived factor 1α (SDF‑1α) and its affinity 
receptor CXC chemokine receptor  4 (CXCR4) are highly 
expressed in the central nervous system during the devel‑
opmental process (14). Previous studies revealed that mice 
deficient in either the expression of SDF‑1α or CXCR4 
receptors exhibited ectopic navigation of neuronal precursor 
cells, resulting in the abnormal development of the cortex 
in the embryonic brain (15‑18). During the generation of the 
hippocampal dentate gyrus (DG), a primary dentate neuroepi‑
thelium gives rise to a proliferative cell population that streams 
along the ventral surface of developing hippocampus to take 
up a position in the hilus of the DG (14,16). Without functional 
CXCR4, the number of proliferating cells in the migratory 
stream is reduced. Therefore, cells fail to reach the forming DG 
in sufficient numbers, resulting in the failure of DG morpho‑
genesis (17). Normally, during the development of cerebellum, 
granule cell progenitors are generated in the rhombic lip and 
then migrate rostromedially along the surface of the cerebellar 
anlage, forming the external granule cell layer (18). In SDF‑1α‑ 
or CXCR4‑deficient brains of mouse embryos, cells appear to 
migrate incorrectly from the proliferative external granule cell 
layer, resulting in the ectopic positioning of granule cells in the 
Purkinje cell layer, leading to a disorganized cerebellar (19). 
Following cerebral ischaemia, SDF‑1α, which is secreted 
by astrocytes and endothelial cells surrounding the infarct 
area, attracts stem cells. CXCR4 is mainly expressed on 
neural progenitor cells and stroke‑induced neuroblasts (20). 
CXCR4‑positive cells migrate along the chemokine gradient 
of SDF‑1α, scaffolded by vessels, corpus callosum and glial 
cells and are involved in the regulation of axonal outgrowth 
and patterning, synaptic function and remodelling  (21). 
Some rehabilitation measures have been demonstrated to 
increase neurological function and augment the migration of 
endogenous NSCs via the SDF‑1α/CXCR4 axis in rats stroke 
models  (4,5). The protein expression levels of CXCR4 are 
significantly increased in bone marrow mesenchymal stem 
cells, which enhance cell migration in vitro after external 
electric current stimulation  (22,23). In addition, electrical 
stimulation increases SDF‑1α concentrations and enhances 
the migration of transplanted bone marrow stromal cells to the 
infarcted areas of rats with stroke (24). However, the effects of 
rTMS on the expression levels of SDF‑1α and CXCR4 in rats 
after stroke remain unknown.

Cerebral infraction results in neuronal death and therefore, 
protective approaches against neuronal loss in the penumbra 
are sorted after. The SDF‑1α/CXCR4 axis has conflicting 
reported functions in neuronal survival, depending on the 
conditions. An in vitro study previously demonstrated that 
SDF‑1α can promote the survival of cortical neurones (25). By 
contrast, the CXCR4 antagonist AMD3100 has been shown to 
attenuate inflammatory responses and reduce brain damage 
in mice following acute ischaemic stroke (26). In addition, 
another CXCR4 antagonist, CX549, effectively suppresses 
the inflammatory response and increases neuronal survival, 
contributing to post‑stroke behavioural recovery (27). Previous 

studies indicated that rTMS not only promotes cell prolifera‑
tion and inhibits apoptosis in oxygen‑ and glucose‑deprived 
neuronal cells (28), but also suppresses neuronal degeneration 
in the peri‑infarct region in rats following stroke (29). However, 
the role of SDF‑1α/CXCR4 signalling in the rTMS‑mediated 
protection of neurones in cerebral ischaemic rats remains 
unknown.

The present study explored whether rTMS could rescue 
middle cerebral artery occlusion (MCAO)‑induced functional 
impairment by producing a more favourable microenviron‑
ment for NSC migration and neuronal survival. Moreover, the 
role of the SDF‑1α/CXCR4 axis in this process was explored.

Materials and methods

Animals and groups. A total of 135 adult male Sprague‑Dawley 
rats (age, 8 weeks; Jingda Bioengineering Co., Ltd., Hunan, 
China) weighing 210‑230 g, were used. The rats were housed 
in controlled conditions (environment temperature of 25±2˚С, 
ambient humidity of 50±10%, 12‑h light/dark cycle) and 
were provided with ad  libitum access to food and water. 
Randomization was enforced by assigning a number to each 
rat, and a random number generator was implemented to divide 
animals into the experimental groups. Rats were divided into 
sham (S), MCAO (M), rTMS + MCAO (R), rTMS + MCAO + 
AMD3100 (RA) and MCAO + AMD3100 (MA) groups. These 
five groups were subdivided further into subsets at two time 
points, namely 7 and 14 days after MCAO. The present animal 
study was approved by The Animal Experimentation Ethics 
Committee of Tongji Hospital (approval. no. 2017609; Wuhan, 
China) and all treatments conformed to the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals 
(Publication no. 80‑23; revised 1996). The rats were sacri‑
ficed at 7 days (n=11 for each subgroup) or 14 days (n=16 for 
each subgroup) after MCAO depending on the experimental 
schedule. In total, six rats in each subgroup were used for 
immunofluorescence staining and five were used for western 
blot analysis for both 7 and 14 days. Additionally, Nissl staining 
was performed in rats (n=5) in the 14‑day subgroups.

Focal ischaemic stroke model of rat. A stroke model was 
established by intraluminally occluding the right middle 
cerebral artery in rats according to the procedure used by 
Longa et al (30). After being anaesthetized with 5% isoflurane 
inhalation for induction and 2.5% for maintenance (RWD Life 
Science Co., Ltd.), a nylon suture thread was inserted into the 
right internal carotid artery to block blood supply for 90 min 
as described in a previous study (31). The sham group was 
subjected to external carotid artery ligation only. During the 
surgery and recovery period, the rat body temperature was 
maintained at 37±0.5˚C by a heat lamp. The neurological 
deficit score (0, no deficit; 1, failure to stretch the left forepaw 
fully; 2, circling to the left; 3, falling to the left; and 4, no 
spontaneous gaits with abnormal consciousness) was assessed 
4 h after the operation and rats were selected based on a score 
of 2‑3 (30).

Modified neurological severity score (mNSS). The mNSS (32) 
evaluation was performed at 1, 7 and 14 days after surgery, 
where the parameters assessed included movement, sense of 
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touch, reflexes and balance indications. The measures were 
rated on a scale of 0 to 18 (32), with normal marked as 0 and 
the most severe deficits marked as 18. Behavioural tests were 
performed by blinded observers (FG and XHH).

Grip strength metric. On days 1, 7 and 14 post‑ischaemia, the 
forepaw strength of rats was measured using a grip strength 
meter (Ugo Basile SRL). The rats were trained to grasp the grid 
with their forelimbs whilst being tugged backwards from the 
base of tail. After being trained on three successive daily trials 
before the surgery, the rats were allowed to grasp the meter grid 
with their forepaws and then pulled carefully from the tail until 
they released the apparatus. The test was repeated five times 
per rat with 1‑h intervals in between. The average force exerted 
by the bilateral forepaws was determined from the recorded 
values. The mean of all five readings was calculated and used 
for statistical analyses. The grip strength test process and results 
analysis were performed as previously described (33).

rTMS treatment. At 1 day after ischaemic stroke, conscious 
rats received rTMS administration by a magnetic stimulator 
(YRD‑CCI, Wuhan Yiruide Medical Equipment New 
Technology Co., Ltd.) with a 6‑cm diameter figure‑eight coil. 
The stimulation site was placed over the ipsilateral primary 
motor cortex. Richter et al (34) previously observed that 45˚ in 
relation to the standard lateral orientation is the optimal direc‑
tion for stimulation. Therefore, this stimulus orientation was 
used. After the rats were fixed on an instrument in a standing 
position without resistance, they received rTMS once a day 
for 7 or 14 consecutive days with the following parameters: 
10‑Hz frequency; 3‑sec duration; 50‑sec training interval; 10 
successive training episodes; 300 pulses; and 120% rest motor 
threshold (RMT) intensity. The RMT was recorded from 
the gastrocnemius muscle of the left hind limb using a TMS 
(Wuhan Yiruide Medical Equipment New Technology Co., 
Ltd.) as previously described (35). The RMT was defined as 
the lowest intensity of the TMS able to elicit a motor‑evoked 
potential with amplitudes ≥15 µv at least 5/10 times (36). The 
rTMS parameters were set based on a previous study according 
to their efficacy and feasibility (37).

Bromodeoxyuridine and AMD3100 administration. To 
identify proliferating cells, 5‑bromo‑20‑deoxyuridine [BrdU; 
50  mg/kg; intraperitoneal (i.p.) injection; cat.  no.  B5002; 
Sigma‑Aldrich; Merck KGaA] was administered. For the 7‑day 
subgroups, rats were injected with BrdU every 4 h continu‑
ously three times after the last rTMS treatment (7 days after 
surgery) and then euthanized within 4 h after the last BrdU 
injection (38). For the 14‑day subgroups, rats were adminis‑
tered with BrdU once daily for 7 consecutive days from 24 h 
post‑surgery (39). The CXCR4 receptor antagonist AMD3100 
(cat. no. HY‑10046; MedChemExpress) was also used in the 
MA and RA groups. Rats in the MA and RA groups received 
an AMD3100 (medium saline; 2 mg/kg; i.p.) injection every 
other day from 2 days after MCAO until euthanasia according 
to previous reports (4).

Tissue preparation. The specimens were embedded in 
Optimum Cutting Temperature (cat.  no.  G6059‑110ML; 
Wuhan Servicebio Technology Co., Ltd.) compound for 

immunofluorescence analysis, whilst brain samples were 
paraffin‑embedded for Nissl staining. At 7 or 14 days after 
MCAO, six rats were deeply anaesthetized with 5% isoflurane 
inhalation induction and 2.5% maintenance (RWD Life 
Science Co., Ltd.) for 10  min. During this time the rats 
became unconscious and were insensitive to tail pinch. They 
were then perfused transcardially with saline and 4% para‑
formaldehyde at 4˚C for 30 min. The brain tissues were then 
removed and kept in the same fixative overnight at 4˚C and 
then incubated in 20 and 30% sucrose consecutively at 4˚C for 
3 days dehydration. Subsequently, the brains were embedded 
in Optimum Cutting Temperature and then cut into 30‑µm 
thick free‑floating coronal sections using a cryostat (CM1900; 
Leica Microsystems GmbH) for immunofluorescence.

At 14 days after surgery, brain samples (n=5) were collected 
by transcardial perfusion, fixed in paraformaldehyde, dehy‑
drated in sucrose as aforementioned, paraffin‑embedded and 
cut into 4‑µm thick slices in the coronal plane (Leica 2035; 
Leica Microsystems GmbH) for Nissl staining. To be more 
representative, as referred by a previous report, every sixth 
slice (40) containing the cerebral infarction was collected, 
including the cortex and striatum (0.3‑1.2 mm behind the 
bregma).

Immunofluorescence staining. To prepare the slices for 
BrdU labelling, the free‑floating brain sections were washed 
in PBS three times and denatured in 2 N HCl for 25 min 
at  37˚C and neutralized with 0.1  M borate solution for 
15 min. The free‑floating sections were blocked in buffer 
(10% normal donkey serum and 0.3% Triton X‑100 in PBS; 
pH 7.5; cat. no. ANT051; Wuhan Antejie Biotechnology Co., 
Ltd. and cat. no. WGT8200; Wuhan Servicebio Technology 
Co., Ltd.) for 2 h at room temperature and then incubated 
with a mixture of primary antibodies in 5% donkey serum 
and PBS overnight at 4˚C. Primary antibodies included rat 
anti‑BrdU (1:100; cat. no. ab6326; Abcam) and goat anti‑DCX 
(1:100; cat.  no.  sc‑8066; Santa Cruz Biotechnology, Inc.). 
The following day, the primary antibodies were washed 
and replaced with the secondary antibodies (1:400 for both; 
Thermo Fisher Scientific, Inc.), TRITC 593‑conjugated 
donkey anti‑rat (to conjugate BrdU; cat.  no.  A18744) and 
Alexa Fluor 488‑labelled donkey anti‑goat (to link DCX; 
cat. no. A‑11055; Thermo Fisher Scientific, Inc.) for 2 h at 
room temperature before rinsing with PBS. Slides were 
mounted with a DAPI‑containing anti‑quenching agent 
(cat. no. AR1177; Wuhan Boster Biological Technology, Ltd.) 
and sealed with a coverslip. Images were captured with a 
confocal laser‑scanning microscope (magnification x200; 
Olympus Corporation). Subsequently, two randomly selected 
regions in the ipsilateral SVZ were observed per section, 
where the number of BrdU/DCX co‑labelled positive cells 
were identified in the ipsilateral brain area from the SVZ to the 
ischaemic cortex under a x20 objective in a blinded manner 
using the ImageJ version 1.50 (National Institutes of Health) 
software and the average values per slide were recorded. The 
mean value of three sections in each rat was processed. The 
results were expressed as the number of labelled cells.

Western blot analysis. Peri‑infarct cortical tissue samples 
from subset groups (n=5) at 7 and 14 days were collected for 
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western blot analysis. Total proteins were extracted with a 
Teflon‑glass homogenizer in ice‑cold homogenization medium 
containing 1 mM PMSF (Beyotime Institute of Biotechnology) 
in chilled RIPA buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology). The bicinchoninic acid (BCA) protein assay 
kit (Beyotime Institute of Biotechnology) was employed to 
estimate the protein concentrations, as detailed in a previous 
study (37). A total of 40 µg protein per lane was separated 
using 10% SDS‑PAGE gels and then transferred onto PVDF 
membranes. Subsequently, membranes were blocked with 
TBST (0.1% Tween‑20 in TBS) containing 5% non‑fat milk 
powder for 1 h at room temperature and then incubated over‑
night at 4˚C with the following primary antibodies: Rabbit 
anti‑SDF‑1α (1:300; cat. no. bs‑4938R; Bioworld Technology, 
Inc.) and rabbit anti‑CXCR4 antibody (1:300; cat. no. ab181020; 
Abcam). Next, membranes were washed in 0.1% TBST three 
times, incubated with associated horseradish peroxidase linked 
secondary antibodies (1:5,000; cat. no. BA1054; Wuhan Boster 
Biological Technology, Ltd.) for 1 h at room temperature and 
washed in 0.1% TBST three times. Blots were visualized using 
the ECL western blot detection kit (Thermo Fisher Scientific, 
Inc.). The bands were examined using Gel‑Pro Analyzer 
version 4.0 software (Media Cybernetics, Inc.). The test was 
repeated in triplicate.

Nissl staining. Nissl staining was performed according to 
the standard procedure (41). Briefly, after being dewaxed in 
the xylene and rehydrated in the descending concentration 
gradient ethanol, the sections were stained with 0.1% cresyl 
violet acetate (Sigma‑Aldrich; Merck KGaA) for 40  min 
at 60˚C, before they were rinsed, dehydrated in the ascending 
concentration gradient ethanol and cleared in the xylene. Next, 
sections were cover slipped and identified under a light micro‑
scope (magnification x400; DM2500; Leica Microsystems 
GmbH) and the area of the penumbra was outlined according 
to the staining colour and arrangement difference under the 
x10 objective of the microscope. Images were captured and 
cell counting was performed with a x40 objective. A total of 
five randomly selected fields for each coverslip were exam‑
ined, three sections in each rat were taken before the average 
values were calculated. Surviving neurones were calculated 
using Image‑Pro Plus version 6.0 (Media Cybernetics, Inc.) 
software in a blinded manner with reference to the method 
of Ji et al (42). The Nissl bodies (blue) staining in neural cells 
were clearly visible and distinct. Cells with Nissl staining 
in the cytoplasm and prominent nucleoli were identified 
as surviving neurones, whilst cells with shrunken shape, 
cavitation around the nucleus or loss of Nissl substance were 
considered damaged (43). Only whole neurones with visible 
nuclei were counted. The results are expressed as the number 
of viable neurones (Nissl‑positive cells) in the penumbra.

Statistical analysis. Values are shown as the means ± standard 
error of the mean. All analyses were performed using SPSS 
version 19 (IBM Corp.). GraphPad Prism version 6.0 software 
(GraphPad Software, Inc.) was used to generate graphics. 
For multiple comparisons, data were subjected to a one‑way 
analysis of variance (ANOVA) followed by Bonferroni post 
hoc comparison. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

rTMS improves behavioural outcomes of rats with ischaemic 
stroke. To assess the neurological function of rats after MCAO, 
mNSS scoring was used. The mNSS value of the sham‑operated 
rats was 0, where significant differences were not observed in 
the average scores among the ischaemic rats 1 day after surgery. 
As shown in Fig. 1A, compared with those in the M and MA 
groups, rats in the R and RA groups demonstrated significant 
improvement in the mNSS evaluation at 7 and 14 days after 
MCAO (P<0.05). Rats in the R group exhibited no significant 
decline in the mNSS scores compared with those in the RA 
group at 7 days after MCAO. However, a significant increase 
was observed in the RA group compared with that in the R 
group at 14 days (P<0.05). These results suggest that rTMS 
alleviated the motor deficiencies in MCAO rats, but AMD3100 
abrogated the rTMS‑induced response at 14 days.

The purpose of the grip strength test was to evaluate muscle 
strength and neuromuscular integration corresponding to the 
forepaw grasping reflex (44). As shown in Fig. 1B, compared 
with that in sham‑operated rats, the grip strength of the rats 
in the M group significantly decreased (P<0.01). Significant 
differences were not observed in the grip strength test values 
among the rats 1 day after MCAO. At 7 and 14 days after 
surgery, the strength of the rats in the R, M and RA groups 
was increased significantly compared with that in the M, MA 
and MA groups, respectively (P<0.01). Significant differences 
were not observed between that in the R group and the RA 
groups at 7 days after MCAO, whilst a significant increase in 
forepaw power occurred in the R group compared with that 
in the RA group at 14 days post‑ischaemia (P<0.01). These 
results revealed that rTMS increased the muscle strength 
and neuromuscular integration of MCAO rats. Furthermore, 
AMD3100 reversed the beneficial effects of rTMS on the 
forepaw strength of rats at 14 days. In addition, compared with 
the rats in MCAO group, AMD3100 inhibited the forelimb 
power recovery of MCAO rats at 7 days.

rTMS enhances the migration of NSCs in rats with ischaemic 
stroke. To observe migrating SVZ‑derived NSCs in the 
peri‑infarction zone (Fig. 2A and B), a BrdU/DCX dual‑label‑
ling immunofluorescence test was conducted at different 
time points of 7 and 14 days. BrdU is a specific maker for 
cell proliferation, whilst DCX is expressed in newborns and 
migrating neuroblasts in the adult brain  (4,5). Therefore, 
NSC migration can be quantified by counting the number 
of BrdU/DCX‑immunostained cells  (45). The number of 
BrdU‑positive cells in the SVZ increased at 7 and 14 days 
after MCAO compared with that in the Sham rats (data not 
shown). Some of the BrdU‑positive cells co‑expressed DCX, 
which represented the NSCs diverting from the SVZ. A small 
number of DCX+ cells were found in the left lateral SVZ of rats 
in the M group or in the bilateral SVZ of Sham rats. Thereafter, 
DCX+ cells were numerically increased and distributed in the 
callosum and striatum of the ipsilateral hemisphere at 7 and 
14 days after surgery. At 14 days, the BrdU+/DCX+ cells with 
elongated dendrites, formed clusters at the SVZ, arranged in a 
chain‑like manner along the ventricle lateral wall, and migrated 
towards the infarction site (Fig. 2C‑2J). As shown in Fig. 3F 
at 7 days post‑ischaemia (Figs. 3F and S1), significantly more 
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BrdU+/DCX+ cells were observed in the ipsilateral SVZ of 
the M group compared with those in the S group (P<0.05). In 
addition, rTMS treatment significantly augmented the number 
of BrdU+/DCX+ cells in the R group compared with that in rats 
in the M group (P<0.05). The number of dual‑positive cells in 
the RA group was significantly increased compared with those 
in the MA group (P<0.05).

At 14 days post‑ischaemia, the numbers of BrdU+/DCX+ 
cells increased significantly in the M group compared with 
those in the S group (P<0.05), the same trend was also 
observed in the R group compared with that in the M group 
(P<0.01), in addition to in the R group compared with that in 
the RA group (P<0.05). However, significant differences were 
not observed between the numbers in the RA and MA groups 
(Fig. 3F). These results suggest that 10 Hz rTMS enhanced the 
ischaemia‑induced increases in the number of BrdU+/DCX+ 
co‑labelled‑cells. Additionally, AMD3100 inhibited the 
beneficial effects of rTMS against MCAO in rats at 14 days 
but not at 7 days.

rTMS increases the expression levels of proteins in the 
SDF‑1α/CXCR4 axis in the peri‑infarction zone after MCAO. 
To examine the effects of rTMS on the SDF‑1α/CXCR4 
signaling axis in MCAO rats, western blot analysis was used 
to observe the protein expression levels of SDF‑1α and CXCR4 
at 7 and 14 days after MCAO (Fig. 4). The expression levels of 
SDF‑1α and CXCR4 in rats in the M group were significantly 
upregulated compared with those in the sham group (P<0.05; 
Fig.  4). Furthermore, the R group displayed significantly 
increased SDF‑1α and CXCR4 expression levels at both 7 
and 14 days compared with those in the M group (all P<0.05; 
Fig. 4A). The expression levels of SDF‑1α in the RA group was 
significantly increased compared with those in the MA group 
at 7 and 14 days (P<0.05; Fig. 4A). In addition, the expression 
levels of SDF‑1α in the MA group was significantly decreased 
compared with that in the M group at 14 days (P<0.05; Fig. 4A).

The expression level of CXCR4 was significantly increased 
in the R group compared with that in the RA group, whilst 

the same trend was also observed for the M group compared 
with that in the MA group, in addition to for that in the RA 
group compared with that in the MA group at both time‑
points (all P<0.05; Fig. 4B). These results suggest that the 
SDF‑1α/CXCR4 axis was inhibited by AMD3100 and that 
rTMS could upregulate the expression levels of SDF‑1α and 
CXCR4 in rats following MCAO.

rTMS increases the number of surviving neurones in the 
ischaemic penumbra. Nissl staining was performed to 
assess neuronal injury. Since a tendency to behavioural 
improvement was observed in rats in the R group after 
14  days compared with those in the same group after 
7 days (data not shown), rats in the R group were selected 
for Nissl staining after 14 days (Figs. 2A and 5). As shown 
in Fig. 2A, the injured area (concluded ischemic core and 
penumbra) mainly was focused on the cerebral cortex and 
the striatum. Damaged neurones would exhibit the absence 
of Nissl's bodies, smaller intercellular space and abnormal 
staining. Neurones were found to be arranged randomly 
with irregular shapes in the M group (Fig. 5B). The number 
of Nissl+ neurones per high power field in rats in the M group 
was significantly decreased compared with that in sham rats 
(P<0.05; Fig. 5F). By contrast, rTMS significantly alleviated 
MCAO‑induced neuronal loss, as shown by the signifi‑
cantly increased numbers of Nissl+ neurones in the R group 
compared with those in the M group (P<0.05; Fig.  5F). 
Statistical analysis also demonstrated that the number of 
surviving neurones in the MA group was significantly 
decreased compared with that in the RA group (P<0.05; 
Fig. 5F). Additionally, significant differences were observed 
between the R group and RA group and between the M group 
and MA group (both P<0.05; Fig. 5F). The number of Nissl+ 
neurons in the R and M group was significantly higher than 
that in the RA and MA groups, respectively. These results 
suggest that rTMS can rescue MCAO‑induced neuronal 
damage in the penumbra, whereas this positive response was 
inhibited by AMD3100.

Figure 1. rTMS treatment increases the behavioural performance of rats at 7 and 14 days after MCAO. (A) Recovery of neurological function evaluated 
by mNSS. (B) Forelimb strength as measured using the grip strength meter. n=10 rats per group. ▲▲P<0.01 vs. S; *P<0.05 and **P<0.01 vs. M; #P<0.05 
and ##P<0.01 vs. RA; ΔP<0.05 and ΔΔP<0.01 vs. MA group. mNSS, modified neurological severity scores; MCAO, middle cerebral artery occlusion model; 
rTMS, repetitive transcranial magnetic stimulation; S, sham; M, MCAO; R, rTMS + MCAO; RA, rTMS + MCAO + AMD3100; MA, MCAO + AMD3100.
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Discussion

The present study demonstrated that high‑frequency rTMS 
facilitated functional recovery from ischaemic stroke in a rat 
MCAO model, which was associated with enhanced migration 
of NSCs and reduced neuronal loss in the peri‑infarct area. 

Together with these effects, the protein expression levels of 
SDF‑1α and CXCR4 were significantly increased by 10 Hz 
rTMS treatment. However, the rTMS‑induced changes were 
significantly inhibited by AMD3100. To the best of our 
knowledge, the present study demonstrated for the first time 
that the restorative and neuroprotective effects of rTMS in rats 

Figure 2. Schematic view of the region of interest and representative confocal images of immunofluorescence staining at 14 days post‑surgery. (A) Coronal 
section representation of an ischaemic rat brain (bregma 0.60 mm). Dark section denotes the ischaemic core, the grey section indicates the ischaemic penumbra 
and white sections indicate non‑ischaemic area. For image analysis, representative fields (rectangle in red colour) in the SVZ and representative fields (rect‑
angle in black colour) in the penumbra were selected. (B) Representative images of immunofluorescence labelling with DAPI (blue) staining in the M group 
at 7 days post‑surgery. The SVZ (white arrows) located between the LV and the striatum. IBZ (penumbra) was defined as an area surrounded by white dashed 
lines and ischemic core located right side from the right broken line. Magnification x100. (C‑J) Representative ipsilateral SVZ zones were subjected to immu‑
nofluorescence labelling with BrdU (red) and DCX (green) staining. (C) Representative ipsilateral SVZ zone image from the M group 14 days after surgery. 
The three columns on the right (D‑F) show higher magnification images of the white boxed areas in (C). Images of (D) BrdU+, (E) DCX+, (F) BrdU/DCX 
dual‑positive cells in the M group at 14 days post‑surgery. (G) Representative ipsilateral SVZ zone image from the R group 14 days after surgery. The three 
columns (H‑J) show higher magnification images of the white boxed areas in (G). Images of (H) BrdU+, (I) DCX+, (J) BrdU/DCX dual‑positive cells in the 
R group at 14 days post‑surgery. Scale bars, 50 µm. CC, corpus callosum; LV, lateral ventricle; SVZ, subventricular zone; IBZ, ischemic boundary zone; Core, 
infarct core; MCAO, middle cerebral artery occlusion model; rTMS, repetitive transcranial magnetic stimulation; S, sham; M, MCAO; R, rTMS + MCAO; 
RA, rTMS + MCAO + AMD3100; MA, MCAO + AMD3100; BrdU, bromodeoxyuridine; DCX, doublecortin.
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following ischaemic stroke may be dependent on the activation 
of SDF‑1α/CXCR4 signalling.

Activating endogenous NSCs to remodel the neural tissue 
is considered to be an effective therapeutic strategy after 
cerebral ischemic injury in rats (46). The infarct area was 
found to be enlarged, where the neurological deficits were 
more severe, in mice that were depleted of DCX‑ and 
BrdU‑immunoreactive cells in the SVZ post‑ischaemia, 
suggesting that boosting NSC migration is a potential target 
for stroke treatment (47). The present study used mNSS values 
and grip strength to evaluate neurological function, muscular 
strength and neuromuscular integration in rats following 
cerebral ischaemia. The results indicated that 10 Hz rTMS 
significantly restored motor dysfunction and further promoted 

the migration of NSCs, as evidenced by the significantly 
increased number of BrdU+/DCX+ cells in the ipsilateral SVZ 
compared with that in the M group at 7 and 14 days post‑isch‑
aemia. Similar results were found in a previous clinical (9) 
and preclinical (48) study, indicating that rTMS can increase 
overall motor function following ischaemic stroke. Exogenous 
electrical stimulation can confer positive effects on NSC 
migration in vitro (49). Additionally, a previous study also 
demonstrated that electromagnetic field stimulation can 
promote the migration of proliferative cells from the SVZ into 
demyelinated lesions in the corpus callosum in a rat model of 
multiple sclerosis (13). Therefore, the improvement of motor 
function observed with rTMS may be associated with the 
enhancement of NSC migration in rats with ischaemic stroke.

Figure 3. rTMS treatment promotes the migration of neural stem cells in the ipsilateral SVZ at 7 and 14 days after MCAO. Representative confocal images of 
immunofluorescence staining. Staining in the (A) S group, (B) M group, (C) R group, (D) RA group and (E) MA group at 14 days after ischaemia onset. White 
arrows indicate examples of colocalized cells. Red represents BrdU and green represents DCX. Magnification, x200; scale bar, 50 µm. (F) Quantification the 
number of BrdU/DCX dual‑positive cells per section in each group. n=6 rats per group. ▲P<0.05 vs. S; *P<0.05 vs. M; #P<0.05 vs. RA. MCAO, middle cerebral 
artery occlusion model; rTMS, repetitive transcranial magnetic stimulation; S, sham; M, MCAO; R, rTMS + MCAO; RA, rTMS + MCAO + AMD3100; 
MA, MCAO + AMD3100; BrdU, bromodeoxyuridine; DCX, doublecortin.
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Chemokines are important factors that regulate cell 
migration (50). Using a rat model of acute ischemic stroke, 
a previous study has revealed that SDF‑1α and CXCR4 
expression levels were upregulated following stroke (51). 
Overexpression of SDF‑1α in the boundary of the infarcted 
area in rats with ischemic stroke resulted in increased NSCs 
recruitment in the SVZ (52). Furthermore, SDF‑1α/CXCR4 
stimulates outward radial migration of neural precursors 
from adherent neurospheres in vitro in a dose‑dependent 
manner after treatment with CXCL12 (SDF‑1α) in the 
medium (53). When CXCR4 receptor‑blocking antibodies 
were applied, the migration of NSCs was also signifi‑
cantly reduced (5). Therefore, SDF‑1α/CXCR4 signalling 
can potentially manipulate the trafficking of endogenous 
NSCs. Results of the present study demonstrated that rTMS 
enhanced the expression of SDF‑1α and CXCR4, which was 
accompanied by an increased number of BrdU+/DCX+ cells 
at the ischaemic border, in a manner that was susceptible to 
blockade by AMD3100. Similarly, a previous study observed 
that electrical stimulation increased SDF‑1α concentrations 
and enhanced the migration of exogenous bone marrow 
stromal cells to the infarction zone in a rat stroke model (24). 

In the present study, the AMD3100‑induced reduction 
in SDF‑1α and CXCR4 expression resulted in decreased 
neurological recovery in the RA group at 7 and 14 days after 
stroke. These results imply that the SDF‑1α/CXCR4 axis can 
contribute to rTMS‑mediated recovery of motor dysfunc‑
tion after stroke in rats. These effects may be explained 
by the significant reduction in rTMS‑induced NSC migra‑
tion caused by AMD3100 at 14 days post‑surgery, thereby 
significantly attenuating functional recovery. Moreover, the 
number of BrdU+/DCX+ cells was significantly increased in 
the R group compared with that in the RA group, whereas 
significant differences were not observed between the RA 
group and MA group at  14  days post ischaemia. These 
results indicated that AMD3100 inhibited the migration 
of NSCs following ischaemic stroke and that rTMS may 
enhance the migration of NSCs via other mechanisms. A 
previous report indicated that electrical excitation can direct 
the migration of NSCs via galvanotaxis independent of 
SDF‑1α chemical gradients  (54). Nevertheless, data from 
the present study demonstrated that rTMS enhanced NSC 
migration in rats following MCAO, possibly by activating 
the SDF‑1α/CXCR4 axis.

Figure 4. Effects of rTMS on SDF‑1α and CXCR4 expression in the ipsilateral tissue at 7 and 14 days after surgery. Protein expression levels of (A) SDF‑1α 
and (B) CXCR4 in the ischaemia samples as determined by western blot analysis. (C) Representative western blotting images of SDF‑1α, CXCR4 and GAPDH 
on gel. n=5 rats per group. ▲P<0.05 vs. S group; *P<0.05 vs. M group; #P<0.05 vs. RA group; ΔP<0.05 vs. MA group. MCAO, middle cerebral artery occlu‑
sion model; rTMS, repetitive transcranial magnetic stimulation; S, sham; M, MCAO; R, rTMS + MCAO; RA, rTMS + MCAO + AMD3100; MA, MCAO + 
AMD3100; SDF‑1α, Stromal cell‑derived factor 1α; CXCR4, CXC Chemokine receptor 4.
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The role of SDF‑1α in cerebral insults remains under 
exploration. SDF‑1α‑overexpression has been found to protect 
neurones in the penumbra following ischaemic brain insult, 
resulting in a significantly decreased number of apoptotic 
cells (52). A study by Chiazza et al (55) indicated that activation 
of the SDF‑1α/CXCR4 axis resulted in reduced tissue damage, 
promoted neuronal survival and improved upper‑limb function 
recovery after post‑stroke treatment in MCAO mice. In addition, 
using Nissl staining, Sun et al (56) demonstrated that SDF‑1α 
injection prevents neurones from degenerating in rats following 

traumatic brain injuries. Another previous study reported that 
rTMS can enhance neuron survival in the perilesional zone 
in rats after traumatic brain injury (57). In the present study, 
rTMS treatment rescued ischaemia‑induced neuronal damage 
in the penumbra. Furthermore, AMD3100 treatment abolished 
the enhanced survival of neurones in the perilesional area in 
the R group. A study has previously revealed that the content 
of SDF‑1α is significantly higher in the infarcted striatum of 
rats after ischaemic stroke (24) and in the anal sphincter of 
rats (58) after electrical stimulation. Although it is possible 

Figure 5. rTMS treatment protects neurones against ischaemic injury in the penumbra at 14 days after surgery. Representative images of Nissl staining in the 
(A) S, (B) M, (C) R, (D) RA and (E) MA groups (magnification, x400; scale bar, 200 µm). (F) Quantified analysis of Nissl‑positive neurones per section in the 
five groups. Black arrows represent examples of surviving neurones (Nissl‑positive cells). Red arrows indicate examples of damaged neurones. n=5 rats per 
group. ▲P<0.05 vs. S; *P<0.05 vs. M; #P<0.05 vs. RA. MCAO, middle cerebral artery occlusion model; rTMS, repetitive transcranial magnetic stimulation; 
S, sham; M, MCAO; R, rTMS + MCAO; RA, rTMS + MCAO + AMD3100; MA, MCAO + AMD3100.
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that rTMS use can protects neural cells in the injured area in 
other ways, such activity may be at least in part attributed to 
the SDF‑1α/CXCR4 axis. The brain is comprised of an intricate 
neuronal network where various types of cells interact with 
each other (59). The endogenous neurogenic response is also 
under the influence of the surrounding microenvironment, such 
as the optimization of SDF‑1α expression and neurotrophins in 
the penumbra (60,61). Therefore, rTMS may create a favourable 
microenvironment where surviving neurones and NSCs can 
synergistically promote functional recovery.

The present study has some limitations. An indirect 
method was used to evaluate the migration of NSCs instead 
of measuring the migration distance using another method. 
For example, SVZ neuroblast migration as evaluated by the 
distance from the SVZ to the cell cluster nearest to the isch‑
emic area was considered to reflect the migratory distance, 
where the maximal distance that the SVZ cells covered was 
measured (62). The influence of rTMS on the proliferation of 
NSCs also cannot be ruled out. Further studies are required 
to validate if the migration of NSCs mediated by rTMS is 
associated with the differentiation of new neurones and if they 
are fully functional in neural circuits. Although motor‑evoked 
potential measurements were used for determining optimal 
localization (63), poor localization and the whole brain may 
be inevitably stimulated because the stimulator coil (6‑cm in 
diameter) was relatively large for the rodent brain. In addition, 
a previous study suggested that rTMS treatment (10 Hz rTMS 
stimulation of the ipsilateral motor cortex) promotes cognitive 
functional recovery after ischaemic stroke in rats by inhibiting 
apoptosis whilst enhancing neurogenesis in the hippocampus 
distal to the stimulation site (64). By contrast, another study 
reported that neurogenesis was not significantly increased 
after 20 Hz rTMS intervention (the stimulation point was set at 
the left frontal cortex) in a rat model of chronic psychosocial 
stress (65). This discrepancy may be attributed to the different 
stimulating frequencies and animal models used. These results 
suggest that appropriate parameters for electrical stimulation 
are important in clinical settings and animal models. It is 
worth assessing the underlying mechanisms and optimized 
protocols of rTMS in neurogenesis.

In conclusion, the present study provided new insights into 
the effects of rTMS on neurological deficits after ischaemic 
stroke, which suggested that the mechanism may be associ‑
ated with the enhancement of endogenous NSC migration and 
neuroprotection. In addition, SDF‑1α/CXCR4 signalling may 
serve a notable role in this process.
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