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Introduction
The brain has great potential to reorganize its functions and 
modulate its behavior after insults, including stroke[1-3]. In 
recent decades, therapeutic interventions to improve the 
functional recovery of subjects with stroke have been devel-
oped by scientists and clinicians such as neurodevelopment 
facilitation representative of the Bobath, Brunnstrom and 
Roodapproaches[4], but none of these interventions has 
demonstrated global superiority over the others. More re-
cently, developing new therapeutic strategies has become a 
focus in stroke rehabilitation, and approaches such as motor 
relearning programs[5-6], repetitive task training[7-8], con-
straint-induced movement therapy[9-10] and neuromuscular 
electrical stimulation[11-12] have all received attention. How-
ever, it remains unknown which of the available treatment 
options for stroke rehabilitation is most effective.

Functional electrical stimulation is one neuromuscular 
electrical stimulation technique that supplements or replaces 
function that was lost in neurologically impaired individuals. 
Functional electrical stimulation applies an electric current 
to activate muscles that have been paralyzed as a result of 
central nervous system injury such as stroke[13]. In recent de-
cades, functional electrical stimulation has been used in the 
improvement of motor recovery in subjects with stroke and 
has now advanced from being an electrophysiological brace 
to a treatment modality for improving muscle control, for 
the neuroaugmentation of residual movement, and to sup-
port “spontaneous” recovery of motor control[13], especially 
in stroke survivors. Several randomized, controlled trials 
have demonstrated that functional electrical stimulation can 
improve limb function in terms of decreasing spasticity, in-
creasing muscle strength, and enhancing walking ability[14-15]. 
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Why functional electrical stimulation has effects in stroke 
patients and the exact mechanism underlying the effects of 
such treatment remain poorly understood. One explanation 
for the positive effects is that functional electrical stimula-
tion-evoked afferent activity may play an important role in 
facilitating the reorganization of sensory and motor systems 
early after stroke[16]. To date, however, few investigations have 
focused on the mechanisms underlying the effectiveness of 
functional electrical stimulation. Although some investiga-
tors have concluded that functional electrical stimulation 
treatment may facilitate neural plasticity[13, 17-19], few exper-
iments have explored the role that neural precursor cells in 
the brain may have in functional electrical stimulation-in-
duced neural plasticity. 

Neural precursor cells proliferate and differentiate into 
neurons and glia, and are important for proper generation, 
repair and maintenance of the nervous system[20]. Moreover, 
neural precursor cells seem to be an effective tool for brain 
repair after injury. They are mainly located in the subgran-
ular zone of the hippocampal dentate gyrus and in the sub-
ventricular zone in the brains of adult mammals[21]. They 
can be mobilized in response to certain pathological condi-
tions such as stroke, especially with the help of some crucial 
neural factors such as two specific mitogens of neural pre-
cursor cells: basic fibroblast growth factor and epidermal 
growth factor. Epidermal growth factor primarily stimulates 
mitotic division of all neural stem/progenitor cells and 
epidermal growth factor-related peptide neuregulins also 
stimulate neural stem cell proliferation in the subventricular 
zone via ErbB4 receptors[22]. Basic fibroblast growth factor 
also stimulates proliferation of neural stem/progenitor cells, 
but in a less rigid fashion does than epidermal growth fac-
tor[23]. In vitro analysis of epidermal growth factor-basic fi-
broblast growth factor cross-talk in primary subventricular 
zone neurosphere cultures has shown that basic fibroblast 
growth factor acts subsequent to epidermal growth factor 
and that basic fibroblast growth factor receptors are induced 
secondarily by epidermal growth factor signaling[24]. Ow-
ing partly to these effects of the two growth factors, neural 
precursor cells are thought to be involved in the repair of 
impaired neurons[25-28]. However, the spontaneous prolifer-
ation of endogenous neural precursor cells stimulated by 
stroke in both of the known neurogenic sites (the subgranu-
lar zone and subventricular zone) is not normally sufficient 
to completely restore the function of affected neurons[2, 29-30]. 
Subsequently, how to facilitate neurogenesis from these pre-
cursor cells is a challenge currently facing scientists and cli-
nicians, and functional electrical stimulation may enhance 
that neurogenesis.

Recent studies have demonstrated that functional electri-
cal stimulation activates both motor and sensory axons un-
der the stimulating electrodes and that muscle contractions 
are either generated by activation of motor axons through 
peripheral pathways, or initiated by sensory axons through 
central pathways. Generating contractions through central 
pathways recruits motor units through the synaptic acti-
vation of motor neurons[16]. Central pathway stimulation 
might induce afferent-efferent changes to help to resume 

normal movement patterns by altered activation in central 
nervous system circuits, including the ischemic penumbra 
area and motor cortex. This suggests that functional elec-
trical stimulation-evoked sensory volleys would increase 
activities in central nervous system circuits that control 
movement, and this could help produce contractions that 
are more fatigue resistant in the recovery of neuromuscular 
function after central nervous system damage. Published 
studies raise the question of whether recovery from stroke 
might be related to neuroplasticity, or more specifically to 
neurogenous neural precursor cells. The present study was 
designed to observe the impact of functional electrical stim-
ulation on endogenous neural precursor cells after focal ce-
rebral infarction and to explore the mechanism underlying 
any observed functional recovery.

Results
Quantitative analysis of experimental animals
One-hundred and eight rats were equally and randomly 
divided into functional electrical stimulation (middle ce-
rebral artery occlusion + functional electrical stimulation), 
placebo (middle cerebral artery occlusion + attached to the 
same functional electrical stimulation device but without 
electrical stimulation) and sham-operated (no artery occlu-
sion) groups. Neural stem cell numbers are known to in-
crease slightly early after an insult, to peak at 7 days, and to 
persist for at least 4 weeks[31-32]. Thus, each group was fur-
ther subdivided into four subgroups (baseline, and 3, 7 and 
14 days of functional electrical stimulation treatment; n = 9 
in each group). At each time point, three rats were selected 
for immunohistochemistry, three for immunoblotting, and 
three for PCR. All 108 rats were included in the final analy-
sis, with no drop outs. 

Functional electrical stimulation improved the behavioral 
function of stroke rats 
In a beam-walking test and the rotating pole test, stroke rats 
showed impaired neurological function compared with the 
sham-operated group (P < 0.05). Significant differences were 
found between the scores of rats in the sham-operated group 
and those of rats in both the functional electrical stimulation 
and placebo groups, but not between the scores of rats in the 
functional electrical stimulation and placebo groups at each as-
sessment point (data not shown).

In the prehensile traction test, the stroke rats clearly showed 
impaired prehensile traction compared with the rats in the sh-
am-operated group. Significant improvement was observed in 
the functional electrical stimulation group compared with the 
placebo group at 14 days after treatment, but not at baseline or 
at 3 or 7 days (Figure 1). In addition, no seizures were observed 
in any of the rats during the whole experiment.

Functional electrical stimulation enhanced the numbers of 
nestin-positive cells in the brains of stroke rats
By immunohistochemical detection, the number of nes-
tin-positive cells in the placebo group was greater than that 
in the functional electrical stimulation group at 7 and 14 
days (P < 0.05; Figure 2).
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Functional electrical stimulation upregulated basic 
fibroblast growth factor and epidermal growth factor 
protein levels in the brains of stroke rats
Western blotting demonstrated that the levels of basic fibro-
blast growth factor and epidermal growth factor proteins 
were significantly greater in the functional electrical stimu-
lation group than in the placebo group at 7 and 14 days (P < 
0.05; Figure 3).

Functional electrical stimulation upregulated basic 
fibroblast growth factor and epidermal growth factor 
mRNA expression in the brains of stroke rats 
Reverse-transcription PCR demonstrated that the expression 
levels of basic fibroblast growth factor and epidermal growth 
factor expression were increased by more in the functional 
electrical stimulation group than in the placebo group at 7 
and 14 days compared with the levels in the sham-operated 
group (P < 0.05; Figure 4).

Discussion
Studies have demonstrated that ischemia in the brain 
causes irreversible limb paralysis[26]. Various rehabilitation 
approaches have been applied to improve limb paralysis 
in clinical practice, including functional electrical stimula-
tion[12, 33-47]. On the other hand, the discovery of neural pre-
cursor cells and neurogenesis in adult brains has shown that 
the post-ischemic brain can be repaired, at least to a certain 
extent[48-52]. Nestin was selected as a marker of neural pre-
cursor cells[53-55], and no seizures were observed during the 
procedures in the present study. This is important because 
seizures can change the levels of growth factors and endoge-
nous precursor cell proliferation[56-58].

Functional electrical stimulation treatment facilitated 
behavioral recovery
No significant differences were found in the scores on the 
beam-walking test and rotating pole test between the func-
tional electrical stimulation group and the placebo group 
at each assessment point. The reason for this is because the 

beam-walking test and rotating pole test focus on all four 
limbs of rats. The scores on the prehensile traction test were 
significantly higher in the functional electrical stimulation 
group than in the placebo group after 14 days of function-
al electrical stimulation treatment, because the prehensile 
traction test reflects forelimb function and functional elec-
trical stimulation device electrodes were set on the paralyzed 
forelimbs of rats. Therefore, any improvement in forelimb 
function presented in the prehensile traction test should be 
contributed by functional electrical stimulation.

Although functional electrical stimulation resulted in 
significantly better outcomes compared with placebo at 14 
days, the functional electrical stimulation-treated rats still 
had significantly worse outcomes than did the sham con-
trols. The functional electrical stimulation treatment lasted 
only 14 days in our experiment, and 2 weeks may not be long 
enough for functional electrical stimulation treatment to 
demonstrate its full effects on behavioral recovery. If so, the 
scores of functional electrical stimulation-treated rats might 
eventually have almost equaled those of the sham controls if 
the treatment had lasted for 21 or 28 days. 

Functional electrical stimulation treatment promoted the 
proliferation of neural precursor cells 
There were no significant differences in nestin-positive 
cell numbers between the different assessment time points 
among rats in the sham-operated group. This suggests that 
neurogenesis in normal rats continued at a steady rate. The 
number of nestin-positive cells in rats in the placebo group 
increased after middle cerebral artery occlusion, which sug-
gests the occurrence of stroke-induced neural precursor cell 
proliferation, at least to some extent, in rats, consistent with 
the results of many other studies.

More importantly, the number of nestin-positive cells 
in rats in the functional electrical stimulation group was 
upregulated significantly compared with the numbers in 
the placebo and sham-operated groups after 7 and 14 days 
(though not after 3 days) of functional electrical stimulation 
treatment. This strongly indicates that functional electrical 
stimulation can promote the proliferation of neural pre-
cursor cells, and moreover, it hints that functional electrical 
stimulation might show its effects only if the treatment is 
maintained for at least 7 days with at least a 10-minute treat-
ment in each session. This significant difference between the 
functional electrical stimulation group rats and the others 
indicates that functional electrical stimulation activated 
central pathways and had a persistent effect on brain patho-
physiology after stroke. Central pathway stimulation might 
induce afferent-efferent changes to help to resume normal 
movement patterns[16]. This treatment effect of functional 
electrical stimulation will be obvious after being applied for 
some time, which must be considered when planning func-
tional electrical stimulation treatment after stroke, which is 
consistent with evidence in clinical practice.

Neural precursor cell proliferation slowed between 7 and 
14 days in the treatment group, although the levels remained 
higher than in the placebo and sham-operated groups. This 
indicates that the effect of functional electrical stimulation 

Figure 1 Effect of functional electrical stimulation on behavioral 
function in stroke rats.
Average scores of prehensile traction test at each assessment point 
of rats.aP < 0.05, vs. sham group; bP < 0.05, vs. placebo group. Data 
(scores) are expressed as mean ± SD (n = 9), and differences between 
groups were compared with one-way analysis of variance followed by 
a Dunnett-t post hoc test. FES: Functional electrical stimulation. Sham: 
sham-operated group. The experiment was repeated three times.
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treatment on neural precursor cell numbers may be only tem-
porary, or that longer functional electrical stimulation treat-
ment in each session might be helpful (such as three 10-min-
ute sessions a day) and might amplify its effects. This could 
be a fruitful topic for future study. The effects of functional 
electrical stimulation on neurogenesis will perhaps be more 
obvious with a better optimized treatment protocol. We will 

investigate such an optimized protocol in future studies.

Functional electrical stimulation treatment increased 
basic fibroblast growth factor and epidermal growth factor 
protein and mRNA expression levels
The protein levels and gene transcripts for basic fibroblast 
growth factor and epidermal growth factor were also in-

Figure 2 FES increased the number of nestin-positive cells in the SGZ and SVZ of stroke rats.
Numbers of nestin-positive cells (arrow) per high magnification view in the SGZ (A-F, M) and SVZ (G-L, N) at each assessment point of rats except 
for the baseline. The numbers of positive cells in both FES and placebo groups were increased compared with the number in the sham-operated group 
at 3, 7 and 14 days. The number of positive cells in the FES group (A-C, G-I) was significantly higher than that in the placebo group (D-F, J-L) at 
7 and 14 days. aP < 0.05, vs. sham group; bP < 0.05, vs. placebo group. Data are expressed as mean ± SD (n = 3), and differences between groups were 
compared with one-way analysis of variance followed by a Dunnett-t post hoc test. The experiment was repeated three times. FES: Functional electrical 
stimulation; SGZ: subgranular zone; SVZ: subventricular zone; Placebo: placebo group; Sham: sham-operated group; d: days.
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Figure 3 Effect of FES on bFGF and EGF protein expression in stroke rats.
Protein levels of bFGF and EGF in the brains of stroke rats at each assessment point except for the baseline. aP < 0.05, vs. sham group; bP < 0.05, 
vs. placebo group. Data are expressed as mean ± SD (n = 3), and differences between groups were compared using one-way analysis of variance 
followed by a Dunnett-t post hoc test. The experiment was repeated three times. FES: Functional electrical stimulation; GAPDH: glyceraldehyde 
3-phosphate dehydrogenase; bFGF: basic fibroblast growth factor; EGF: epidermal growth factor; placebo: placebo group; sham: sham-operated 
group; d: days.

creased significantly after 7 and 14 days of functional elec-
trical stimulation treatment. These findings suggest that the 
functional electrical stimulation treatment-induced promo-
tion of neural precursor cell proliferation might be at least 
partially explained by the enhancement of basic fibroblast 
growth factor and epidermal growth factor expression.

Interestingly, basic fibroblast growth factor expression, 
epidermal growth factor expression and neural precur-
sor cell proliferation were all increased significantly in 
the functional electrical stimulation group at 7 days, even 
though no significant improvement was yet evident in the 
prehensile traction test results. This time gap indicates that 
functional electrical stimulation treatment first enhances 
the production of growth factors, then the growth factors 
show their effects on neural precursor cell proliferation, 
and only then does macroscopic function improve (at 14 
days).

Furthermore, epidermal growth factor and basic fibroblast 
growth factor expression levels and neural precursor cell 
proliferation in the functional electrical stimulation group 
peaked at 7 days and then declined at 14 days, although they 
were still higher than those in the control group at 14 days. 
This trend means that functional electrical stimulation aids 
neural precursor cell proliferation, since neural precursor 
cells are known to peak at 7 days and then decrease after ce-
rebral ischemia in the absence of functional electrical stim-
ulation treatment[31-32]. This encourages us to consider more 
suitable treatment parameters or longer treatment durations 
to amplify the treatment effects on neural precursor cell pro-
liferation.

Overall, this study has provided evidence that functional 
electrical stimulation can augment stroke-induced neu-
rogenesis in rat brain, suggesting that stimulation of the 
brain’s self-repair mechanisms through functional electrical 
stimulation treatment has an effect on endogenous neural 
precursor cell proliferation. It should be noted, however, that 
only 2 weeks of treatment was performed. Additional studies 
are called for to specify the ideal timing and further define 
the functional electrical stimulation parameters to maximize 
the protective effect documented here. It also remains to 
be determined whether the neuroprotective effect observed 
after 14 days of functional electrical stimulation treatment 
endures for any longer than observed.

Materials and Methods
Design
A randomized, controlled laboratory study.

Time and setting
Experiments were performed at the Research Laboratory of 
Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Chi-
na, from March 2009 to May 2010.

Materials
A total of 108 male Sprague-Dawley rats (weighing 250–300 
g, about 2 months of age) from the Experimental Animal 
Center of Zhongshan University, with experimental animal 
production license No. SCXK (Yue) 2004-0011 and exper-
imental animal use permit license No. SYXK (Yue) 2007-
0081, were used. Rats were allowed free access to food and 
water in an air-conditioned room in a 12-hour light/dark 
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cycle at 23 ± 2°C and a relative humidity of 60 ± 5%. The 
experimental procedures were conducted in accordance with 
the Guidance Suggestions for the Care and Use of Laboratory 
Animals, formulated by the Ministry of Science and Technol-
ogy of China[59].

Methods
Establishment of middle cerebral artery occlusion model
After being acclimatized for 5 days, rats in the functional 
electrical stimulation and placebo groups were intraperito-
neally anesthetized with chloral hydrate (0.4 mg/kg) and a 
stroke was simulated through permanent middle cerebral 
artery occlusion as described by Hasegawa et al.[33]. The rats 
were anesthetized with 10% chloral hydrate (0.4 mg/kg, i.p., 
Milipore, MA, USA). Under a dissecting microscope (San Jose 
CA SZX12, Olympus, Tokyo, Japan), the left common carotid 
artery was exposed through a ventral midline neck incision 
and the occipital and thyroid artery branches of the external 
carotid artery were ligated and dissected. The pterygopalatine 
artery was isolated and ligated close to its origin and the ex-
ternal carotid artery was ligated approximately 3–5 mm distal 
to its origin. The common carotid artery and internal carotid 
arteries were then temporarily clamped using microvascular 
clips to allow insertion of a 4-0 nylon filament (30 mm in 
length) with a blunt tip into the internal carotid artery by way 
of the external carotid artery. The external carotid artery was 
dissected and the nylon filament was loosely secured inside 
the external carotid artery using 5-0 sutures. This allowed a 
gentle movement of the nylon filament into the internal ca-
rotid arteries and eventual occlusion of the middle cerebral 
artery. The average depth to which the nylon filament reached 
was 18.5 ± 0.5 mm. The sham-operated rats were subjected to 

the same surgery but without filament occlusion.

Evaluation of neurological function in rats
After recovery from anesthesia, neurological function was 
scored using the scale described by Longa[34]. The neurologic 
findings were scored on a 5-point scale: a score of 0 indicated 
no neurologic deficit; a score of 1 (failure to extend the left 
forepaw fully) indicated a mild focal neurologic deficit; a score 
of 2 (circling to the left) indicated a moderate focal neurolog-
ic deficit; and a score of 3 (falling to the left) signaled a severe 
focal deficit. Rats with a score of 4 did not walk spontaneously 
and had a depressed level of consciousness.

Implantation of treatment electrodes
Three days after the middle cerebral artery occlusion proce-
dure, a second operation was carried out on the paralyzed 
right forelimbs of the rats in the functional electrical stimu-
lation and placebo groups. After anesthesia, two Teflon-coat-
ed stainless steel wires (AW633; Cooner Wire, Chatsworth, 
CA, USA) were passed subcutaneously from an incision on 
the limb to the scalp. Electrodes were formed by stripping 
insulation off the ends of the wires (about 3 mm) and loop-
ing them around the dorsal deep fascia (and thus, the dor-
si-extension muscles underneath). The wires were embedded 
subcutaneously and emerged from the scalp between the 
ears. The other ends of the wires were sutured between the 
ears so that they could not be scratched off, but could still 
easily be connected with the electrodes of an external func-
tional electrical stimulation stimulator NeuroTrac Conti-
nence (Verity Medical Corporation, Braishfield, UK). When 
the rats received functional electrical stimulation treatment, 
the wires were entwined with the electrodes inducing stim-

Figure 4 Effect of FES on bFGF and EGF mRNA expression in stroke rats.
Gene expression of bFGF and EGF in the brains of stroke rats at each assessment point except for the baseline. aP < 0.05, vs. sham group; bP <0.05, 
vs. placebo group. Data are expressed as mean ± SD (n = 3), and differences between groups were compared with one-way analysis of variance fol-
lowed by a Dunnett-t post hoc test. The experiment was repeated three times. bFGF: Basic fibroblast growth factor; EGF: epidermal growth factor; 
EGF: epidermal growth factor; FES: functional electrical stimulation; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; placebo: placebo group; 
sham: sham-operated group; d: days.
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ulation in the paralyzed forelimb. The stimulators around 
the dorsal fascia were fastened beneath the skin to resist 
scratching, as the rats were conscious while receiving treat-
ment. The fingers and wrists of the rats’ paralyzed forelimbs 
dorsi-extended slowly and steadily in response to functional 
electrical stimulation, mimicking to some extent normal 
functional movement. Since stimulation was not applied 
to the motor cortex, seizures were not often induced by the 
functional electrical stimulation treatment.

Standard of functional electrical stimulation treatment 
Rats in the functional electrical stimulation and placebo 
groups began to receive treatment at 3 days after the first 
operation. The rats were stimulated at a frequency of 30 Hz 
with 250 µs pulses at an intensity of 3 mA. In preliminary 
experiments, some rats fatigued rapidly and suffered epilep-
tic seizures after receiving stimulation for 15 or 20 minutes. 
Ten minutes per day was thus chosen as the treatment dura-
tion for each session during treatment periods of 3, 7 or 14 
days. The stimulation pattern (3 seconds on; 5 seconds off) 
was based on a preliminary experiment in which forelimb 
dorsi-extension was steady and no epileptic seizures oc-
curred during the stimulation. The rats were allowed to walk 
freely in the cage without anesthesia during treatment. Rats 
in the placebo group were attached to the same functional 
electrical stimulation device but without electrical stimula-
tion. The rats in the sham-operated group received no spe-
cial treatment. All rats had the same living environment.

Evaluation of behavior changes in rats
Beam-walking, rotating pole and prehensile traction tests 
were carried out at each assessment session as described by 
Ohlsson et al.[35] and Johansson[36]. Behavior evaluations 
were carried out at each time point.

Beam-walking test: The beam used was 1,700 mm long 
and 19 mm wide and was placed 700 mm above the floor. A 
wall was placed 13 mm to the left or the right of the beam 
(rats are more willing to walk when a wall is placed next to 
the beam). Scoring was as follows: 0, the rat falls down; 1, the 
rat is unable to traverse the beam but remains sitting across 
the beam; 2, the rat falls down while walking; 3, the rat can 
traverse the beam, but the affected hind limb does not aid in 
forward locomotion; 4, the rat traverses the beam with more 
than 50% foot slips; 5, the rat crosses the beam with a few 
foot slips; and 6, the rat crosses the beam with no foot slips.

Rotating pole test: The pole, 45 mm in diameter and      
1,500 mm in length, was rotated alternately to the left or the 
right at three turns per minute. The same scoring system was 
used as described in beam-walking test except that the score 
3 was given if the rat jumped with both hind limbs together, 
apparently supporting the weak hind limb with the opposite 
strong limb, and a score of 4 was given if the affected hind 
limb was used for fewer than 50% of the steps.

Prehensile traction test: A 600 mm long, stainless steel 
wire (with a diameter of 1 mm) was fixed horizontally and 
400 mm above a foam pad. After placing the forepaws of a 
rat on the rope, the rat was released and the time until falling 
was measured. Rats were recorded as: 6 points for 91–120 
seconds on the wire; 5 points for 61–90 seconds; 4 points 

for 31–60 seconds; 3 points for 21–30 seconds; 2 points for 
11–20 seconds; 1 point for 1–10 seconds; and 0 points if they 
were unable to hang on the rope.

Detection of nestin-positive cells by immunohistochemical 
methods 
At each time point, three rats from each group were random-
ly selected for sacrifice by a computer program. Rats were 
anesthetized with 10% chloral hydrate (350–400 mg/kg, i.p., 
Milipore). The chest of a rat was cut open to expose the 
heart. A perfusion needle was inserted into the heart from 
the apex, and fixed. The right atrial appendage was cut open 
to obtain vein blood. Saline (100–200 mL) was given drop 
by drop, followed by reperfusion with 4% paraformaldehyde 
until rat limbs were stiff. Rat brains were removed quickly 
and fixed in 4% paraformaldehyde. The ischemic brains 
were collected from 1 mm anterior and 4.5 mm posterior to 
the bregma (approximately 10 µm in thickness) containing 
the cortex, hippocampus and subventricular zone in ice-cold 
methanol. The brain samples were sectioned in the coronal 
plane at approximately 8 µm intervals and the tissue sections 
were fixed in chilled fresh acetone for 10 minutes. They were 
then incubated with 3% hydrogen peroxidase for 10 minutes 
and blocking reagents (Solution A, SP kit, Maixin, Fuzhou, 
Fujian Province, China) for 15 minutes, and then incubated 
with rabbit-anti nestin polyclonal antibody (1:100; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. 
The sections were then incubated with goat anti-rabbit IgG 
(1:200; Invitrogen, Carlsbad, CA, USA), at room temperature 
for 2 hours. No-primary-antibody controls were also pre-
pared to verify the experimental procedures. The antibodies 
were diluted with phosphate-buffered saline. The numbers 
of nestin-positive cells were counted under an optical mi-
croscope (Axioplan 2; Zeiss, Tokyo, Japan) in five sections (1 
mm anterior and 4.5 mm posterior to the bregma). In the 
10 × 40 magnification field and with the same brightness 
level, the numbers of nestin-positive cells were counted in 
five non-overlapping views of subgranular zone and subven-
tricular zone. The stained cell counts of these sections were 
quantified using Image-Pro Plus 5.0 software (Media Cyber-
netics, Bethesda, MD, USA).

Measurement of basic fibroblast growth factor and epidermal 
growth factor protein level by western blot assay 
At each time point, an additional three rats were randomly 
selected for sacrifice by a computer program in each group. 
Ischemic brain samples were again collected from the same 
locations, snap-frozen in liquid nitrogen and stored at –80°C. 
Analysis was performed according to Ueda’s method[37]. 

Frozen tissue was transferred to ice-cold buffer containing 
0.1 mol/L NaCl, 0.05 mol/L Tris-HCl (pH 7.6), 0.001 mol/L 
ethylenediamine tetraaceticacid (pH 8.0), 0.1% Tween-20, 
aprotinin (1 µg/mL) and phenylmethyl sulfonylfluoride    
(100 µg/mL) and homogenized on ice. The homogenate 
was centrifuged at 12,000 × g for 10 minutes, and the super-
natant was stored at 4°C. Total protein concentrations were 
determined using an ultraviolet spectrophotometer (Beckman 
Coulter, Fullerton, CA, USA) with a modified Bradford assay. 
Equal amounts of protein from each sample (20 µg) were 
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mixed with 5 µL of sample buffer and boiled for 5 minutes at 
95°C. Samples were separated by electrophoresis on 7.5–12.0% 
polyacrylamide gels. Separated proteins were transferred onto 
polyvinylidene difluoride membrane at 80 V for 1.5 hours. 
The membrane was blocked with 5% dried, defatted milk in 
Tris-buffered saline buffer (50 mmol/L Tris-HCl, pH 7.5, con-
taining 150 mmol/L NaCl) with 0.1% Tween-20 for 2 hours 
at room temperature. After washing with Tris-buffered saline 
with Tween-20, the membranes were cultured overnight at 
–4°C with primary antibody. The primary antibodies were 
mouse anti-basic fibroblast growth factor monoclonal anti-
body (1:500; Abcam Plc, Cambridge, UK), mouse anti-epi-
dermal growth factor monoclonal antibody (1:1,000, Abcam) 
and mouse anti-GAPDH monoclonal antibody (1:500, Santa 
Cruz Biotechnology). Negative controls were prepared with-
out primary antibody. The membranes were incubated with 
second antibody (rabbit anti-mouse, 1:150, Millipore) at 
room temperature for 1 hour. The optical densities of the 
specific bands were scanned and measured by Image Pro Plus 
5.0 software (Media Cybernetics), and were represented as 
absorbance values according to the basic fibroblast growth 
factor/GAPDH ratio. The absorbances of specific bands were 
scanned and quantified using Image Pro Plus5.0 software. The 
basic fibroblast growth factor/GAPDH and epidermal growth 
factor/GAPDH absorbance values were evaluated in duplicate 
by two observers working independently.

Examination of basic fibroblast growth factor and epidermal 
growth factor mRNA expression levels by RT-PCR analysis
At each time point, the remaining three rats in each group 
were sacrificed and fresh brain tissue was sampled from the 
same areas. Total RNA was isolated using Trizol (Promega, 
Madison, WI, USA) according to the manufacturer’s pro-
tocol. Total RNA (1 µg) was reverse-transcribed into first-
strand cDNA using oligo-dT primer (Takara, Tokyo, Japan). 
Reverse transcription was performed using avian myeloblas-
tosis virus reverse transcriptase (Takara) for 1 hour at 42°C, 
then the reaction mixture was inactivated for 10 minutes 
at 95°C and cooled to 4°C. The cDNA was diluted to a final 
volume of 25 µL, and a 2 µL aliquot was used in a PCR re-
action containing 1 × DNA polymerase buffer, 1.5 mmol/L 
MgCl2, 0.2 mmol/L dNTPs, 10 pmol primers and 2.5 units 
of Taq polymerase (Takara). The cDNA was amplified using 
33 PCR cycles and RT-PCR products were separated electro-
phoretically on 1.2% agarose gel containing ethidium bro-
mide and visualized under ultraviolet light. 

The absorbance values for specific bands were scanned 
and again measured using Image Pro Plus 5.0 software. As 
before, the basic fibroblast growth factor/GAPDH and epi-
dermal growth factor/GAPDH absorbance value ratios were 
judged by two observers working independently.

Statistical analysis
Data were analyzed using SPSS 13.0 software (SPSS, Chica-
go, IL, USA) and the results were expressed as mean ± SD. 
Comparisons between groups were conducted by one-way 
analysis of variance followed by a Dunnett-t post hoc test. A 
value of P ≤ 0.05 was considered statistically significant.

Author contributions: Yan TB, Zhuang ZQ and Xiang Y de-
signed the experiment. Xiang Y and Liu HH implemented the 
experiment. Jin DM evaluated experiment. Peng Y collected data. 
Xiang Y drafted and Yan TB revised the manuscript. Yan TB and 
Xiang Y were responsible for the article. All authors approved the 
final version of the paper.  
Conflicts of interest: None declared.
Peer review: Functional electrical stimulation as a mature reha-
bilitative therapy has been applied in clinic for a long time, but few 
studies concerned its theoretic mechanisms, especially on the basis 
of animal models. This study deeply explored the mechanisms of 
electrical stimulation-induced neurogenesis and had innovative-
ness and a high value for clinical application.

References
[1] Bonita R, Mendis S, Truelsen T, et al. The global stroke initiative. 

Lancet Neurol. 2004;3(7):391-393.
[2] Minger Sl, Ekonomou A, Carta EM, et al. Endogenous neurogen-

esis in the human brain following cerebral infarction. Regen Med. 
2007;2(1):69-74.

[3] Yang WM, Shim KJ, Choi MJ, et al. Novel effects of Nelumbo nucif-
era rhizome extract on memory and neugenesis in the dentate gyrus 
of the rat hippocampus. Neurosci Lett. 2008;443(2):104-107.

[4] Hummelsheim H, Mauritz KH. The neurophysiological basis of 
exercise physical therapy in patients with central hemiparesis. 
Fortschr Neurol Psychiatr. 1993;61(6):208-216.

[5] Gustavsen M, Jansen R, Kjendahl A, et al. Motor Relearning Pro-
gram approach improves short-term motor outcomes and reduces 
hospital stay after stroke. Aust J Physiother. 2002;48(1):59.

[6] Krutulyte G, Kimtys A, Krisciūnas A. The effectiveness of physical 
therapy methods (Bobath and motor relearning program) in rehabil-
itation of stroke patients. Medicina (Kaunas). 2003;39(9):889-895.

[7] Blennerhassett J, Dite W. Additional task-related practice improves 
mobility and upper limb function early after stroke: a randomised 
controlled trial. Aust J Physiother. 2004;50(4):219-224.

[8] Howe TE, Taylor I, Finn P, et al. Lateral weight transference exer-
cises following acute stroke: a preliminary study of clinical effec-
tiveness. Clin Rehabil. 2005;19(1):45-53.

[9] Dahl A, Askim T, Stock R, et al. Short- and long-term outcome of 
constraint-induced movement therapy after stroke: a randomized 
controlled feasibility trial. Clin Rehabil. 2008;22(5):436-447.

[10] Page SJ, Levine P, Leonard A, et al. Modified constraint-induced 
therapy in chronic stroke: results of a single blinded randomized 
controlled trial. Phys Ther. 2008;88(3):333-340.

[11] Mesci N, Ozdemir F, Kabayel DD, et al. The effects of neuromus-
cular electrical stimulation on clinical improvement in hemiplegic 
lower extremity rehabilitation in chronic stroke: a single-blind, ran-
domised, controlled trial. Disabil Rehabil. 2009;31(24):2047-2054.

[12] Knutson JS, Harley MY, Hisel TZ, et al. Contralaterally controlled 
functional electrical stimulation for upper extremity hemiplegia: 
an early-phase randomized clinical trial in subacute stroke pa-
tients. Neurorehabil Neural Repair. 2012;26(3):239-246.

[13] Peckham PH, Knutson JS. Functional electrical stimulation for neu-
romuscular applications. Annu Rev Biomed Eng. 2005;7:327-360.

[14] Tong RK, Ng MF, Li LS. Effectiveness of gait training using an 
electromechanical gait trainer, with and without functional elec-
tric stimulation in subacute stroke: a randomized controlled trial. 
Arch Phys Med Rehabil. 2006;87(10):1298-1304.

[15] Yan T, Hui-Chan CW, Li LS. Functional electrical stimulation im-
proves motor recovery of the lower extremity and walking ability 
of subjects with first acute stroke: a randomized, placebo-con-
trolled trial. Stroke. 2005;36(1):80-85.

Primers for genes are shown as below:

Gene Sequence (5'–3')

Basic fibroblast
  growth factor

Upstream: CGT CAA ACT ACA GCT CCA A 
Downstream: CGT CAA ACT ACA GCT CCA A 

Epidermal
  growth factor

Upstream: CCT GAC TCT ACC TCA CCC TC 
Downstream: TCC ACG GAT TCA ACA TAC A 

GAPDH
Upstream: ACA GTC TTC TGA GTG GCA GTG AT 
Downstream: ACA GTC TTC TGA GTG GCA GTG AT 



251

Xiang Y, et al. / Neural Regeneration Research. 2014;9(3):243-251.

[16] Bergquist AJ, Clair JM, Lagerquist O, et al. Neuromuscular elec-
trical stimulation: implications of the electrically evoked sensory 
volley. Eur J Appl Physiol. 2011;111(10):2409-2426.

[17] Everaert DG, Thompson AK, Chong SL, et al. Does functional 
electrical stimulation for foot drop strengthen corticospinal con-
nections? Neurorehabil Neural Repair. 2010;24(2):168-177.

[18] Stewart C, Postans N, Schwartz MH, et al. An exploration of the 
function of the triceps surae during normal gait using functional 
electrical stimulation. Gait Posture. 2007;26(4):482-488.

[19] Liberson WT, Holmquest HJ, Scot D, et al. Functional electro-
therapy: stimulation of the peroneal nerve synchronized with the 
swing phase of the gait of hemiplegic patients. Arch Phys Med 
Rehabil. 1961;42:101-105.

[20] Whitman MC, Greer CA. Adult neurogenesis and the olfactory 
system. Prog Neurobiol. 2009;89(2):162-175.

[21] Leong SY, Turnley AM. Regulation of adult neural precursor cell 
migration. Neurochem Int. 2011;59(3):382-393.

[22] Duan SR, Wang HH, Qi JP, et al. Influences of bFGF and EGF on 
the proliferation and differentiation of endogenous neural stem 
cells after cerebral infarction in human. Zhonghua Yi Xue Za Zhi. 
2008;88(47):3337-3341.

[23] Maric D, Fiorio Pla A, Chang YH, et al. Self-renewing and differ-
entiating properties of cortical neural stem cells are selectively 
regulated by basic fibroblast growth factor (FGF) signalling via 
specific FGF receptors. J Neurosci. 2007;27(8):1836-1852.

[24] Ciccolini F, Svendsen CN. Fibroblast growth factor 2 (FGF-2) 
promotes acquisition of epidermal growth factor (EGF) respon-
siveness in mouse striatal precursor cells: identification of neu-
ral precursors responding to both EGF and FGF-2. J Neurosci. 
1998;18(19):7869-7880.

[25] Jin K, Sun Y, Xie L, et al. Postischemic administration of hepa-
rin-binding epidermal growth factor-like growth factor HB-EGF 
reduces infarct size and modifies neurogenesis after focal cerebral 
ischemia in the rat. J Cereb Blood Flow Metab. 2005;24(4):399-
408.

[26] Maric D, Fiorio Pla A, Chang YH, et al. Self-renewing and differ-
entiating properties of cortical neural stem cells are selectively 
regulated by basic fibroblast growth factor (FGF) signaling via 
specific fgf receptors. J Neurosci. 2007;27(8):1836-1852.

[27] Sugaya K. Neuroreplacement therapy and stem cell biology under 
disease conditions. Cell Mol Life Sci. 2003;60(9):1891-1902.

[28] Türeyen K, Vemuganti R, Bowen KK, et al. EGF and FGF-2 infu-
sion increases post-ischemic neural progenitor cell proliferation in 
the adult rat brain. Neurosurgery. 2005;57(6):1254-1263.

[29] Komitova M, Mattsson B, Johansson BB, et al. Enriched environ-
ment increases neural stem/progenitor cell proliferationand neu-
rogenesis in the subventricular zone of stroke-lesioned adult rats. 
stroke. 2005;36(6):1278-1282.

[30] Thored P, Arvidsson A, Cacci E, et al. Persistent production of 
neurons from adult brain stem cells during recovery after stroke. 
Stem Cells. 2006;24(3):739-747.

[31] Li Y, Chopp M. Temporal profile of nestin expression after focal 
cerebral ischemia in adult rat. Brain Res. 1999;838(1-2):1-10.

[32] Li Y, Chen J, Chopp M. Cell proliferation and differentiation from 
ependymal, subependymal and choroid plexus cells in response to 
stroke in rats. J Neurol Sci. 2002;193(2):137-146.

[33] Hasegawa Y, Fisher M, Latour Ll, et al. MRI diffusion mapping of 
reversible and irreversible ischemic injury in focal brain ischemia. 
Neurology. 1994;44(8):1484-1490.

[34] Longa Ez, Weinstein Pr, Carlson S, et al. Reversible middle cere-
bral artery occlusion without craniectomy in rats. Stroke. 1989; 
20(1):84-91.

[35] Ohlsson AI, Johansson BB. Environment influences functional 
outcome of cerebral infarction in rats. Stroke. 1995;26(4):644-649.

[36] Johansson BB. Functional outcome in rats transferred to an en-
riched environment 15 days after focal brain ischemia. Stroke. 
1996;27(2):324-326.

[37] Ueda Y, Doi T, Nagatomo K, et al. Effect of levetriacetam on mo-
lecular regulation of hippocampal glutamate and GABA trans-
porters in rats with chronic seizures induced by anygdalar FeCl3 
injection. Brain Res. 2007;1151:55-61.

[38] Wu CY, Chen CL, Tang SF, et al. Kinematic and clinical analyses of 
upper-extremity movements after constraint•-induced movement 
therapy in patients with stroke: a randomized controlled trial. 
Arch Phys Med Rehabil. 2007;88(8):964-970.

[39] Page SJ, Levine P, Leonard A, et al. Modified constraint-induced 
therapy in chronic stroke: results of a single blinded randomized 
controlled trial. Phys Ther. 2008;88(3):33-340.

[40] Fritz SL, Peters DM, Merlo AM, et al. Active video-gaming effects 
on balance and mobility in individuals with chronic stroke: a ran-
domized controlled trial. Top Stroke Rehabil. 2013;20(3):218-225.

[41] Schwartz I, Meiner Z. The influence of locomotor treatment using 
robotic body-weight-supported treadmill training on rehabilita-
tion outcome of patients suffering from neurological disorders. 
Harefuah. 2013;152(3):166-171.

[42] Kluding PM, Dunning K, O’Dell MW, et al. Foot drop stimulation 
versus ankle foot orthosis after stroke: 30-week outcomes. Stroke. 
2013;44(6):1660-1669.

[43] Pulman J, Buckley E, Clark-Carter D. A meta-analysis evaluating 
the effectiveness of two different upper limb hemiparesis interven-
tions on improving health-related quality of life following stroke. 
Top Stroke Rehabil. 2013;20(2):189-196.

[44] Cho KH, Lee WH. Virtual walking training program using a re-
al-world video recording for patients with chronic stroke: a pilot 
study. Am J Phys Med Rehabil. 2013;92(5):371-380; quiz 380-382, 
458.

[45] Kapadia NM, Nagai MK, Zivanovic V, et al. Functional electrical 
stimulation therapy for recovery of reaching and grasping in se-
vere chronic pediatric stroke patients. J Child Neurol. 2013.

[46] Kushner DS, Peters K, Eroglu ST, et al. Neuromuscular electrical 
stimulation efficacy in acute stroke feeding tube-dependent dys-
phagia during inpatient rehabilitation. Am J Phys Med Rehabil. 
2013;92(6):486-495.

[47] Do AH, Wang PT, King CE, et al. Brain-computer interface con-
trolled functional electrical stimulation device for foot drop due to 
stroke. Conf Proc IEEE Eng Med Biol Soc. 2012;2012:6414-6417.

[48] Doeppner TR, Nagel F, Dietz GP, et al. TAT-Hsp70-mediated neu-
roprotection and increased survival of neuronal precursor cells 
after focal cerebral ischemia in mice. J Cereb Blood Flow Metab. 
2009;9(6):1187-1196.

[49] Miller RH. The promise of stem cells for neural repair. Brain Res. 
2006;1091(1):258-264.

[50] Minnerup J, Kim JB, Schmidt A, et al. Effects of neural progenitor 
cells on sensorimotor recovery and endogenous repair mechanisms 
after photothrombotic stroke. Stroke. 2011;42(6):1757-1763.

[51] Tang H, Wang Y, Xie L, et al. Effect of neural precursor prolifera-
tion level on neurogenesis in rat brain during aging and after focal 
ischemia. Neurobiol Aging. 2009;30(2):299-308.

[52] Balami JS, Fricker RA, Chen R. Stem cell therapy for ischaemic 
stroke: translation from preclinical studies to clinical treatment. 
CNS Neurol Disord Drug Targets. 2013;12(2):209-219.

[53] Shin YJ, Kim HL, Park JM, et al. Characterization of nestin expres-
sion and vessel association in the ischemic core following focal 
cerebral ischemia in rats. Cell Tissue Res. 2013;351(3):383-395.

[54] Yu J, Zeng J, Cheung RT, et al. Intracerebroventricular injection of 
epidermal growth factor reduces neurological deficit and infarct 
volume and enhances nestin expression following focal cerebral 
infarction in adult hypertensive rats. Clin Exp Pharmacol Physiol. 
2009;36(5-6):539-546.

[55] Itoh T, Satou T, Takemori K, Hashimoto S, et al. Neural stem 
cells and new neurons in the cerebral cortex of stroke-prone 
spontaneously hypertensive rats after stroke. J Mol Neurosci. 
2010;41(1):55-65.

[56] Howell OW, Silva S, Scharfman HE, et al. Neuropeptide Y is im-
portant for basal and seizure-induced precursor cell proliferation 
in the hippocampus. Neurobiol Dis. 2007;26(1):174-188.

[57] Laskowski A, Howell OW, Sosunov AA, et al. NPY mediates basal 
and seizure- induced proliferation in the subcallosal zone. Neu-
roreport. 2007;18(10):1005-1008.

[58] Segi-Nishida E, Warner-Schmidt JI, Duman RS. Electroconvul-
sive seizure and VEGF increase the proliferation of neural stem-
like cells in rat hippocampus. Proc Natl Acad Sci U S A. 2008; 
105(32):11352-11357.

[59] The Ministry of Science and Technology of the People’s Republic 
of China. Guidance Suggestions for the Care and Use of Laborato-
ry Animals. 2006-09-30.

Copedited by McGowan D, Liu CY, Hu ZP, Wang J, Qiu Y, Li CH, 
Song LP, Zhao M


