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Abstract. The mammalian spinal cord (SC) has a limited self-
repair capacity and exogenous treatments are yet to produce 
substantial functional recovery following SC injury (SCI). 
The SC contains endogenous neural stem cells (NSCs) with 
multi-lineage differentiation potential and it may be possible 
to restore function via interventions that promote NSC differ-
entiation following SCI. Oscillating field stimulation (OFS) 
has been reported to regulate the Wnt signaling pathway, a 
known modulator of NSC differentiation. However, the effects 
of OFS on NSC differentiation following SCI and associated 
functional recovery have not been previously examined. In the 
current study, the Basso-Beattie-Bresnahan (BBB) score was 
used to assess locomotion recovery following SCI in rats and 
immunofluorescence double-staining was used to examine the 
regeneration of neurons and oligodendrocytes derived from 
NSCs. Furthermore, Nissl staining was performed to assess 
the viability and survival of neurons following SCI, while 
recovery of the myelin sheath was examined by uranium-lead 
staining under transmission electron microscopy. OFS deliv-
ered via an implanted stimulator enhanced the differentiation 
of NSCs into neurons and oligodendrocytes and accelerated 
the regeneration of myelinated axons. Additionally, BBB 
scores revealed superior locomotion recovery in OFS-treated 
rats compared with SCI controls. Collectively, these results 
indicated that OFS may be a feasible strategy to promote 
SCI recovery by regulating the differentiation of endogenous 
NSCs.

Introduction

Spinal cord injury (SCI) often results in permanent disability, 
placing a subsequent emotional and financial burden on 
patients, families and society (1,2). Currently, SCI therapy 
includes corticosteroidal drugs, relieving excessive spinal 
cord (SC) pressure and pain and rehabilitation training; 
however, overcoming the limited self-repair capacity of the 
SC has proven challenging (3,4). The regeneration and func-
tional recovery of the SC requires the precisely regulated 
induction of multiple cellular processes, including regrowth 
of injured axons, production of new axons, re-establishment 
of precise synaptic connections and restoration of axonal 
conduction by electrophysiological recovery and remyelin-
ation (5). Thus, the development of strategies for inducing 
neural regeneration following SCI is a major aim of clinical 
neuroscience.

The mammalian SC possesses a population of endog-
enous neural stem cells (NSCs)  (6) that can differentiate 
into neurons, astrocytes and oligodendrocytes in response to 
specific factors in the SCI microenvironment and form new 
synaptic connections to re-establish nerve transmission path-
ways (7,8). In addition to axonal regrowth and repair following 
SCI, re-establishment of myelination by oligodendrocytes is 
essential for functional recovery (9). Therefore, repair strate-
gies utilizing NSCs must induce efficient oligodendrocyte 
differentiation, axonal repair and/or the production of new 
neurons.

Oscillating field stimulation (OFS) is considered a prom-
ising therapeutic strategy for neural regeneration and has 
demonstrated modest clinical efficacy  (10). However, the 
underlying mechanisms are still unknown, which hinders 
optimization for broader clinical application. Previous 
research has shown that electric field stimulation regulates 
Wnt protein expression and Wnt signaling pathways (11). Wnt 
signaling regulates NSC differentiation, which indicates that 
OFS-induced modulation of Wnt signaling may be a potential 
therapeutic strategy for SCI (12). However, whether OFS can 
promote neurological recovery following SCI by regulating 
the differentiation of endogenous NSCs has not been previ-
ously reported.
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In the current study, the capacity of OFS to enhance endog-
enous NSC differentiation and promote functional recovery 
was examined in a rat model of SCI. The present study aimed 
to provide a theoretical basis for assessing the clinical value of 
OFS in the treatment of SCI.

Materials and methods

Animals. A total of 72 adult female Sprague-Dawley rats 
(age, ~8 weeks; weight, 220±10 g) were purchased from Anhui 
Medical University. The rats were raised in an animal room 
under controlled ambient temperature (26˚C) and 60 % rela-
tive humidity on a 12-h light/dark cycle with ad libitum access 
to food and water. The rats were randomly allocated to three 
groups with 24 rats in each group: Sham controls, SCI alone 
and SCI + OFS. The Sham group underwent laminectomy 
without SCI surgery. The SCI and SCI + OFS groups were 
subjected to laminectomy and experimental SCI. Rats in the 
SCI group experienced the implantation of the stimulator, 
though this was not activated so they did not receive OFS, 
while rats in the SCI + OFS group underwent OFS as the 
intervention. All surgical procedures and experiments were 
performed in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (NIH 
Publications no. 80-23; revised 1996) (13) and were approved 
by the Animal Ethics Committee of Anhui Medical University 
(approval reference no. LLSC20190736).

OFS device. The OFS device was provided by the Beijing 
Key Laboratory of Bioelectromagnetics, Institute of Electrical 
Engineering, Chinese Academy of Sciences. The parameters 
of functionality, implantability and biocompatibility were 
considered when selecting a device, so as to have the least 
negative impact on the animals. The device was powered 
by a 3.0-V primary battery (cat. no.  CR1220; Panasonic 
Corporation) with an output current of 40 µA and an electric 
field strength of 400 µV/mm between positive and negative 
electrodes. The structure and working mechanism of the OFS 
device are described in a previous study (14).

Experimental SCI. The rats were anesthetized via intraperito-
neal injection of 300 mg/kg chloral hydrate and then fixed on 
an operating table. Following hair removal from the back and 
skin disinfection, a 3-cm longitudinal incision was made at 
the dorsal midline overlying the lower thoracic (T) vertebrae. 
The SC at T9-T10 was exposed by blunt dissection of the 
paravertebral muscles and removal of spinous processes and 
laminae, while carefully avoiding additional tissue damage. 
A 10 g New York University Multicenter Animal Spinal Cord 
Injury Study impactor was used to model SCI by striking the 
center of the exposed SC vertically from a height of 3 cm (15). 
Furthermore, in the SCI + OFS and SCI groups, OFS device 
electrodes (25 mm x 7 mm) were sutured in the intervertebral 
muscles above and below the injury site and the device was 
stitched to the back epidermis. In all groups, the wounds were 
sutured layer-by-layer using 4-0 silk.

Body temperature was maintained at 37˚C during the 
operation using a heating lamp. All animals were subcutane-
ously injected with 105 U/kg penicillin G once per day for 
3 days post-surgery. No signs of peritonitis were observed in 

any group following surgery. Manual bladder emptying was 
performed by squeezing of the bladder every 8 h until rats 
resumed autonomous voiding.

Behavioral analysis. The Basso-Beattie-Bresnahan (BBB) 
score is a widely accepted tool for assessing recovery of motor 
function following SCI (16). Rats were scored multiple times 
a day at the indicated time points by observing motor func-
tion and co-ordination of hind limbs on days 7, 14, 21, 28 and 
35 post-surgery. Each rat was evaluated by two independent 
observers, who were blinded to the animals' group assignment, 
and the mean BBB scores were used in the final analysis.

Double immunofluorescence (IF) staining and microscopy. 
From each group, 4 rats were sacrificed on days 3, 7 and 14 
post-surgery with excessive pentobarbital sodium anesthesia 
(150 mg/kg) and a 1-cm SC section centered at the injury site 
was removed. Excised spinal tissue was fixed in 4% parafor-
maldehyde at room temperature for 12 h, embedded in paraffin 
and cut into serial 10-µm thick transverse sections. Tissue 
sections were immersed in EDTA (cat. no. G1206; Servicebio 
Technology, Co., Ltd.) at 60˚C for 25 min to promote antigen 
repair. After rinsing in PBS, sections were blocked in 5 % 
bovine serum albumin (BSA; G5001; Servicebio Technology 
Co., Ltd.) at room temperature for 30 min and then incu-
bated with primary antibodies against β-tubulin III (1:200; 
cat. no. T8578; Sigma-Aldrich; Merck KGaA) and neuron-
glial antigen 2 (NG2; 1:200; cat. no.  ab50009; Abcam) in 
QuickBlock™ primary antibody dilution buffer (cat.no. P0262; 
Beyotime Institute of Biotechnology) at 4˚C overnight. Each 
section was washed with PBS three times and incubated with 
horseradish peroxidase-labeled goat anti-mouse IgG (1:200; cat. 
no. GB23301; Servicebio Technology, Co., Ltd.) in QuickBlock 
secondary antibody dilution buffer for immunofluorescence 
(cat. no. p0265; Beyotime Institute of Biotechnology) for 1 h at 
room temperature. Sections were stained with FITC-conjugated 
donkey anti-goat IgG (1:100; cat. no. GB22404; Servicebio 
Technology, Co., Ltd.) in Quickblock secondary antibody dilu-
tion buffer at room temperature for 10 min and then immersed 
in EDTA and heated in a microwave oven to remove the 

Figure 1. Locomotion recovery was assessed using BBB scores post-surgery. 
BBB scores were examined and recorded at days 7, 14, 21, 28 and 35 post-
surgery. Two-way ANOVA repeated measurement followed by Tukey's post 
hoc test. *P<0.05 vs. SCI group; #P<0.05 vs. OFS + SCI group. Sham, controls 
that underwent laminectomy only; SCI, group that underwent laminectomy 
and spinal cord injury; SCI + OFS, group that underwent laminectomy, spinal 
cord injury and OFS; BBB, Basso-Beattie-Bresnahan; OFS, Oscillating field 
stimulation.
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primary and secondary antibodies combined on the tissue. 
Subsequently, sections were incubated with the second primary 
antibody against Nestin (1:100; cat. no. ab6142; Abcam) at 4˚C 
in Quickblock primary antibody dilution buffer overnight and 
stained with Cy3-conjugated goat anti-mouse IgG (1:200; 
cat. no. GB21301; Servicebio Technology, Co., Ltd.) for 1 h 
at room temperature. Finally, nuclei were counterstained with 
DAPI (cat. no. G1012; Servicebio Technology, Co., Ltd.) for 
10 min at room temperature. Images were acquired using 
a fluorescent microscope (Eclipse C1; Nikon Corporation) 
at x400 magnification. Each group had 36 sections, and 3 
visual fields were randomly selected from each section and 
quantified using Image-Pro Plus software (version 6.0; Media 
Cybernetics, Inc.).

Hematoxylin and eosin (H&E) staining. Rats from all experi-
mental groups were sacrificed at 14 days after surgery and a 
1-cm segment of SC section centered on the site of injury was 
removed. Tissues were immediately fixed in 4% paraformal-
dehyde at room temperature for 24 h, followed by paraffin 
embedding. Tissues from all groups were cut into 5-µm thick 
transverse sections for H&E staining as follows: Sections were 
stained with Hematoxylin (cat. no. H8070; Beijing Solarbio 
Science & Technology Co., Ltd.) at room temperature for 

5 min and washed with distilled water for 5 min. Then, tissue 
sections were immersed in 1% hydrochloric acid alcohol at 
room temperature for 5 sec and washed with distilled water 
for 3 min. Each section was immersed in 0.5% ammonia (cat. 
no. G1821; Beijing Solarbio Science & Technology Co., Ltd.) 
at room temperature for 10 min and washed with distilled 
water for 5 min. Subsequently, sections were stained with 
Eosin Y solution (cat. no. G1100; Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 3 min. From 
each group 12 sections were stained and observed using a 
fluorescent microscope (Eclipse E100; Nikon Corporation) at 
x100 magnification for morphological changes (3 visual fields 
were randomly selected from each section).

Nissl staining. Following sacrifice, a 1-cm SC section 
centered on the injury site was removed at 14 days post-
surgery, immediately fixed in 4% paraformaldehyde at room 
temperature for 24 h, embedded in paraffin and cut into 5-µm 
thick transverse sections. From each group 12 sections were 
stained. Nissl staining was performed according to the manu-
facturer's protocol (cat. no. G1434; Beijing Solarbio Science 
& Technology Co., Ltd.) for 30 min at room temperature. 
Sections were observed under a fluorescent microscope 
(Eclipse E100; Nikon Corporation) at x100 magnification to 

Figure 2. OFS treatment increases the differentiation of endogenous neural stem cells into neurons. (A) Immunofluorescence double-staining was used to 
identify the expression of Nestin and β-tubulin Ⅲ among groups at day 3, 7 and 14 post-surgery. (B) Quantification of Nestin and β-tubulin Ⅲ positive cells 
in the lesion site in each group at each time point. Scale bar, 50 µm. DAPI staining, blue. Nestin staining, red. β-tubulin Ⅲ staining, green. *P<0.05 vs. Sham 
group. $P<0.05 vs. SCI group. Sham, controls that underwent laminectomy only; SCI, group that underwent laminectomy and spinal cord injury; OFS + SCI, 
group that underwent laminectomy, spinal cord injury and OFS; OFS, oscillating field stimulation.
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evaluate morphological changes (3 visual fields were randomly 
selected from each section).

Uranium-lead staining and transmission electron microscopy 
(TEM). Following sacrifice, 1-cm SC sections centered on 
the site of injury were removed at 14 days post-surgery and 
immediately fixed in 2.5% glutaraldehyde at room tempera-
ture for 12 h, followed by immersion in 1% osmium acid at 
room temperature for 2 h. Following dehydration, tissues 
were embedded in pure epoxy resin and cut into 70-nm thick 
sections using an ultra-thin slicer (UC-7; Leica Microsystems, 
Inc.). Finally, sections were stained with uranium and lead 
at room temperature for 30 min, and observed under a TEM 
(JEM1400; JEOL, Ltd.) to assess myelin sheath morphology. 
There were 12 sections for each group and 3 visual fields were 
randomly selected from each section.

Statistical analysis. Data are presented as mean ± standard 
error of mean (SEM) of 3 independent experiments. Multiple 
group means were compared using two-way ANOVA with 
or without repeated measures or one-way ANOVA all of 
which were followed by Tukey's post hoc tests for multiple 
pair-wise comparisons. Pairs of means were compared using 
the Student's t-test. SPSS software (version 19.0; SPSS Inc.) 
was used for all statistical analyses. P<0.05 was considered to 
indicate a statistically significant difference.

Results

OFS treatment improves functional recovery following SCI. 
Hind limb movement and coordination were evaluated using 
BBB scores to evaluate the efficacy of OFS for SCI treat-
ment. In the Sham group, there was no significant difference 
in BBB score at each time point (P>0.05). Rats receiving 
OFS following SCI demonstrated markedly higher scores 
compared with the SCI group rats starting from the 3rd week 
post-surgery (P<0.05; Fig. 1).

OFS promotes the differentiation of endogenous NSCs into 
neurons. IF double labeling for β-tubulin III and the neural 
stem/progenitor cell marker Nestin was performed at days 3, 
7 and 14 post-surgery to investigate whether OFS regulates 
the differentiation of endogenous NSCs into neurons. There 
were more Nestin and β-tubulin III positive cells in the SC 
sections from the SCI + OFS group compared with the SCI 
and Sham groups at each measurement time point (Fig. 2A), 
with the Nestin and β-tubulin III positive cell number peaking 
in the SCI + OFS group on the 7th day post-surgery compared 
with the SCI group (P<0.05; Fig. 2B).

Nissl and H&E staining were also performed at day 14 post-
surgery to assess the level of tissue pathology. The SCI group 
exhibited fewer Nissl bodies compared with the SCI + OFS 
and Sham groups (P<0.05; Fig. 3). In addition, OFS treatment 

Figure 3. OFS treatment increases the viability of neurons in injured spinal cord. (A and B) Nissl staining was performed 14 days post-surgery. Sham group 
in the left column, SCI group in the middle and OFS group in the right column. (C) Quantification of Nissl bodies in each group at the lesion site. Scale 
bar, 500 µm in A and 50 µm in B. One-way ANOVA followed by Tukey's post hoc test. *P<0.05 vs. Sham group. $P<0.05 vs. SCI group. OFS, oscillating 
field stimulation; Sham, controls that underwent laminectomy only; SCI, group that underwent laminectomy and spinal cord injury; SCI + OFS, group that 
underwent laminectomy, spinal cord injury and OFS.
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reduced inflammatory cell infiltration compared with the SCI 
group (P<0.05; Fig. 4).

OFS promotes the differentiation of endogenous NSCs into 
oligodendrocytes. Double IF staining was performed for 
Nestin and the oligodendrocyte precursor cell (OPC) marker 
NG2 at days 3, 7 and 14 post-surgery to examine the effects of 
OFS on NSC differentiation into oligodendrocytes (Fig. 5A). 
IF staining revealed a significantly greater number of Nestin 
and NG2-positive cells in the SCI + OFS group compared with 
the SCI group at all measurement points (P<0.05; Fig. 5B), 
with cell number peaking on the 7th day post-surgery.

Myelin sheath morphology was examined using TEM to 
assess the effects of OFS on remyelination following SCI. 
Compared with the SCI group, the Sham and SCI + OFS group 
exhibited a significantly greater number of myelin sheaths and 
thicker sheaths at 14 days post-surgery (P<0.05; Fig. 6).

Discussion

Stem cell transplants have demonstrated promising results for 
the treatment of SCI (17). However, cell rejection and poor 
in vivo survival have limited the success of this strategy (18,19). 
Recent studies have shown that endogenous NSCs can improve 
the self-repair capacity of the SC, indicating that endogenous 
NSCs may be potential therapeutic targets for SCI treat-
ment (20,21). The differentiation of NSCs depends primarily 
on their microenvironment following SCI, which is influenced 
by factors such as edema, ischemia and activation of inflam-
matory response, and is also an important factor affecting 

damage repair (22,23). Therefore, regulation of directional 
differentiation of endogenous NSCs may be the key to SCI 
repair.

Wnt signaling is an important regulator of NSC prolif-
eration, self-renewal and differentiation in the central nervous 
system (CNS) (24,25). Various Wnt factors directly regulate 
the proliferation and differentiation of endogenous NSC (12). 
Previous studies have reported that Wnt1, Wnt2 and Wnt3a 
expression results in NSC proliferation in the CNS (26,27). 
Furthermore, Wnt3a expression directs the differentiation 
of mouse embryonic stem cells into dorsal interneurons (28) 
and Wnt7a expression promotes neuronal differentiation of 
NSCs in mice (29). Additionally, it has been revealed that 
electric field stimulation alters Wnt protein expression and 
Wnt signaling, thus regulating the differentiation of NSCs and 
affecting nerve regeneration and SCI repair. OFS, as a neuro-
electric technology, is an emerging neurostimulation modality 
that has shown promise for facilitating repair after SCI (10,14). 
The present study also demonstrated that OFS regulated the 
differentiation of endogenous NSCs following SCI. However, 
the potential mechanism needs further study.

To the best of our knowledge, the current study was the 
first to identify that targeted OFS to the SCI site promotes the 
differentiation of endogenous NSCs into neurons and oligo-
dendrocytes and accelerates recovery of hind limb function. 
The BBB scores revealed substantially faster and improved 
locomotor improvement in the SCI + OFS group compared 
with the SCI group with no apparent adverse effects on 
survival of rats, indicating that OFS is a feasible strategy for 
the treatment of SCI.

Figure 4. OFS treatment reduced the inflammatory cell infiltration in injured spinal cord. (A) H&E staining was performed 14 days after surgery. Sham group 
in the left column, SCI group in the middle, and OFS group in the right column. (B) Quantification of infiltrating inflammatory cells in each group in the lesion 
site. Scale bar, 50 µm. One-way ANOVA followed by Tukey's post hoc test. *P<0.05 vs. Sham group. $P<0.05 vs. SCI group. OFS, oscillating field stimula-
tion; Sham, controls that underwent laminectomy only; SCI, group that underwent laminectomy and spinal cord injury; SCI + OFS, group that underwent 
laminectomy, spinal cord injury and OFS.
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Figure 5. OFS treatment improves the differentiation of endogenous NSCs into oligodendrocytes. (A) Immunofluorescence double-staining was performed to 
identify the expression of Nestin and NG2 among groups at day 3, 7 and 14 post-surgery. (B) Quantification of Nestin and NG2 positive cells at the lesion site 
in each group at respective time points. Scale bar, 50 µm. DAPI staining, blue. Nestin staining, red. NG2 staining, green. *P<0.05 vs. Sham group. $P<0.05 vs. 
SCI group. NG2, neuron-glial antigen 2; Sham, controls that underwent laminectomy only; SCI, group that underwent laminectomy and spinal cord injury; 
SCI + OFS, group that underwent laminectomy, spinal cord injury and OFS; OFS, oscillating field stimulation.

Figure 6. OFS treatment promotes remyelination of nerve fibers in the lesion site. (A) Uranium-lead staining by transmission electron microscopy was used 
to observe the morphology of myelin sheath at 14 days post-surgery. Sham group in the left column, SCI group in the middle and OFS group in the right 
column. (B) Quantification of the number of myelin sheaths in each group. (C) Quantification of myelin sheath thickness in each group. One-way ANOVA 
followed by Tukey's post hoc test. Scale bar, 2 µm. *P<0.05 vs. Sham group.. $P<0.05 vs. SCI group. OFS, oscillating field stimulation; Sham, controls that 
underwent laminectomy only; SCI, group that underwent laminectomy and spinal cord injury; OFS + Sci, group that underwent laminectomy, spinal cord 
injury and OFS.
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β-tubulin is one of the main components of the cytoskeleton 
and the class III isoform is expressed exclusively in neurons, 
where it contributes to morphological development and axon 
orientation  (30). NSCs promote SC repair by enhancing 
neuronal viability, reducing neuroinflammation and replen-
ishing cells lost to apoptosis  (31). Although axonal repair 
or regeneration have been the main focus of SCI research, 
regeneration of oligodendrocytes and remyelination are also 
critical for recovery of neurological function after SCI (32). 
The present results suggested that OFS enhanced the produc-
tion of NSC-derived oligodendrocytes and neurons in the early 
post-SCI phase as shown by Nestin and NG2 double labeling 
and Nestin and β-tubulin III double labeling, respectively. Nissl 
staining identified more neurons in SCI rats receiving OFS. 
Additionally, H&E staining demonstrated less infiltration of 
inflammatory cells in the OFS group compared with SCI group. 
Collectively, these results indicated that OFS therapy promoted 
the differentiation of endogenous NSCs into viable neurons.

Previous studies have identified OPCs in the mature 
mammalian CNS that contribute to the repair of nerve fiber 
demyelination (33-35). It has also been shown that OFS can 
enhance the differentiation of OPCs into oligodendrocytes and 
promote remyelination following SCI in rats (14). In the current 
study, it was found that Nestin and NG2-positive cell numbers at 
the lesion site and Nestin and NG2 expression levels were signifi-
cantly increased as early as 3 days following SCI in the OFS 
group. Uranium-lead staining and TEM directly demonstrated 
that OFS increased the number of myelinated fibers and myelin 
sheath thickness. Thus, OFS therapy improved the differentiation 
of endogenous NSCs into oligodendrocytes, thereby promoting 
remyelination of nerve fibers following SCI in rats.

A total of 19 Wnt proteins have been discovered in mammals 
and some of these are expressed at various stages of CNS 
development (29). In the process of treating SCI, the degree 
of interaction between OFS and the Wnt signaling pathway, 
as well as the specific Wnt proteins involved in repair remain 
unknown. Therefore, these factors require further investigation.

In conclusion, OFS promotes NSC differentiation into 
neurons and oligodendrocytes following SCI in rats, thereby 
accelerating axonal regeneration, remyelination and neuro-
logical recovery. Therefore, it was speculated that OFS may 
be a safe and effective strategy for the treatment of SCI, either 
alone or in conjunction with NSC transplant.
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