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Abstract  
Repetitive magnetic stimulation is effective for treating posttraumatic neuropathies following spinal or axonal injury. Neurotropin is a 
potential treatment for nerve injuries like demyelinating diseases. This study sought to observe the effects of high-frequency repetitive mag-
netic stimulation, neurotropin and their combined use in the treatment of peripheral nerve injury in 32 adult male Sprague-Dawley rats. To 
create a sciatic nerve injury model, a 10 mm-nerve segment of the left sciatic nerve was cut and rotated through 180° and each end restored 
continuously with interrupted sutures. The rats were randomly divided into four groups. The control group received only a reversed auto-
graft in the left sciatic nerve with no treatment. In the high-frequency repetitive magnetic stimulation group, peripheral high-frequency 
repetitive magnetic stimulation treatment (20 Hz, 20 min/d) was delivered for 10 consecutive days after auto-grafting. In the neurotropin 
group, neurotropin therapy (0.96 NU/kg per day) was administrated for 10 consecutive days after surgery. In the combined group, the com-
bination of peripheral high-frequency repetitive magnetic stimulation (20 Hz, 20 min/d) and neurotropin (0.96 NU/kg per day) was given 
for 10 consecutive days after the operation. The Basso-Beattie-Bresnahan locomotor rating scale was used to assess the behavioral recovery 
of the injured nerve. The sciatic functional index was used to evaluate the recovery of motor functions. Toluidine blue staining was per-
formed to determine the number of myelinated fibers in the distal and proximal grafts. Immunohistochemistry staining was used to detect 
the length of axons marked by neurofilament 200. Our results reveal that the Basso-Beattie-Bresnahan locomotor rating scale scores, sciatic 
functional index, the number of myelinated fibers in distal and proximal grafts were higher and axon lengths were longer in the high-fre-
quency repetitive magnetic stimulation, neurotropin and combined groups compared with the control group. These measures were not 
significantly different among the high-frequency repetitive magnetic stimulation, neurotropin and combined groups. Therefore, our results 
suggest that peripheral high-frequency repetitive magnetic stimulation or neurotropin can promote the repair of injured sciatic nerves, 
but their combined use seems to offer no significant advantage. This study was approved by the Animal Ethics Committee of the Affiliated 
Changzhou No. 2 People’s Hospital of Nanjing Medical University, China on December 23, 2014 (approval No. 2014keyan002-01). 
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Graphical Abstract   

Peripheral high-frequency repetitive magnetic stimulation (HF-rMS) or neurotropin promotes peripheral 
nerve regeneration
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Introduction 
Peripheral nerve injury, caused by trauma or medical dis-
orders, affects over one million people worldwide every 
year (Carvalho et al., 2018). The majority of patients with 
peripheral nerve injury require surgery to restore nerve 
integrity, including nerve graft implantation, end-to-end re-
pairs, and nerve conduit reconstruction (Zhang et al., 2016, 
2019). Clinical and experimental investigation has achieved 
remarkable progress in biological and cellular strategies for 
reconstruction, but do not always result in a satisfactory out-
come in peripheral nerve injury functional recovery (Grinsell 
and Keating, 2014). The speed and quality of axonal growth 
determine the ultimate regeneration of injured nerves at the 
cellular level (Malin et al., 2009). In previous studies, many 
methods have been shown to accelerate nerve regeneration, 
including electrical stimulation (Huang et al., 2013; Gor-
don and English, 2016), energy extracorporeal shock wave 
(Hausner et al., 2012), X-ray irradiation (Jiang et al., 2017a, b) 
and low level laser therapy (Mashhoudi et al., 2017). Howev-
er, these are not commonly used in clinical settings and the 
optimal treatment remains unclear. Hence, it is imperative to 
develop better approaches for nerve reparation.

Repetitive transcranial magnetic stimulation (rTMS) pro-
vides non-invasive brain stimulation, which can modulate 
cortical excitability in a frequency-dependent manner: cor-
tical excitability increases with high-frequency stimulation 
(> 5 Hz) and decreases with low-frequency stimulation (< 
1 Hz) (Thut and Pascual-Leone, 2010; Zhang et al., 2018). 
High-frequency rTMS (HF-rTMS) is accepted in various 
fields as a therapeutic tool for neuropathic pain (Hosomi 
et al., 2013), major depression (George et al., 2010) and the 
negative symptoms of schizophrenia (Prikryl et al., 2013). 
Despite the wide application of HF-rTMS in the central ner-
vous system (Lefaucheur et al., 2014), there have been few 
studies of magnetic stimulation of the peripheral nervous 
system improving the regeneration of damaged nerves.

Previous studies have shown that repetitive magnetic 
stimulation (rMS) can affect the nerve regeneration micro-
environment and activate multilevel neuroplastic changes by 
stimulating spinal cord or corresponding spinal nerve roots 
when treating posttraumatic neuropathies following spinal 
or axonal injury (Zhivolupov et al., 2012; Jiang et al., 2016). 
These findings raised the possibility that the application of 
rMS to peripheral nerves could be a new therapy for improv-
ing clinical outcomes in total peripheral nerve injury.

Neurotropin (NTP) is the non-protein fraction extracted 
from rabbit skin inflamed by treatment with the vaccinia vi-
rus (Kawai et al., 2018). It has been used clinically for treat-
ing neuropathic pain by activating the descending pain in-
hibitory system (Takahashi et al., 2005), including subacute 
myelo-optic neuropathy hyperesthesia and post-herpetic 
neuralgia, and chronic pain, including cervico-omo-brachial 
syndrome and lower back pain (Kudo et al., 2011; Okazaki et 
al., 2013; Masuguchi et al., 2014). Recently, Matsuoka et al. 
(2018) revealed NTP as a potential treatment for peripheral 
nerve injury in demyelinating diseases by promoting differ-
entiation of Schwann cells both in vivo and vitro. However, 

whether NTP is effective against more severe injuries, in-
cluding transection models or crushed sciatic nerve injury, 
remains unknown. 

Sensory and motor function defects are typical symptoms 
that negatively impact patients’ daily functioning and quality 
of life after peripheral nerve injury (Quan et al., 2016; Zhou 
et al., 2018). In our clinical practice of treating peripheral 
nerve injury complicated with neuralgia, it appeared that 
the functional recovery of injured peripheral nerves (such 
as the ulnar, radial and sciatic nerves) was improved by HF-
rMS or NTP application, and a better effect was achieved by 
their combination. In this study, we established an injured 
peripheral nerve model, and investigated the effect of HF-
rMS, NTP and their combination on this peripheral nerve 
injury model, seeking evidence for these new treatments in 
improving clinical outcomes in peripheral nerve injury. To 
our best knowledge, this has not been reported previously.
  
Materials and Methods 
Animals
In total, 32 specific-pathogen-free B6 male Sprague-Dawley 
rats aged 9–10 weeks and weighing 240–300 g were provided 
by Cavens Animal Research Laboratories, Changzhou, Chi-
na (animal license No. SCXK (Su) 2016-0010). To represent 
a realistic environment, the rats were held at a 12-hour light/
dark cycle at 07:00 to 19:00. Additionally, the rats had free 
access to bottled water and food. This study was approved by 
the Animal Ethics Committee of the Affiliated Changzhou 
No. 2 People’s Hospital of Nanjing Medical University, China 
on December 23, 2014 (approval No. 2014keyan002-01). All 
precautions were taken to minimize the suffering of all ani-
mals and the number of animals used.

Surgery procedure
The sciatic nerve injury model was established as previously 
described (Hausner et al., 2012; Geuna, 2015). Briefly, the 
rats received anesthesia with intraperitoneal administration 
of 10% chloral hydrate (Yulonghz, Qingdao, China) at a dose 
of 400 mg/kg. The area below the level of midriff was depil-
ated and cleansed for surgery. Under aseptic conditions, an 
incision was made along the crista femora within the rear 
left limb to expose the sciatic nerve. The origin and proximal 
end of sciatic nerves were determined before cutting away a 
2 mm-long segment of nerve from the ganglia. Subsequently, 
a 10 mm segment of the distal sciatic nerve was cut away. 
By rotating 180 degrees, the nerve segment was replaced 
between the distal and proximal stumps of transected sciatic 
nerves. Each end was restored continuously with interrupted 
sutures (Ethilon 9-0, Ethicon-Johnson & Johnson, Shang-
hai, China) under an operating microscope (Leica M750, 
Leica Microsystems, Vienna, Austria) (Figure 1). Following 
the surgical procedure, the gluteal muscle and skin inci-
sions were closed with non-absorbable suture (Mersilk 4-0, 
Ethicon-Johnson & Johnson) in all groups. 

After establishment of the sciatic nerve injury model, the 
rats were randomly divided into four groups (n = 8 each). 
The control group received only a reversed autograft in the 
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left sciatic nerve with no treatment. In the HF-rMS group, 
HF-rMS of the peripheral sciatic nerve was applied for 10 
consecutive days (once per day). In the NTP group, NTP 
was intraperitoneally injected for 10 consecutive days (once 
per day). Animals in the combined group (HF-rMS + NTP) 
received the combination of peripheral HF-rMS and intra-
peritoneal injection of NTP for 10 consecutive days (once per 
day). All treatments were applied one week after autografting.

Peripheral high-frequency rMS and neurotropin 
administration
HF-rMS was delivered using a 70 mm eight-figure coil 
connected to a commercially available magnetic stimulator 
(Wuhan Yi Rui De Ltd., Wuhan, China). The stimulation 
site was at the intersection of the notochord and proximal 
end of the reconstructed sciatic nerve. The rat was fixed in 
a customized cloth bag when receiving stimulation. The 
stimulation parameters were 20 Hz frequency, stimulation 
intensity at 20% 1-second train duration, inter-train interval 
of 14 seconds, and 20 trains per session. Each session of rMS 
consisted of 1600 pulses/day delivered within 20 minutes. 
The control and NTP groups were fixed in the device but no 
rMS stimulation was given.

NTP was purchased from Nippon Zoki Pharmaceutical 
Co. (Osaka, Japan). The dosage of NTP was 0.96 NU/kg per 
day according to the clinical dosage in adults. All medicine 
was given by intraperitoneal injection. The control and HF-
rMS groups were injected with saline.

Behavioral testing 
The functional recovery of the injured nerves was assessed 
using the Basso-Beattie-Bresnahan (BBB) locomotor rating 
scale (Basso et al., 1995). This rating scale is commonly used 
to assess the functional recovery of animals with injuries 
to the spinal cord, and has been shown to be a useful tool 
for assessing peripheral nerve injury recovery time (Bervar, 
2000). BBB scores were assessed at 1 week after surgery (1 
day before the 10-day postoperative treatment) and 1 day 
after the whole treatment (or after 10-day treatment). 

A score of 0 represents no spontaneous movement, a score 
of 14 indicates full limb coordination and fully supporting 
weight and a score of 21 indicates normal movement. A 
trained observer who was blind to the experimental design 
conducted the BBB recordings in a quiet environment. 
During each session, animals were observed for 4 minutes in 
a circular metal container without a lid. 

Functional assessment of re-innervation 
To evaluate motor function, the sciatic functional index (SFI) 
was calculated, as described previously, pre- and post-treat-
ment (Bain et al., 1989; Varejao et al., 2001). In addition, rats 
were tested within a dark shelter at the end of a confined 
walkway. White paper covered the path that the rat was ex-
pected to walk, and red ink was applied to its rear paws to 
record footprints over the paper. The parameters measured 
were as follows: print length (PL), distance between heel and 
toe; toe spread (TS), distance between first toe and fifth toe; 

and intermediary toe spread (ITS), distance between second 
toe and fourth toe. PL, TS, and ITS measurements were all 
collected on both the experimental (E) and normal (N) rear 
legs. Finally, each animal’s footprints were used to calculate 
the SFI using the formula: SFI = 38.3(EPL–NPL)/NPL + 
109.5(ETS–NTS)/NTS + 13.3(EITS–NITS)/NITS–8.8. The 
SFI varied from 0 to –100: a score of 0 represented normal 
nerve function; a score of –100 represented full function 
loss.

Morphological analysis
The animals that received auto-grafts were sacrificed with 
anesthesia by 10% chloral hydrate as mentioned above, 1 day 
after treatment. The left sciatic nerve samples were excised 
and fixed in 10% neutral buffered formalin for histopatho-
logical examination as previously described (Ikumi et al., 
2018; Paradiso et al., 2018). 

Preparation for staining: Semithin sections (1 μm) were 
cut at 2 mm distal and proximal from the center to the graft 
for toluidine blue staining to determine the numbers of my-
elinated fibers. To detect axon lengths, the medium sections 
left were made into 4 μm paraffin strips using a microtome 
for immunohistochemical staining. The tissue was embed-
ded in paraffin by patching and baking the slices. Finally, 
routine dewaxing and hydration were conducted for subse-
quent staining.

Toluidine blue staining: Sections were stained with 1% 
toluidine blue (Solarbio, G3661, Shanghai, China) for 25 
minutes, rinsed in running water, decolorized in 95% acetic 
acid twice for 2 seconds each, decolorized in 100% ethanol 
twice for 2 minutes each, cleared in xylene three times for 5 
minutes each and sealed with resin.

Immunohistochemical staining: Sections were washed in 
phosphate-buffered saline (PBS) for 5 minutes, rinsed in 3% 
methanol-H2O2 solution (Sangon, H1976, Shanghai, Chi-
na) for 10 minutes at room temperature and washed in PBS 
three times for 5 minutes each. Sections were hot retrieved 
at high temperature for 4 minutes and at low temperature 
for 20 minutes, returned to room temperature, washed in 
PBS three times for 5 minutes each and blocked in 5% bo-
vine serum albumin (Beyotime, P0081, Shanghai, China) 
for 60 minutes at room temperature. After the removal of 
excess liquid, sections were incubated in 50 μL anti-NF200 
antibody (BM0100; Boster, Wuhan, China) overnight at 4°C, 
rewarmed at 37°C for 45 minutes, washed in PBS three times 
for 5 minutes each time, incubated in 50 μL biotin-labeled 
goat anti-mouse secondary antibodies (SA1020; Boster) at 
37°C for 30 minutes and washed in PBS three times for 5 
minutes each. Subsequently, these sections were incubated 
in 50 μL streptavidin-biotin for 30 minutes at 37°C, washed 
in PBS three times for 5 minutes each, stained in 3,3′-diami-
nobenzidine solution (ZL-9018; ZSGB-BIO, Beijing, China) 
for 8 minutes under the microscope (Leica M750, Leica 
Microsystems, Vienna, Austria), washed in PBS three times 
for 5 minutes each, re-stained in hematoxylin for 5 minutes, 
differentiated in hydrochloric acid ethanol solution (Thremo, 
7211, Shanghai, China) for 2–5 seconds, washed in water for 
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15 minutes, then dehydrated, permeabilized and sealed.
Microscopic examination: A camera with a microscope 

attached recorded pictures of the entire longitudinal section 
and cross-sectional areas of the nerve (Leica M750, Leica 
Microsystems, Vienna, Austria). To calculate the average 
number, three visual fields were randomly selected at the 
proximal and distal ends using a 40× objective lens to count 
the number of myelinated fibers marked by toluidine blue 
staining. The length of total NF200-positive axons was cal-
culated with ImageJ imaging analysis software (version-2.0, 
National Institutes of Health, Bethesda, MD, USA) in the 
middle of the specimen, by the length of the three field views 
(20×).

Statistical analysis
All data are expressed as the mean ± SEM. SPSS 25.0 statis-
tical software (IBM, Armonk, NY, USA) was utilized for sta-
tistical analysis. The numerical variables of the four groups 
were compared using one-way analysis of variance followed 
by Student-Newman-Keuls post hoc test. P < 0.05 was con-
sidered statistically significant. 

Results
Behavioral and functional recoveries
Before treatment, neither the BBB scores nor SFI showed any 
statistical difference between groups (Figure 2). After treat-
ment, both the BBB scores and SFI in the four groups were 
better than before treatment (all P-value = 0.000). Further-
more, the BBB scores and SFI in three treatment groups were 
improved compared with the control group (all P-value = 
0.000). However, when compared with the HF-rMS or NTP 
group, the combined group failed to exhibit any significant 
improvement in BBB score (PHF-rMS = 1.000, PNTP = 0.680) or 
SFI ( PHF-rMS = 0.610, PNTP = 0.530) (Figure 2A and B). There 
was no difference in the BBB score or SFI between the HF-
rMS group and the NTP group. 

Morphological analysis of grafted nerve
As illustrated in Figure 3A and B, under a 40× objective 
lens, the growths of myelinated fibers at the transverse sec-
tion of the distal and proximal ends in the HF-rMS, NTP 
and combined groups were improved compared with the 
control group. Similarly, the elongation of axons on the 
longitudinal sections in the HF-rMS, NTP and combined 
groups was improved over that in the control group. 

The numbers of myelinated fibers at both the proximal 
and distal cross-sessions in the HF-rMS, NTP and combined 
groups were significantly increased compared with the con-
trol group (all P-value < 0.05, proximal: PHF-rMS = 0.009, PNTP 
and PCombination = 0.000; distal: PHF-rMS = 0.001, PNTP = 0.000, 
PCombination = 0.002). However, the numbers of myelinated 
fibers in the combined group were not significantly differ-
ent to those in the HF-rMS (proximal: P = 0.226; distal: P = 
0.846) or NTP groups (proximal: P = 0.967; distal: P = 0.336; 
Figure 3B and C). 

The total axon lengths in the intermediate sections of the 
HF-rMS, NTP and combined groups were longer than those 

in the control group (all P-value < 0.05, PHF-rMS = 0.000, PNTP 

= 0.003, PCombination= 0.001). There was no significant differ-
ence in the length of axons between the HF-rMS (P = 0.140), 
NTP (P = 0.626; Figure 3D) groups and the combined 
group.

Discussion
In this study, the evaluation of behavioral function pre- and 
post-treatment revealed that HF-rMS over the injured sciatic 
nerve, intraperitoneal injection of NTP and the combination 
of HF-rMS and NTP improved the functional recovery of 
the injured nerve. Furthermore, our histopathological ex-
amination showed that peripheral HF-rMS over the injured 
sciatic nerve, intraperitoneal injection of NTP and the com-
bined treatment increased the numbers of myelinated fibers 
and improved the continuity of axons after injury. In addi-
tion, HF-rMS was first applied in the treatment of peripheral 
nerve injury, suggesting a potential new approach for induc-
ing the regeneration of peripheral nerves in a rat sciatic in-
jury model. NTP also had a significant effect on the recovery 
of injured nerves, but we failed to observe any advantage of 
combining the two treatments.

It is well known that rTMS changes brain electrical activity 
by using magnetic coils to stimulate through the skull (Wu 
et al., 2018). Investigations in the central nervous system 
suggest that magnetic stimulation improves the release of 
neurotransmitters and neurotropic factors (nerve growth 
factor and brain derived neurotrophic factor), enhances 
synaptic plasticity and increases blood circulation (Banerjee 
et al., 2017; Soundara et al., 2017), particularly at high-fre-
quency. In this study, we applied high-frequency stimulation 
based on a previous study of magnetic stimulation (Kumru 
et al., 2017). rMS stimulates peripheral nerves through the 
skin and subcutaneous soft tissue and causes contraction of 
skeletal muscles. This study applied rMS to the peripheral 
nerve system and although its mechanisms of action are not 
entirely clear, some studies provide suggestions. For example, 
Jiang et al. (2016) and Zhivolupov et al. (2012) reported that 
the application of impulse magnetic stimulation to the spinal 
cord can improve the microenvironment for nerve growth by 
reducing inflammation, the degree of edema, demyelination 
and the numbers of apoptotic cells. Van Soens et al. (2010) 
also found that rMS shortened muscle-evoked potential la-
tencies and increased amplitudes and effectively contributed 
to functional recovery of the injured spinal cord in an animal 
model. Stolting et al. (2016) also assumed that rMS could 
enhance muscle regeneration through limiting the amount of 
inflammatory infiltration and the formation of scaring, thus 
avoiding muscle atrophy post-trauma, and by inducing mus-
cle hypertrophy while increasing muscle turnover and me-
tabolism. There is also evidence that pulse accumulation may 
promote angiogenesis (Crowe et al., 1997; Ohta et al., 2005) 
and that rMS could produce positive effects on lymphangio-
genesis in rat lower extremities (Lee et al., 2012). According 
to these studies, we speculated that peripheral HF-rMS can 
alter the excitability of injured nerves and the plasticity of 
neuromuscular junctions, and induce the production of re-
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Figure 1 Schematic diagram of sciatic nerve autograft.
The 10 mm-nerve segment was cut (A) and rotated through 180°, and 
then each end was restored continuously with interrupted sutures (B). 

Figure 2 BBB score and sciatic functional index before and after 
treatment in each group. 
(A) BBB scores before and after the treatment: The higher the score, 
the better the behavioral recovery. (B) Sciatic functional index before 
and after the treatment: The smaller the negative value, the better re-
covery of motor functions. ***P < 0.001, vs. control group. Data are 
expressed as the mean ± SEM (n = 8; one-way analysis of variance 
followed by Student-Newman-Keuls post hoc test). BBB: Basso-Be-
attie-Bresnahan scale; HF-rMS: high-frequency repetitive magnetic 
stimulation; NTP: neurotropin. 

Figure 3 Effects of HF-rMS and NTP on morphological 
analysis of regenerated nerve.
(A) Representative images of the regenerated nerve: prox-
imal: the myelinated fibers stained by toluidine blue in the 
transverse section of proximal end (toluidine blue stain-
ing); distal: the myelinated fibers stained by toluidine blue 
in the transverse section of distal end (toluidine blue stain-
ing); medial: the axons stained by NF200 in the longitudi-
nal of intermediate regime (immunohistochemical staining 
with NF200). Scale bars: 100 μm. (B) The number of prox-
imal myelinated fibers in the four groups. (C) The number 
of distal myelinated fibers in the four groups. (D) The total 
length of NF200-positive axons in the four groups; **P < 
0.01, ***P < 0.001, vs. control group. Data are expressed as 
the mean ± SEM (n = 8; one-way analysis of variance fol-
lowed by Student-Newman-Keuls post hoc test). HF-rMS: 
High-frequency repetitive magnetic stimulation; NTP: 
neurotropin.

lated neurotrophic factors and the regeneration of axons by 
direct stimulation of the injured nerve. Unlike traditional 
electrical stimulation, rMS appears to be more extensive. 
Simultaneous stimulation of other tissues (e.g. muscle, blood 
vessels, lymphatic vessels and soft tissue) can also promote 
the functional recovery of affected limbs. Additionally, rMS 

may increase the excitability of spinal reflexes and spinal re-
flexes in distal muscles by activating peripheral nerve fibers, 
and increase corticospinal excitability.

Isolated distal axons undergo Wallerian degeneration fol-
lowing peripheral nerve injury. Schwann cells distal to the 
injury location proliferate, dedifferentiate, and line the en-
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doneurial tubes, guiding regeneration axons until re-differ-
entiation to myelination once the axons are guided towards 
the target (Gaudet et al., 2011). Previous studies showed that 
NTP can promote neurite outgrowth in PC12 cells (Morita et 
al., 1988; Fukuda et al., 2015) and ameliorate demyelination 
in a chronic constriction injury model (Bryden et al., 2016). 
Furthermore, there is evidence that NTP can accelerate the 
differentiation of Schwann cells in both the myelinating and 
promyelinating states to treat peripheral nerve injury and 
demyelinating diseases (Matsuoka et al., 2018). Our study 
was an extension of previous studies that showed that NTP 
can be used to treat severe nerve injury.

Unfortunately, there were no differences between the com-
bined treatment and the individual treatments, suggesting 
no additive or synergistic effects of the combined therapy. 
The following reasons might explain this. First, the treatment 
time may have been too short to observe any combined 
effects (Mohammadi et al., 2014; Mashhoudi et al., 2017). 
The regenerating fibers have to reach the peripheral targets 
first, re-innervating them to cause functional re-innerva-
tion. This process takes a relatively long time (Faroni et al., 
2015). Second, two treatments were presented at the same 
time in our study. Thus we do not know whether a combined 
effect would be observed by presenting the two treatments 
at an appropriate interval. Third, the parameters of HR-
rMS (such as intensity and frequency) and the dose of NTP 
might be further optimized. Fourth, the sample size in this 
study might have been too small to observe the significance. 
Notably, electrophysiological and biochemical analyses were 
not included in this study to support our observations, and 
require further investigation.

In summary, either peripherally administered HF-rMS or 
NTP may serve as new treatments for inducing peripheral 
nerve regeneration in a rat sciatic injury model, but the com-
bination of the two treatments provides no further advantage.
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