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Introduction: Cell therapy is the most advanced treatment of peripheral nerve injury. This 
study aimed to determine the effects of transplantation of hair follicle stem cells on the 
regeneration of the sciatic nerve injury in rats. 

Methods: The bulge region of the rat whisker were isolated and cultured. Morphological 
and biological features of the cultured bulge cells were observed by light microscopy and 
immunocytochemistry methods. Percentages of CD34, K15, and nestin cell markers expression 
were demonstrated by flow cytometry. Rats were randomly divided into 3 groups of injury, 
epineurium, and epineurium with cells in which rat Hair Follicular Stem Cells (rHFSCs) 
were injected into the site of the nerve cut. HFSCs were labeled with Bromodeoxyuridine 
(BrdU), and double-labeling immunofluorescence was performed to study the survival and 
differentiation of the grafted cells. After 8 weeks, electrophysiological, histological, and 
immunocytochemical analysis assessments were performed. 

Results: Rat hair follicle stem cells are suitable for cell culture, proliferation, and differentiation. 
The results suggest that transplantation of rat hair follicle stem cells can regenerate sciatic 
nerve injury; moreover, electrophysiology and histology examinations show that sciatic nerve 
repair was more effective in the epineurium with cell group than in the other experimental 
group (P<0.05).

Conclusion: The achieved results propose that hair follicle stem cells improve axonal growth 
and functional recovery after peripheral nerve injury.
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1. Introduction

eripheral nerve regeneration is an im-
portant clinical problem. The Peripheral 
Nerve System (PNS) can regenerate nerve 
cells, and peripheral nerve injury can be 
successfully repaired using various pro-
cedures such as nerve auto-graft (Belkas, 
Shoichet, & Midha, 2004). One of the ef-

fective methods of repairing peripheral nerve injury is 
suturing the two ends of the nerve when the resulting 
gap is short (Millesi, 1984). Axonal regeneration in a pe-
ripheral nerve injury needs extrinsic factors that promote 
growth and supply guidance to the target. To overcome 
these problems, various cells have been used to facilitate 
transplantation. The aims of cellular transplantation in-
clude bridging the gap, providing a suitable environment 
to induce axonal regeneration, and promoting neovascu-
larization (Li, Guo, Ahn, Kim, & Kim, 2014). Different 
procedures have been applied to improve the regenera-
tion of peripheral nerves; one is seeding cells into the 
nerve fragments (Belkas et al., 2004; Li et al., 2014; 
Ishikawa, Suzuki, Dezawa, Kataoka, Ohta, Cho, & Ide, 
2009; Fan, Crawford, & Xiao, 2011; Dezawa, 2005). 
The overarching goal of any stem cell-based approach 

to peripheral nerve injury is to establish a more favor-
able environment for regenerating axons and, perhaps 
more importantly, maintain this support for an extended 
period (Fairbairn, Meppelink, Ng-Glazier, Randolph, & 
Winograd, 2015).

Considerable interest has recently been focused on 
adult stem cells for research and clinical applications. 
Such cells can circumvent some problems associated 
with embryonic stem cells, such as immunologic incom-
patibility. However, most adult stem cells are relatively 
sparse in indeterminate locations and growth states 
(Amoh et al., 2005a). A highly promising source of rela-
tively abundant, accessible, active, and multipotent adult 
stem cells can be obtained from hair follicles.

Hair follicle stem cells, located in the hair follicle 
bulge, possess stem cell characteristics: multipotency, 
high proliferative potential, and the ability to enter quies-
cence (Nobakht et al., 2011). Nestin, a protein marker for 
neural stem cells, is also expressed in follicle stem cells 
and their immediate differentiated progeny (Hejazian 
et al., 2012; Esmaeilzade et al., 2012). Nestin expres-
sion in hair follicle stem cells can differentiate between 

Highlights 

• This study showed that rat hair follicle stem cells are suitable for cell culture, proliferation and differentiation

• The results suggested that transplantation of rat hair follicle stem cells had the potential capability of regenerating 
sciatic nerve injury

• Evidence of electrophysiology and histology showed Concomitant use of epineurium with hair follicle stem cell 
was more effective repairment.

Plain Language Summary 

Although repairing damaged peripheral nerves has always been a medical challenge, but peripheral nerve injury 
has been successfully repaired using various procedures such as nerve auto-graft or stem cell therapy. The functional 
reconstruction is the most important after therapy because of that primary nerve repair or use of nerve autograft, are 
still accepted as golden standard methods for treatment. Considerable recent interest has been focused on adult stem 
cells for both research and clinical applications. A highly promising source of relatively abundant and accessible, ac-
tive, multipotent adult stem cells are obtained from hair follicles. In research the hair follicle stem cells implanted into 
the gap region of a severed sciatic nerve injury greatly enhanced the rate of nerve regeneration and the restoration of 
nerve function. Time is one of the several aspects require specific attention in the clinical treatment of peripheral nerve 
injury. Because delay of nerve injury treatment may cause neurobiological alterations in neurons and Schwann cells, 
impairing nerve functional recovery and affect neuron survival. In this study, concluded that stem cell injection 2 weeks 
after injury in the damaged nerve epineurium repairs nerve fibers, while electrophysiology of the leg muscles showed 
that muscle function was significantly improved. It indicates the repair of muscular innervation and nerve repair. The 
results pave the way for further research on this topic.
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cell lines such as neurons, glial cells, keratinocytes, and 
smooth muscle cells (Amoh et al., 2005a).

Hair follicle stem cells responded to neuregulin-1 and 
bone morphogenetic protein 2 by generating Schwann 
cells and chondrocytes, respectively (Sieber‐Blum, 
Grim, Hu, & Szeder, 2004). In vivo studies show that 
Nestin-driven hair follicle stem cells can differentiate 
blood vessels and neural tissues (Amoh et al., 2005a). 
Hair follicle stem cells can improve vascularization 
leading to injured tissue repair (Aki, Amoh, Katsuoka, & 
Hoffman, 2010; Amoh, Li, L., Yang, Moossa, Katsuoka, 
Penman, & Hoffman, 2004). 

The hair follicle stem cells implanted into the gap re-
gion of a severed sciatic nerve greatly enhanced the rate 
of nerve regeneration and the restoration of nerve func-
tion. Follicle stem cells are primarily transdifferentiated 
into Schwann Cells (SCs) which are known to support 
neuron regrowth.

Thus, nestin-positive hair follicle stem cells can pro-
mote the regeneration of peripheral nerve injury. These 
cells provide an important, accessible, and autologous 
source of adult stem cells for regenerative medicine 
(Hoffman, 2006; Amoh et al., 2009a; Amoh et al., 2012; 
Lin, Liu, Zhang, Zhang, Guo, Ren, & Kong, 2009). 
Recently, Bhangra reported several studies on using 
stem cells for peripheral nerve repair in a review article 
(Bhangra, Busuttil, Phillips, & Rahim, 2016). None of 
the previous studies have used rat hair follicle stem cells. 
While in our previous studies (Nobakht et al., 2011; He-
jazian et al., 2012; Esmaeilzade et al., 2012; Esmaeil-
zade et al., 2014), we could extract, culture, proliferate 
and differentiate rat Hair Follicular Stem Cells (HFSCs) 
in vitro and in vivo. Regarding utilization of cell thera-
py in peripheral nerve injury, our study differs widely 
from previous studies, which were referred to, especial-
ly Faroni, Mobasseri, S. Kingham, & Reid (2015) and 
Bhangra et al. (2016) studies.

In several previous studies, the stem cells extracted from 
hair follicles are different in type; in other words, several 
types of stem cells could be found in the bulge area, for 
instance, the origin of stem cells in neural crest stem cells 
in the follicle of hair which show different markers (Lin,et 
al., 2009; Hoffman, 2006). Also, the animal sample used 
is another difference (transgenic mice with fluorescent 
protein GFP) (Amoh 2009b; Amoh et al., 2012).

Unlike others, in our study, there were neither other in-
terventions, e.g. nerve transplantation and neurotrophin, 
nor other cells like the Schwann cell. Consequently, in 

the current work, in repairing peripheral nerve injuries 
without any medium, the potential of hair follicle cells 
was solely evaluated via nestin and CD34 markers, and 
modified methods were used compared to other studies.

2. Methods

Animals and housing conditions 

Forty male Wistar rats (250-300 g body weight) were 
purchased from the Animal Center of Tehran University 
of Medical Sciences. All animal experiments were car-
ried out according to the guidelines of the Iranian Coun-
cil for Use and Care of Animals, approved by the Animal 
Research Ethics Committee of Iran University of Medi-
cal Sciences (Tehran, Iran). All rats were maintained in 
a temperature-controlled environment of 24±1°C with a 
12 h dark/light cycle (Dark cycle: 8:00 PM to 8:00 AM) 
with free access to water and food.

The rats were divided into four groups (n=10 in each 
group). First, skin incisions and muscles were retracted 
to expose the sciatic nerves in all rats. In the sham group, 
the nerve has been released a little and returns to its orig-
inal condition. In the injury group, a 10-mm piece was 
removed from the middle part of the sciatic nerve. In the 
epineurium group, the nerve was cut and then sutured. 
In the epineurium plus cell group, HFSCs were injected 
into the region.

Hair follicle isolation and cultivation

Albino Wistar rats (n=10, weighing 250-300 g, 8-10 
weeks old, purchased from the Animal Center of Tehran 
Medical University, Tehran, Iran) were used. The rats 
were sacrificed with ether, and their whisker follicles 
were dissected as described by Sieber-Blum and Grim 
(Sieber-Blum & Grim, 2004). The tissues were trimmed 
into small pieces (4×8 mm2), and the samples were in-
cubated in 2 mg/mL collagenase I/dispase II solution 
(Sigma-Aldrich, USA). Most of the connective tissues 
and dermis around the follicles were removed, and the 
whisker follicles lifted out. The bulge region was then 
amputated from the upper follicle by making two trans-
versal cuts at the site of enlargement spots of the outer 
root sheath with a fine needle. The culture procedure 
was performed with a slight modification, as previously 
described by Yang and colleagues (Yang et al., 2005). 
Briefly, 20 isolated bulges were cut into small pieces, 
plated into flask culture plates, pre-coated with collagen 
type І (Sigma-Aldrich, USA), and immersed in a 3:1 
Dulbecco’s MEM (DMEM): nutrient mixture F-12 sup-
plemented with the epidermal growth factor containing 
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10% fetal bovine serum. All dissection and cultivation 
procedures were performed under sterile conditions, and 
incubation was at 37°C (5% CO2). Within approximately 
4 days, the initiation of outgrowth of bulge cells from the 
bulges was observed (Figure 1 A, B). One week after the 
onset of the outgrowth, the bulges were removed from 
the culture plates, and the cells were collected by incuba-
tion with a mixture (1:1) of 0.125% trypsin (Sigma-Al-
drich, USA) and 0.02% EDTA (Sigma-Aldrich, USA) at 
37°C for 2 minutes. The dispersed cells were centrifuged 
at 259×g for 10 minutes, placed in other collagen-coated 
plates, and incubated for 3 days with a medium. After 
sufficient confluence, the cells were detached by trypsin 
and counted by a Neobar lam.

Flow cytometry 

Hair follicle stem cells isolated from the bulge region 
were incubated with every 100 mL primary antibody, 
mouse anti-CD34 monoclonal antibody (1:75, Sigma, 
USA), and mouse anti-nestin monoclonal antibody 
(1:200, Millipore, USA) at room temperature for 1 h. 
The cells were centrifuged with 1-2 mL of Phosphate-
Buffered Saline (PBS) (0.1 M). 

Subsequently, the cells were incubated in the dark at 
room temperature for 1 h following conjugate secondary 
antibody: goat anti-mouse FITC-conjugate IgG (1:1400, 
Abcam, UK). After this time, the percentage of CD34+, 
K15, and nestin+were analyzed by flow cytometry.

Immunocytochemistry 

Cells seeded on collagen-coated coverslips (1×105 cells 
per mL) were washed 3 times with PBS for 5 minutes 
and fixed in 4% paraformaldehyde for 10 minutes. The 
fixed cells were then washed with PBS for 3×5 min and 
incubated in a blocking buffer (10% goat serum [Invit-
rogen, USA] 0.3% Triton X-100 [Fluka, USA]) at room 
temperature for 30 minutes. They were then incubated 
at 4°C overnight with the following primary antibody 
mouse anti-nestin monoclonal antibody (1:200, Mil-
lipore, USA). The next day, the cells were rinsed for 
3×5 min to remove unbound primary antibodies. Subse-
quently, they were incubated at room temperature for 2 
hours with the following conjugate secondary antibody: 
goat anti-mouse FITC-conjugate IgG (1:1400, Abcam, 
UK). The cell nuclei were counterstained with 1 μg/mL 
4, 6-diamidino-2-phenylindole (Sigma-Aldrich, USA) 
in PBS in the dark at room temperature for 1 min. Af-
ter washing, the samples were mounted on a slide with 
mounting media for visualization using a fluorescence 
microscope. To examine the specificity of the nestin 

antibody, 3T3 fibroblast-like cells (Pasteur Institute of 
Iran, Tehran) were used as a negative control. The la-
beled cells were identified using fluorescent microscopy 
(Olympus Ax70).

Bromodeoxyuridine (BrdU) labeling 

About 48 to 72 hours before cell transplantation, BrdU 
(5 μmol/mL; Sigma-Aldrich, St. Louis, MO, USA) 
was added to the flask of cultured cells. For checking 
cell labeling with BrdU, 48 h after cell labeling, the la-
beled cells on collagen-coated coverslips were washed 
in PBS for 3×5 min and fixed in 4% PFA for 10 min. 
Then, the fixed cells were washed in PBS for 3×5 min 
and incubated in 2N HCl at 60˚C for 45 min, and were 
washed 2 times in 0.1 M borate buffer (pH 8.3). After 
being washed in blocking buffer (10% goat serum, Sig-
ma-Aldrich, USA/0.3% Triton X-100 Fluka, USA and 
1% BSA) at room temperature for 60 min, the incubated 
cells were again incubated with the primary antibody an-
ti-BrdU (1:500, Sigma-Aldrich, USA) at 4°C overnight. 
The next day, the cells were rinsed in PBS for 3×5 min 
to remove unbound primary antibodies. Subsequently, 
they were incubated at room temperature for 1 h with 
the secondary antibody of goat anti-mouse FITC con-
jugate IgG (1:200, Abcam, Cambridge, UK), washed in 
PBS for 3×10 min, mounted with mounting media, and 
visualized using a fluorescence microscope (Figure 1C).

Transplantation procedure 

The rats were anesthetized by intraperitoneal injection 
of a combination of ketamine (100 mg/kg) and xylazine 
(10 mg/kg). After the skin incision, the sciatic nerve was 
exposed using a muscle-splitting incision. Under an op-
erating microscope, the left sciatic nerve was exposed to 
the mid-thigh, cut, and then sutured with 8-0 propylene 
sutures in the epineurium group. Also, in the epineurium 
plus cell group, 5×105 cells/50 µL were injected into the 
area. Finally, the skin was sutured.

Histological examination 

Eight weeks after the implantation, the rats were anes-
thetized and sacrificed, and the regenerated nerves were 
harvested. The nerves were immediately fixed in a cold 
buffered 2.5% glutaraldehyde solution. After fixation, 
these nerve tissues were post-fixed in 1% osmium te-
troxide, dehydrated, and embedded in resin. The semi-
thin sections were then stained with 1% toluidine blue. 
All nerve sections were observed under a light micro-
scope, and photographs were taken using a digital cam-
era. Images of the histological sections were digitized 
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and subsequently analyzed using an image analyzer sys-
tem (OLYSIA BioReport). The number of axons was 
counted in randomly selected fields (4×104 μm2) at a 
magnification of 400X. 

Immunohistochemistry 

After 8 weeks of cell transplantation for the group of 
epineurium with cells, the sciatic nerve specimens were 
put in the medium of 10% formalin and inserted in par-
affin as routine processing; subsequently, 5-µm nerve 
pieces were accumulated via a rotary microtome (Leitz, 
1512, Germany).

Paraffin sections were stained with Envision G12 dou-
ble-stain system kit (DAKO, USA) according to the kit 
protocol. The following primary antibodies were used 
in this protocol: polyclonal anti-S100 antibody (1:400, 
Dako, USA) and monoclonal anti-BrdU antibody (1:500, 
Sigma-Aldrich, USA). The secondary antibodies in this 
protocol were horseradish peroxidase and alkaline phos-
phatase, that was detected by Diaminobenzidine (DAB) 
and permanent red staining.

Electrophysiological measurements 

Eight weeks after the transplantation, the rats were 
anesthetized intraperitoneally with ketamine (100 mg/
kg) and xylazine (10 mg/kg), and the sciatic nerves were 
exposed. Electric stimulation (duration of 0.1 ms, the in-
tensity of 2.3 mA) was applied to the proximal side of 
the injured nerve. The compound muscle action potential 
(electromyography) into the belly of the gastrocnemius 
muscle was recorded in the gastrocnemius with a needle 
electrode and a reference cap electrode inserted into the 
knee joint. A stainless steel needle used as the ground 

electrode was inserted into the tail skin. The area of the 
recorded muscle response (mV×ms) and the amplitude 
was calculated as these variables can reflect the amount 
of activated fibers (Chen et al., 2007; Mimura, Dezawa, 
Kanno, Sawada, & Yamamoto, 2004).

Statistical analysis 

Data analysis was done using SPSS v 16 software 
(SPSS, Chicago, IL, USA). All data were analyzed by 
utilizing the Kruskal-Wallis test. When statistical sig-
nificance was found between groups, the Mann-Whitney 
tests were performed to determine significant pairwise 
differences. The data were expressed as Mean±SD, and 
P<0.05 was considered statistically significant.

3. Results

The Primary Culture of Bulge Cells From Rat Hair 
Follicles

Cells were collected from the bulge area. After 4 days 
of relocating, the bulges were pulled out, adherent cells 
were disconnected using trypsin treatment, and finally 
subcultured. Also, 72 hours before transplantation, the 
hair follicle stem cells were tagged by BrdU (Figure 1).

Percentage and characterization of cultured HFSCs

Flow cytometry analysis determined the percentage of 
CD34 and nestin of cell markers expression in cultured 
bulge cells (Figure 2). Immunocytochemical staining 
showed the expression of nestin (neural stem cell marker) 
in bulge cells. Our results showed that the nestin antibody 
staining bulge cells were seeded on coverslips (Figure 3). 

Figure 1. Characteristics of hair follicle stem cells

The primary culture of bulge cells from rat hair follicles: A) the growth of bulge cells after 4 days and B) after 7 days. In (C), the hair 
follicle stem cells were labeled with BrdU 72 hours prior to transplantation (Scale bars = 50 µm in A and B).
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Findings of the immunohistochemistry of HFSCs 

Using a double-staining procedure, many cells were 
detected in the transplanted site, which presented Br-
dU-S100 and proved that transplanted marked cells dif-
ferentiated to Schwann cells. Using a double-staining 
Envision kit (DAKO, USA), we showed that the nuclei 
of differentiated cells, that had presented BrdU, were 
brown and presentation of S100 in the cytoplasm was 
red. The results confirmed the presence, viability, and dif-
ferentiation of transplanted cells in the severed sciatic 
nerve 8 weeks after the transplantation (Figure 4).

Electrophysiological results of amplitude and latency 

The electrophysiological test results comprised both 
amplitude and latency measures. The time calibration 
bar was 2 ms, and the amplitude calibration bar was 10 
mV. The stimulation intensity and the duration were 2.3 
mA and 0.1 ms (Figure 5). Table 1 presents the descrip-
tion and comparison results of amplitude in mV and la-
tency of the study groups. The pairwise comparisons of 

groups showed that the mean amplitude was statistically 
significant in two-by-two comparisons (0.008<P<0.010) 
except in the epineurium and the epineurium with cells 
groups that did not differ significantly. There was a signif-
icant difference between groups of amplitude (P=0.001) 
and latency (P=0.012) (Figure 6, 7).

Histological findings 

To evaluate the regeneration efficacy of myelinated and 
unmyelinated fibers, we examined semi-thin sections of 
the nerves. Light microscopic examination of toluidine 
blue-stained cross-sections of these nerves revealed a 
clear qualitative difference between the experimental 
and injury groups (Figure 8). Statistical analysis showed 
a significant difference in myelin thickness of groups 
(P=0.022, Table 1). The only statistically significant 
pairwise comparison (Figure 9) was referred to the in-
jury and sham groups (P=0.045). The nerve fibers’ den-
sities differed significantly between groups (P=0.027, 
Table 1). Pairwise comparisons (Figure 10) showed a 

Figure 2. Flow cytometry determining HFSCs primarily stemming cells 

Results show the percentage of CD34 and nestin-positive cells. No positive reaction was seen with the K15 antibody. This finding 
demonstrates that bulge-derived neural stem cells are K15 negative. 

Figure 3. Probing bulge-derived cells with specific antibodies before differentiation

Staining with the nestin antibody and 4, 6-diamidino-2-phenylindole (DAPI) nuclear stain represents neural stem cells originating 
from the neural crest. A) Immunocytochemical cultures of Hair Follicle Stem Cells (HFSCs) were nestin-positive, B) DAPI staining im-
age for nuclei, C) HFSCs were nestin-positive with their nuclei after merge (Scale bars=20 µm in A, B, and C).
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significant difference between the injury group with oth-
ers (both P=0.045).

4. Discussion

Injuries to peripheral nerves are among the most chal-
lenging microsurgical problems. These damages are as-
sociated with considerable disability due to loss of both 
motor and sensory functions. There is a need to replace 
autografts because this procedure entails multiple sur-
geries, loss of function, and sensation at the donor site 
(Belkas et al., 2004; Li et al., 2014; Fan et al., 2011). 

The great hope in regenerative medicine for nerve repair 
is the exploitation of the regenerative potential of cell-based 
therapies. This procedure is of particular relevance, espe-
cially for long gaps, where the use of nerve guides alone 
has failed to provide successful regeneration (Faronia et 
al., 2015). Nerve regeneration by nerve guidance scaffolds 
is improved because of less myofibroblast infiltration, ac-
cumulation of neurotrophic factors in high concentrations, 
and reduction of scar formation (Evans, 2001). 

Because stem cells are essential seeding cells for pe-
ripheral nerve regeneration, special attention has been 

Figure 4. Differentiation of Hair Follicle Stem Cells (HFSCs) to schwann cells, 8 weeks after cell transplantation in epineurium 
with cell group using envision kit 

Microscopic immunodetection of S100 (pink) and BrdU (brown) in the site of nerve cut and HFSCs injected in the cells, incubated with 
bromodeoxyuridine (BrdU) 72 hours before transplantation, then paraffin-embedded sections immunostained with antibodies against 
BrdU (diaminobenzidine [DAB], brown) and S100 (permanent red, red). (Scale bars = 40 µm).
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 Amplitude and latency are shown for each group. The time calibration bar was 2 ms, and the amplitude calibration 
bar was 10 mV. The stimulation intensity was 2.3 mA, and the duration was 0.1 ms. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Graphs Showing the Electrophysiology Tests of Latency 
 The results of electrophysiology tests of latency showed statistically significant differences between the injury group 
and the experimental groups (epineurium and epineurium with cells). Error bars represent mean ± SD (n=5). 
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Amplitude and latency are shown for each group. The time calibration bar was 2 ms, and the amplitude calibration bar was 10 mV. The 
stimulation intensity was 2.3 mA, and the duration was 0.1 ms.
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paid to developing a rich and accessible cellular reservoir 
for this cell type (Amoh et al., 2005a). In this study, we 
evaluated the effect of transplantation of rHFSCs on the 
recovery of rat sciatic nerve injury. Several investigators 
have shown that HFSCs can repair the injury of mice 
sciatic nerve (Amoh et al., 2005a; Amoh et al., 2012; 
Amoh, Hamada, Aki, Kawahara Hoffman, & Katsuoka, 
2010). However, their methods and results were differ-
ent, and they have not evaluated the results under similar 
conditions on the rats. Since rats are the most common 
and accessible laboratory animals, our research is done 
on this animal. In addition, our team in previous stud-
ies succeeded in isolating, culturing, and differentiating 
these cells in the rat. Recently, other researchers have 

studied rHFSC characteristics (Quan et al., 2016). Their 
study has also taken into consideration HFSCs in rats. 

Our study confirmed the presence of HFSCs using anti-
nestin antibody and anti-CD34 in vitro. This finding is 
consistent with previous reports (Hejazian et al., 2012; 
Amoh et al., 2012).

We cultured and labeled the HFSCs with BrdU. The 
immunohistochemistry double-stain process showed 
that BrdU-positive HFSCs can survive in vivo and large-
ly transdifferentiate into SCs (S100 positive cells) at the 
sciatic nerve injury after 8 weeks. 
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bar was 10 mV. The stimulation intensity was 2.3 mA, and the duration was 0.1 ms. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Graphs Showing the Electrophysiology Tests of Latency 
 The results of electrophysiology tests of latency showed statistically significant differences between the injury group 
and the experimental groups (epineurium and epineurium with cells). Error bars represent mean ± SD (n=5). 
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Figure 6. Graphs showing the electrophysiology tests of latency

The results of electrophysiology tests of latency showed statistically significant differences between the injury group and the experi-
mental groups (epineurium and epineurium with cells). Error bars represent Mean±SD (n=10).

Figure 7. Graphs showing the electrophysiology tests of amplitude: the results of electrophysiology tests of amplitude

The amplitude was statistically significant in two-by-two comparisons (P<0.05). Error bars represent Mean±SD (n=10).
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Figure 7. Graphs Showing the Electrophysiology Tests of Amplitude: the Results of Electrophysiology Tests of 
Amplitude 
 The amplitude was statistically significant in two-by-two comparisons (P< 0.05). Error bars represent mean ± SD 
(n=5). 
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During peripheral nerve regeneration, trophic fac-
tors and supporting substances are essential molecules 
(Chen et al., 2000; Lee et al., 2003). Researchers have 
indicated several mechanisms that may promote func-
tional improvement by HFSCs (Amoh et al., 2005a; 
Amoh et al., 2012, Amoh et al., 2010). 

 Hair follicle stem cells were implanted into the gap 
region of mice’s severed sciatic nerve, greatly enhanc-
ing the rate of nerve regeneration and the restoration of 
nerve function. HFSCs can promote axonal regeneration 
in PNS (Amoh et al., 2005a; Amoh et al., 2010). Neural 

stem cells are marked by the expression of an interme-
diated filament of nestin. The expression of the unique 
protein, nestin, in neural stem cells and hair follicle 
stem cells suggests their possible relation (Hejazian et 
al., 2012; Esmaeilzade et al., 2012; Amoh et al., 2005b). 
These cells mainly transdifferentiate into Schwann cells 
known to support neuron regrowth (Amoh et al., 2005a; 
Amoh et al., 2009a; Amoh et al., 2012; Amoh and Hoff-
man, 2010b). Schwann cells secrete many factors, such 
as neurotrophic factors that induce tissue plasticity and 
neuroprotective factors (Rodriguez et al., 2000). SCs can 
release neurotrophic factors such as NGF, BDNF, GDNF, 

Figure 8. Histology assessment of the sciatic nerve 8 weeks after the operation 

The sciatic nerve distal to the nerve transection repair site was harvested. Semi-thin (500 nm) sections were stained with toluidine blue 
and were seen by light microscopy: A) Injury B) Epineurium C) Epineurium with cells (arrows show more myelination (Scale bars =20 
µm in A, 50 µm in B, and C).
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Figure 8. Histology Assessment of the Sciatic Nerve 8 Weeks After the Operation  
The sciatic nerve distal to the nerve transection repair site was harvested. Semi-thin (500 nm) sections were stained 
with toluidine blue and were seen by light microscopy: A) Injury B) Epineurium C) Epineurium with cells (arrows 
show more myelination (Scale bars =20 µm in A, 50 µm in B, and C). 
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Figure 9. Graphs showing the density of myelinated and unmyelinated fibers; results of histological examination

Statistical analysis showed a significant difference in the myelin thickness of groups (P<0.05). The only statistically significant pairwise 
comparison was referred to the injury and sham group. Error bars represent Mean±SD (n=10).
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Figure 9. Graphs Showing the Density of Myelinated and Unmyelinated Fibers; Results of Histological Examination 
 Statistical analysis showed a significant difference in the myelin thickness of groups (P< 0.05). The only statistically 
significant pairwise comparison was referred to the injury and sham group. Error bars represent mean ± SD (n=5). 
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CNTF, and VEGF, as well as produce extracellular ma-
trix proteins such as collagen I, collagen IV, fibronectin, 
and laminin (Moradi et al., 2012; Feneley, Fawcett, & 
Keynes, 1991). Therefore, evidence primarily supports 
the hypothesis that SCs differentiated from transplant-
dated HFSCs may repair peripheral nerve injuries. 

In addition, SCs mediated by immunoglobulin super-
family molecules, like the nerve cell adhesion molecule, 
protein 0 (P0), cadherin, and protocadherins are essential 
for axonal elongation and organized sprouting. SCs also 
produce basal lamina components, like collagen IV and 
laminin, that play an essential role in nerve regeneration. 
Among the adhesion molecules, laminin is the most po-
tent factor for promoting axonal outgrowth. It thus seems 
likely that transplantation of SCs may also repair periph-
eral nerve injuries (Chew, Mi, Hoke, & Leong, 2008; 
Ide, 1996; Walsh, Biernaskie, Kemp, & Midha, 2009).

 Time is one of the several aspects that require specific 
attention in the clinical treatment of peripheral nerve in-

jury. Delay in nerve injury treatment may cause neuro-
biological alterations in neurons and Schwann cells, im-
pair functional nerve recovery, and affect neuron survival 
(Egle De Stefano, Toni, D’Orazi, Ortensi, & Tata, 2013). 
In this study, we transplanted nestin-expressing cells af-
ter two weeks. In another study, cells were cultured for 
1–2 months before transplantation to the injured nerve, 
which would not be optimal for clinical application be-
cause the patient should be treated soon after injury. 

The condition velocity is a quantitative and valid in-
dex for evaluating action potential conduction in pe-
ripheral nerves (Ao Q et al., 2011). After the growth of 
sufficiently regenerated fibers across the nerve bridge, 
the target muscle can construct muscle action potential, 
which might be measurable. Additionally, the condition 
velocity relies directly on factors such as the diameter of 
axons, the thickness of the myelin sheath, and the length 
of internodes (Matsumoto K et al., 2000). 

Table 1. Comparing amplitude, latency, myelination, and number of axons between four study groups 

Groups
Amplitude Latency Myelin Thickness Number of Axons

Mean±SD χ2/df P value Mean±SD χ2/df P Mean±SD χ2/df P Mean±SD χ2/df P

Sham 32.58±1.40

16.27/3 0.001

1.30±0.28

10.94/3 0.012

1.93±0.06

9.63/3 0.022

49.33±3.22

7.22/2 0.027
Injury 2.46±0.76 2.96±0.67 0.70±0.11 -

Epineurium 7.96±2.42 1.66±0.64 1.33±0.07 645.33±28.02

Epineurium+Cell 12.20±3.45 1.60±0.23 1.46±0.12 806.67±66.58

Figure 10. Graphs showing the number of myelinated and unmyelinated fibers

 The nerve fibers’ densities were significantly different between groups. Pairwise comparisons showed a significant difference between 
the injury group with others (P<0.05). Error bars represent Mean±SD (n=10).
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Figure 10. Graphs Showing the Number of Myelinated and Unmyelinated Fibers 
 The nerve fibers' densities were significantly different between groups. Pairwise comparisons showed a significant 
difference between the injury group with others (P< 0.05). Error bars represent mean ± SD (n=5). 
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The magnitude of EMG correlates directly to the num-
ber of nerve fibers that innervate the muscle; thus, the con-
duction velocity of the motor nerve could be calculated.

EMG examinations give a vital index for the function 
of conduction in the peripheral nerve (Wang, Hu, Cao, 
Yao, Wu, & Gu, 2005). In this paper, the recovery in-
dex of EMG magnitude and the medium percentage of 
conduction velocity illustrated that animals in the epi-
neurium and epineurium with cell groups experience a 
considerable improvement in nerve regeneration. 

The recovery index was related to several factors, in-
cluding the diameter of the regenerating axons, thinner 
myelin sheaths with shorter internodes, and immaturity 
of myelinated nerve fibers as a whole (Matsumoto K et 
al., 2000; Wang X et al., 2005) that was consistent with 
morphometric findings.

In this study, we showed the benefit of repairing nerve 
defects using HFSCs, as evidenced by electromyography 
tests in the gastrocnemius muscle and histological exami-
nation measured by myelinated and unmyelinated axonal 
number analysis. The results of the histological examina-
tion showed statistically significant differences between 
the injury group and the experimental groups (epineurium 
and epineurium with cells). Our results showed fewer ax-
ons, fewer myelinated fibers, reduced nerve fiber density, 
increased axonal degeneration, some axonal atrophy, and 
a reduction of the mean thickness of the myelin sheath in 
the injury group compared with other groups. The epi-
neurium and the epineurium with cell groups showed an 
increased number of distinct axons, increased nerve fi-
ber density, increased number of regenerating axons, and 
reduced axonal degeneration. Some previously reported 
data support our findings (Amoh et al. 2005a). However, 
there is no significantly higher thickening of myelinated 
fibers in the experimental groups.

The number of nerve fibers density was higher in the 
experimental groups compared to the injury group (Fig-
ure 10). However, the axonal regeneration seen in the 
epineurium with cells group is much greater than in 
other groups.

The latency diagram shows the delay in the conduc-
tion of the electric wave, which indicates the velocity of 
the conduction of the electric wave in the neuromuscular 
synapse. So, whatever the level of latency is lower, the 
function of the synapse is better, and the nerve is repaired 
better. These findings confirm those documented previ-
ously (Fan et al., 2011; Ide, 1996).

5. Conclusion 

The current work revealed that the injection of hair fol-
licle cells recovers severely injured sciatic nerve, which 
could develop gastrocnemius muscle via electric stimula-
tion. Eight weeks after transplantation of hair follicle stem 
cells, the histological evaluation revealed a higher concen-
tration of myelinated and unmyelinated fibers within the 
nerve in the epineurium with cells group. The results pro-
pose that hair follicle stem cells improve axonal growth 
and functional recovery after peripheral nerve injury.
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