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Human eyelid adipose tissue-
derived Schwann cells promote 
regeneration of a transected sciatic 
nerve
Gangyang Wang1,*, Lingling Cao2,*, Yang Wang1, Yingqi Hua3, Zhengdong Cai3, Jun Chen1, 
Lulu Chen4, Yuqing Jin1, Lina Niu5, Hua Shen1, Yan Lu5 & Zunli Shen1

Schwann cells (SCs) can promote the regeneration of injured peripheral nerves while the clinical 
application is limited by donor site complications and the inability to generate an ample amount of cells. 
In this study, we have isolated human eyelid adipose-derived Schwann cells (hE-SCs) from human eyelid 
adipose tissue and identified the cell phenotype and function. Using immunofluorescence and H & E 
staining, we detected subtle nerve fibers and SCs in human eyelid adipose tissue. Immunofluorescence 
staining indicated that hE-SCs expressed glial markers, such as S100, p75NTR GFAP, Sox10 and Krox20. 
To explore whether hE-SCs promote the regeneration of injured peripheral nerves in vivo, a Balb/c-nu 
mice model was used in the study, and mice were randomly assigned to five groups: Matrigel; hE-SCs/
P0; hE-SCs/P2; hE-FLCs/P2; and Autograft. After 12 weeks, functional and histological assessments of 
the regenerated nerves showed that sciatic nerve defect was more effectively repaired in the hE-SCs/
P2 group which achieved 66.1 ± 6.5% purity, than the other three groups and recovered to similar level 
to the Autograft group. These results indicated that hE-SCs can promote the regeneration of injured 
peripheral nerve and the abundant, easily accessible supply of adipose tissue might be a promising 
source of SCs for peripheral nerve repair.

Peripheral nerve injuries (PNIs) are a common occurrence worldwide and often lead to chronic disabilities1,2. The 
best method for treating PNIs is directly suturing the nerve stump for nerve gaps of less than 5 mm3,4, and autol-
ogous nerve grafting for longer gaps is considered the gold standard3,5. However, nerve autografting is limited 
by the availability of graft material, the loss of sensation at the donor site and the possible formation of a painful 
neuroma6,7. Hence, new treatment approaches are required for managing PNIs. Over the past decade, tissue engi-
neering techniques have been regarded as an alternative repair strategy for major PNIs7,8.

Schwann cells (SCs) are the principal seed cells in tissue engineering research and are crucially involved, 
both structurally and functionally, in peripheral nerve regeneration9–12. After peripheral nerves are transected, 
SCs are dedifferentiated and proliferated, forming Büngner bands, which are the scaffolds for the regenerating 
axons. When combined with tissue-engineered nerve conduits, SCs have tremendous potential to enhance nerve 
regeneration13,14. There are two main sources of autologous SCs: autologous nerves and various mesenchymal 
stem cells, such as umbilical cord mesenchymal stem cells (UMSC)15, bone marrow stromal cells (BMSC)16, 
adipose-derived mesenchymal stem cells (ASC)17, hair follicle stem cells18, etc. However, there are limitations in 
autologous nerve segment donor sites because of donor site morbidity, and there are limitations in the application 
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of stem cells because of low induction rate and unstable differentiation results19. Therefore, the source of SCs has 
always been a challenge in biological medicine.

Adipose tissue forms in utero, in the peripartum period and throughout life. It plays a lot of roles, such as an 
arbiter of thermoregulation, a buffer against trauma and the cold, and a regulator of reproduction and satiety20. In 
mammals there are two main classes of adipose tissue that are separated into major histological divisions, white 
fat tissue (WAT) and brown fat tissue (BAT)20,21. WAT is used for energy storage whereas BAT generates heat and 
dissipates energy20,22. Adipose tissue exists in all the body parts, including the belly, the groin, the palms, the soles, 
the scalp, periarticular regions and the periorbital area23. There are tiny nerve fibers exist in adipose tissue which 
may be a promising source of SCs in peripheral nerve regeneration.

Previous studies have reported that cells harvested from different adipose tissue sites have been found to 
exhibit differences in characteristics24. For example, traits of cells isolated from omentum adipose tissue prolif-
erate faster than those from the omentum25. For adipose stem cells (ASC) achieved efficiency, it is found to be 
higher in the abdomen than in the hip/thigh region26. Overall, most adipose tissues have been obtained from 
mesodermal-origin organs, while eyelid adipose tissues have been known to develop from ectodermal-origin, 
which have the same source of the neural crest27. Furthermore, eyelid adipose tissues are easily accessible and free 
of ethical complications. Hence, it is possible that hE-SCs may be an excellent candidate therapeutic cell type for 
PNIs.

There are two minimally invasive methods to acquire adipose tissue in plastic reconstruction surgeries: sur-
gical operation and negative pressure suction28,29. Fortunately, both of these techniques acquire adipose tissue 
with few side effects in patients. Also, eyelid cosmetic surgery is more welcome than abdominoplasty in China. 
Therefore, it is feasible to get plenty of eyelid adipose tissue for PNIs patients in the clinic.

In this study, we have isolated human eyelid-derived Schwann cells (hE-SCs) from human eyelid adipose tis-
sue and identified the cell phenotype and function for peripheral nerve repair both in vitro and in vivo.

Results
Detection and localization of Schwann cells and nerve fibers in human eyelid adipose tissue.  
To investigate the existence of SCs and nerve fibers in human eyelid adipose tissue, we performed HE and immu-
nofluorescence staining. HE staining (Fig. 1A–F) revealed that some structures looked similar to nerve fibers 
around the blood vessels in human eyelid adipose tissue. Double staining for the axonal marker, NF-H and the 
SC markers, S100, P75NTR, GFAP, NCAM, Sox10 and Krox20 showed the spatial relationship between SCs and 
nerve fibers (Fig. 1a–f).

Cell isolation and purification of hE-SCs. Primary cells (i.e., hE-SCs/P0) were digested and then resus-
pended in Schwann cell culture media (SCCM). Most of the cells were attached to the bottom of the dishes 
within 48 h of culture and later developed into two distinct shapes (Fig. 2A). One cell shape was hE-SCs, which 
were characterized as a phase-refractile, bipolar or tripolar cell character having a small cytoplasm to nucleus 

Figure 1. HE and immunofluorescence staining of Schwann cells and nerve fibers in human eyelid adipose 
tissue. (A–F) HE staining; (a–f) immunofluorescence staining. Nerve fibers (white arrow) were detected around 
the blood vessels (white triangle) in human eyelid adipose tissue. Bars =  100 μ m.
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ratio; the second cell shape was designated as fibroblast-like cells (hE-FLCs), which are characterized by a flat, 
poorly refractive polygon. The SC purity in the hE-SCs/P0 group was 21.9 ±  4.1%, which was determined using 
a cell counting method based on cell morphology differences. After two rounds of purification (about 12 days), 
the SC purity in the hE-SCs/P2 group was evaluated, and the results showed that the purity further increased 
to 66.1 ±  6.5% (Fig. 2B). The SC purity in the hE-FLCs/P2 group was 4.3 ±  1.9% (Fig. 2C). The SC purity in the 
hE-SCs/P2 group was significantly higher than the purities in the other two groups (*P <  0.05).

Immunostaining characterization of hE-SCs. As previously reported30–32, S100, P75NTR, GFAP, Sox10 
and Krox20 have been used as markers for the characterization of SCs. As shown in Fig. 3A, hE-SCs with bipo-
lar or tripolar morphologies were immuno-positive for S100, P75NTR, GFAP, Sox10 and Krox20; in contrast, 
hE-FLCs were negative for staining with these markers. The results showed that S100, P75NTR, GFAP, Sox10 
and Krox20 were positive in primary cells (i.e., hE-SCs/P0), with rates of 25.56 ±  6.86, 20.56 ±  6.14, 20.06 ±  3.63, 
20.86 ±  7.27 and 18.23 ±  11.97, respectively. After two rounds of purification, the positive rates in hE-SCs/P2 were 
increased to 63.68 ±  10.50, 69.43 ±  11.32, 53.16 ±  8.50, 63.46 ±  12.19 and 62.83 ±  12.61, respectively (Fig. 3B). 
The S100-, P75NTR-, GFAP-, Sox10- and Krox20-positive rates in the hE-SCs/P2 group were significantly higher 
than those in the other two groups (*P <  0.05).

Electrophysiological evaluation of CMAP. We assessed motor function recovery using electrophysio-
logical data (Fig. 4A). The peak amplitude of CMAPs in the hE-SCs/P2 group was significantly greater than those 
in the other three groups (*P <  0.05) and was comparable to that in the autologous nerve graft group (P >  0.05) 
(Fig. 4B). Moreover, the latency period of CMAPs in the hE-SCs/P2 group was significantly shorter than those in 
the other three groups (*P <  0.05) and recovered to a level close to that of the Autograft group (P >  0.05) (Fig. 4C). 
The results suggested that hE-SCs/P2 facilitate the effective restoration of nerve conductivity.

Morphological evaluation of regenerated nerves. At 12 weeks after surgery, all the sciatic nerves suc-
ceeded in passing through the gap. Systematic histological assessments of the regenerated nerves were performed, 
including immunohistochemistry, toluidine blue staining and transmission electron microscopy. A macroscopic 

Figure 2. Phase-contrast photomicrographs of primary and secondary cultured cells. (A) After 24 h of 
primary culture, the cells developed two distinct shapes that represented two types of cells: hE-SCs(white 
arrows) and hE-FLCs(black arrows). (B) After two rounds of purification, the hE-SCs purity was improved.  
(C) The remnant hE-FLCs continued to rapidly proliferate and were passaged in vitro. (D) The purity of hE-SCs 
is shown as the mean ±  S.D. from three independent experiments, *P <  0.05, significantly different compared to 
the hE-SCs/P2 group and the other two groups. (Scale bars =  100 μ m).
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Figure 3. Immunocytochemical characterization of hE-SCs. (A) Immunofluorescent staining indicated that 
hE-SCs expressed S100, P75NTR, GFAP, Sox10 and Krox20 proteins. With the increased purity of the hE-SCs, 
the positive rates of S100, P75NTR, GFAP, Sox10 and Krox20 were also increased. hE-SCs were immuno-
positive for S100, P75NTR, GFAP, Sox10 and Krox20 (white arrow), while hE-FLCs were negative for staining 
(white triangle). (Scale bars =  100 μ m) (B) The percentage of hE-SCs expressing S100, P75NTR, GFAP, Sox10 
and Krox20. Data are presented as the mean ±  S.E.M, *P <  0.05 significantly different compared to the hE-SCs/
P2 group and the other two groups.

Figure 4. Electrophysiological evaluation of the injured site at 12 weeks after surgery. (A) Representative 
CMAP recordings of electrophysiological evaluation. Histograms show the peak (B) and latency periods (C) 
of the CMAPs. Data are presented as the mean ±  standard error of three independent experiments, *P <  0.05; 
compared to the other three groups (Matrigel, hE-SCs/P0 and hE-FLs/P2).
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view of the regenerated nerves (Fig. 5A) shows complete sciatic nerve regeneration in all the groups from the 
proximal to distal nerve stumps. Obviously, the diameter of the regenerated nerves in the hE-SCs/P2 group was 
thicker than the diameters in the other three groups and was close to that in the Autograft group.

To better investigate the regeneration efficacy, sections of regenerated nerves were immunostained for NF-H 
(Fig. 5B) and S100 (Fig. 5C). The results showed that NF-H-positive axons exhibited a puncta-like phenotype 
and that S100-positive SCs formed ring shapes. In the hE-SCs/P2 group, the NF-H-positive axons and the 
S100-positive myelin sheath were densely and evenly distributed, whereas a decreased number of regenerated 
myelinated nerve fibers were noticeable in the other three groups (Matrigel, hE-SCs/P0 and hE-FLs/P2). In the 
Autograft group, most nerve fibers were regenerated along the autograft with an even distribution. The macro-
scopic view of the regenerated nerves showed that the nerve regeneration promoted by hE-SCs/P2 was similar to 
that in the Autograft group and stronger than that observed in the other three groups (Matrigel, hE-SCs/P0 and 
hE-FLs/P2).

Toluidine blue-stained semi-thin sections from the middle of the nerve samples showed different sizes and 
amounts of regenerated neural fibers in each group. Clearly, the number of regenerated myelinated nerve fibers 
was higher in the hE-SCs/P2 group than in the other three groups (Matrigel, hE-SCs/P0 and hE-FLs/P2), but it 
was less than that in the autograft group (Fig. 6A and C). The densities of regenerated myelinated nerve fibers 
in each group were 133.67 ±  38.01 (n/area) for the Matrigel group, 373.33 ±  54.59 (n/area) for the hE-SCs/P0 
group, 543 ±  70.92 (n/area) for the hE-SCs/P2 group, 188.33 ±  26.31 (n/area) for the hE-FLCs/P2 group, and 
741.33 ±  73.36 (n/area) for the Autograft group. Transmission electron microscopy images showed that the 
regenerated axons consisted of many nerve fibers surrounded by a clear and electron-dense myelin sheath in 
each group. According to Fig. 6B and D, the regenerated myelinated axon areas in the hE-SCs/P2 group were 
thicker and larger than those in the other three groups (P <  0.05) and were similar to those in the autologous 
nerve graft group (P >  0.05). The myelin sheath thicknesses in each group were 0.19 ±  0.04 (μ m) in the Matrigel 
group, 0.43 ±  0.05 (μ m) in the hE-SCs/P0 group, 0.62 ±  0.07 (μ m) in the hE-SCs/P2 group, 0.32 ±  0.04 (μ m) in 
the hE-FLCs/P2 group, and 0.65 ±  0.07 (μ m) in the Autograft group. The G-ratios (axonal area/myelinated fiber 
area) in each group were 0.39 ±  0.02 in the Matrigel group, 0.45 ±  0.04 in the hE-SCs/P0 group, 0.55 ±  0.04 in 
the hE-SCs/P2 group, 0.42 ±  0.05 in the hE-FLCs/P2 group, and 0.57 ±  0.08 in the Autograft group. These obser-
vations suggested that either the number of regenerated myelinated nerve fibers or the sheath thickness in the 
autograft or hE-SCs/P2 group was significantly greater than that in the other three groups.

Evaluation of gastrocnemius muscle atrophy. After nerve transection, a decline in the neuromuscular 
innervation occurred: the denervated gastrocnemius muscles were atrophied and subsequently regained inner-
vation after nerve regeneration. We measured the gastrocnemius muscle weights to assess the muscle atrophy and 
performed Masson’s trichrome staining to investigate the morphological changes in the gastrocnemius muscle. 
As shown in Fig. 7B there was little muscle fiber atrophy or collagen sedimentation in the hE-SCs/P2 group and 

Figure 5. Macroscopic view and immunofluorescence staining of frozen sections of regenerated sciatic 
nerve tissue 12-weeks after surgery in the five groups. (A) Macroscopic view (B) anti-NF-H staining, and 
(C) anti-S100 staining. The white solid-line boxed areas were enlarged in the upper left inset. Images are 
representatives of the following groups: Matrigel, hE-SCs/P0. hE-SCs/P2 hE-FLCs/P2,and Autograft. Scale 
bars =  100 μ m, scale bars in the upper left inset =  25 μ m.
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the Autograft group, whereas there were more changes in the other three groups. The results indicated that the 
gastrocnemius muscle atrophy was less serious in the Autograft group or the hE-SCs/P2 group than in the other 
three groups, although the alleviation of muscle atrophy was greatest in the Autograft group (Fig. 7C and D).

Discussion
Over the past decade, there has been extensive development of tissue engineering techniques that provide a 
new way for enhancing peripheral nerve regeneration and functional recovery33. Peripheral nerve repair with 
tissue-engineered technology requires a large quantity of seed cells. Autograft or allograft Schwann cells, olfactory 
ensheathing cells, adipose-derived stem cells (ASCs) (no differentiation to ectomesenchymal cells), and bone 
marrow mesenchymal stem cells (BMSCs) (no lure guide differentiation) have all shown certain effects on periph-
eral nerve regeneration34–39. Of these cellular approaches, autologous nerve tissue SCs are the most important 
seed cell for tissue engineering in nerve research40,41. However, the acquisition of autologous SCs still currently 

Figure 6. Morphology of the regenerated myelinated nerve fibers. (A) Toluidine blue staining of semi-thin 
sections from the middle of the nerve samples at 12 weeks after surgery. (Scale bars: 50 μ m (upper panel) and 
10 μ m (lower panel). (B) TEM of ultrathin sections of the middle segment of the regenerated nerve samples 
at 12 weeks after surgery. The hE-SCs/P2 group showed poorly developed regenerated nerves composed 
of thin, dispersed myelinated or non-myelinated nerve fibers. (Scale bars: 10 μ m (upper panel) and 0.5 μ m 
(lower panel). Histograms showing the number of myelin sheath layers (C), the thickness of the regenerated 
myelin sheaths (D) and the G-ratios (axonal area/myelinated fiber area) (E). Data are shown as the mean ±  SD, 
*P <  0.05, compared to the other three groups (Matrigel, hE-SCs/P0 and hE-FLs/P2). #P <  0.05, compared to the 
hE-SCs/P2 group.
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requires the sacrifice of autologous nerve tissue, which leads to sensory and autonomic dysfunction at the donor 
site42. The source of SCs is also an important issue that must be resolved11.

In the current study, we have shown that hE-SCs isolated from adult human eyelid adipose tissue were suc-
cessfully used for bridging repair of 5-mm sciatic nerves. Our in vitro results demonstrated that hE-SC purifica-
tion was up to 66.1% after two rounds of purification and that hE-SCs expressed neuronal and glial phenotypes, 
as well as S100, P75NTR, GFAP Sox10 and Krox20. Furthermore, in vivo studies showed that, hE-SCs were used 
to bridge a 5-mm sciatic nerve defect in Balb/c-nu mice. At 12 weeks after nerve grafting, systematic functional 
and histological assessments were performed to evaluate the regenerative capacity of hE-SCs. The recovery in the 
motor function of the injured hindlimb in hE-SCs/P2 group was close to that in autograft group without signif-
icant difference between each other, and prevailed over that in other three groups. Histological analysis showed 
that either the regenerated nerve or target gastrocnemius muscle achieved the similar reconstruction, between 
hE-SCs/P2 and autograft groups, and these similar results were significantly better than those in other three 
groups. All the results suggest that the easily accessible abundant supply of adipose tissue might be a potential 
source of SCs for peripheral nerve repair.

Adipose tissue is a mesodermally or ectodermally derived complex tissue that, besides adipocytes and 
pre-adipocytes, contains a stromal population, which includes smooth muscle cells, resident monocytes, lym-
phocytes, stem cells and endothelial and neuronal cells43. In this study, a unique scheme for isolating Schwann 
cells from adipose tissue was adopted to establish an optimal regenerative microenvironment. Adipose tissue is 
ubiquitous and uniquely expandable, and cells can be obtained from various types of adipose tissues, but those 
harvested from different tissue sites have been found to exhibit differences in characteristics24. Adipose tissue 
located in the abdomen, hip and thigh, are of mesodermal origin, while those located in the face are of ectoder-
mal origin which have the same origin of the neural crest25. Previous studies have shown that the cells derived 
from facial adipose tissue expressed many neural stem cell-related proteins, unlike those derived from abdominal 
adipose tissues27. Therefore, human eyelid adipose-derived Schwann cells, owing to their neural properties, may 
represent a superior candidate to other cell types as seed cells for transplantation therapy of peripheral injuries.

Figure 7. Wet weight and morphological analysis of the gastrocnemius muscle from the affected limb at 
12 weeks after surgery. (A) Macroscopic view of the gastrocnemius muscles. (B) Masson trichrome staining 
of gastrocnemius muscle in five groups. Scale bars =  200 μ m. (C) Quantification and statistical analysis of 
the wet weight ratios of gastrocnemius muscle. (D) Ratio of collagen area to the muscle fiber. Data are shown 
as the mean ±  SD, *P <  0.05, compared to the other three groups (Matrigel, hE-SCs/P0 and hE-FLs/P2). 
Abbreviations: hE-SCs, human eyelid adipose-derived Schwann cells; hE-FLCs, human eyelid adipose-derived 
fibroblast-like cells.
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First, we detected subtle nerve fibers and SCs in human eyelid adipose tissue through immunofluorescence 
and H&E staining. The results revealed the relationship between nerve fibers and SCs in human eyelid adipose 
tissue. Then, an efficient and stable method as previously reported44 was used to isolate and purify hE-SCs from 
adult human eyelid adipose tissue. After two rounds of purification, the purity of the hE-SCs reached 66.1%. 
Due to some limitations in the hE-SC purification protocol, the purity of hE-SCs reached only 60–70%. Previous 
reports have shown that anti-S100, anti-P75NTR, anti-GFAP anti-Sox10 and anti-Krox20 immunostaining 
can be used as markers for the characterization of SCs17,45. In our study, the positive rates in hE-SCs/P2 were 
63.68 ±  10.50, 69.43 ±  11.32 and 53.16 ±  8.50. Flow cytometry was used to detect the expressions of P75NTR in 
hE-SCs/P2 cells; the results conformed with immunostaining (data not shown). The cell yields per unit of starting 
tissue also be calculated by cell counting using hematocytometer. At the end of the second purification, the final 
cell yield per unit of starting tissue was about 1.03 ±  0.03 ×  106 cells and it took about 12 days to generate enough 
cells for the in vivo transplantation. All the results proved that the cells isolated from adult human eyelid adipose 
tissue were Schwann cells and could be purified.

Subsequently, a well-established nude mice model of PNI was adapted to investigate the effects of hE-SCs  
in vivo. It was reported that Schwann cells could enhance motor neuron regeneration and improve evoked electri-
cal potentials in the gastrocnemius muscle46. Moreover, undifferentiated ASCs have also been shown to enhance 
peripheral nerve repair47,48, which coincided with our results. Twelve weeks after nerve grafting, the electrophys-
iological evaluation and histological analyses of regenerated nerves was performed to compare the regenerative 
efficiency. Approximately 90% of the axons were regenerated across the 5-mm gap from the proximal to the distal 
part of the device in the hE-SCs/P2 group, and the axons recovered to a level close to that of the Autograft group. 
Electrophysiological assessments were performed to evaluate the effect of the injured nerve on gastrocnemius 
muscle activity. The peak amplitude and the latency period of CMAPs examinations are two important indices for 
the conduction of regenerated nerve function. Obviously, the hE-SCs/P2 promoted functional restoration more 
efficiently, which was accompanied by peripheral nerve regeneration.

Immunostaining demonstrated that the number of S100-positive myelin sheaths and NF-H-positive axons 
was significantly greater in the hE-SCs/P2 group than in the other three groups. This result could be due to the 
high purity of the hE-SCs, which more strongly promoted nerve regeneration through the formation of more 
myelin sheath relative to the other groups. To better evaluate the regeneration efficacy, we used toluidine blue 
staining and transmission electron microscopy to assess the semi-thin transverse sections of the middle segment 
of the nerve samples. The hE-SCs/P2 showed a stronger promotion of nerve regeneration than hE-SCs/P0 and 
hE-FLCs/P2. The number of myelinated nerve fibers and the myelin sheath thicknesses in the hE-SCs/P2 group 
was far greater than those in the other three groups.

Based on the immunofluorescence and TEM results, target muscle atrophy was further assessed through gas-
trocnemius muscle wet weight ratios and Masson’s trichrome staining. The denervated gastrocnemius muscles 
were atrophied and subsequently regained innervation after nerve regeneration49. The gastrocnemius muscle wet 
weight ratio was relatively higher in the hE-SCs/P2 group than in the other three groups, and the collagen fiber 
percentage was significantly lower in the hE-SCs/P2 group than in the other three groups.

In conclusion, this study demonstrates that human eyelid adipose tissue is a rich and promising source of SCs 
for the treatment of peripheral nerve injury. According to the above results, the study provides a safe and efficient 
method for isolating human eyelid adipose-derived Schwann cells (hE-SCs) from human eyelid adipose tissue. 
To date, this study is the first to demonstrate that SCs can be isolated from human eyelid adipose tissue, which is 
an important advancement in clinical applications to achieve functional recovery after peripheral nerve injury.

Conclusion
We have isolated human eyelid adipose-derived Schwann cells (hE-SCs) from human eyelid adipose tissue and 
identified the cell phenotype and verified the efficacy for peripheral nerve repair both in vitro and in vivo. Our 
results indicated that hE-SCs were able to promote nerve regeneration and that the abundant supply of adipose 
tissue might be a promising source of SCs for peripheral nerve repair.

Materials and Methods
Isolation and Culture of human eyelid-derived Schwann cells (hE-SCs). Human eyelid adipose 
samples were obtained with informed consent from six patients aged between 20 and 50 years undergoing eye-
lid cosmetic surgery, at Shanghai General Hospital. All experiments were approved by the institutional review 
board of Shanghai Jiao Tong Univerisity School of Medicine. Adipose tissues obtained from six patients were 
surgically dissected from the subcutaneous zone, cut into 1–2 mm3 pieces and washed twice with PBS. The tissues 
were digested with an enzymatic solution (100 μ l per segment) prepared by dissolving DispaseII (Serva) and 
Collagenase NB4 (Serva, Germany) into DMEM at a concentration of 0.2% (0.27 U/ml). After 120 min at 37 °C, 
cell pellets were centrifuged at 1000 g for 5 min. Cell suspensions were cultured in 1 ×  106 cells/mL Schwann cell 
culture media (SCCM) composed of DMEM medium supplemented with 10% FBS (Hyclone, Australia), 1% pen-
icillin-streptomycin (Invitrogen),10 ng/ml heregulin-β -1 (PeproTech, USA) and 2 μ M forskolin (Sigma, USA)50. 
These primary cells (i.e hE-SCs/P0) were kept in a cell incubator in a humidified atmosphere of 5% CO2 at 37 °C.

As previously reported, hE-SCs were purified using a differential detachment method44. In brief, after primary 
cells were cultured for 48 hours, the culture medium was replaced with 0.05% (0.07 U/ml) Collagenase NB4 in 
DMEM medium supplemented with 10% FBS, 1% penicillin-streptomycin. After incubation for 20 min at 37 °C, 
the flasks were kept shaking horizontally for 1 min to release the lightly adhered cells (hE-SCs). Then the sus-
pended cells were collected into a 50-ml conical tube (BD Falcon, USA) and centrifuged at 600 ×  g for 3 min. The 
tightly adhered cells (fibroblast-like cells, hE-FLCs) and lightly adhered cells (hE-SCs) were isolated based on 
their characteristics of adhesion to the culture dish. After two rounds of purification, we acquired higher purity 
hE-SCs (i.e hE-SCs/P2). And adherent hE-FLCs were cultured in SCCM at passage 2 (i.e hE-FLCs/P2).
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The hE-SCs purity was determined on based on cell morphology. Cells that were phase-bright, spindle-shaped, 
bipolar, tripolar, and had a small cytoplasm to nucleus ratio were identified as hE-SCs, whereas cells with a flat 
polygonal shape and a prominent ovoid nucleus were identified as hE-FLCs. hE-SCs and hE-FLCs were counted 
in three photo areas randomly selected from each flask to obtain an average number. The purity of the hE-SCs was 
derived from the calculation of SC percentage with respect to the total number of counted cells.

Immunofluorescence staining of hE-SCs. hE-SCs/P0, hE-SCs/P2,and hE-FLCs/P2 were trypsin-
ized and replated on cover slides for immunostaining. The cells were fixed with 4% paraformaldehyde (Sigma) 
in PBS for 15 min. The fixed cells were washed three times with PBS for 5 min each, and then, the cells were 
blocked with 10% bovine serum albumin (Sigma, USA) in PBS for 30 min at room temperature, followed by 
three washes with PBS. The cells were then incubated with rabbit anti-glial fibrillary acidic protein (GFAP; 1:500; 
Abcam, Cambridge, UK), rabbit anti-P75NTR (1:500 diluted in PBS; Abcam, Cambridge, UK), rabbit anti-S100 
(1:500; Dako, Glostrup, Denmark), rabbit anti-Sox10 (1:500 diluted in PBS; Abcam, Cambridge, UK), and rabbit 
anti-Krox10 (1:500 diluted in PBS; Abcam, Cambridge, UK) overnight at 4 °C. After being washed with PBS, the 
slides were treated with Alexa Fluor 488 goat anti-rabbit IgG (1:500; Invitrogen, USA) at 37 °C for 60 min. After 
they were washed with PBS, the cells were incubated with 1 M Hoechst 33343 (Sigma, USA) for 10 s. Labeled cells 
were examined with fluorescence microscopy (Olympus, Japan), and the images were recorded and processed 
with Image-Pro Plus (Media Cybernetics, USA).

Sciatic nerve transection and implantation. Six- to eight-week-old female BALB/c-nu mice (Shanghai 
Slac Laboratory Animal Co., Ltd., Shanghai, China) weighing 24–30 g were anesthetized intraperitoneally with 
0.5% chloral hydrate (6 ml/kg). All surgical procedures were performed using a microscope (Leica) and micro-
surgical instruments (Zhangjiagang Oscar Medical Instruments Co., Ltd., Zhangjiagang, China). After a 20-mm 
long operative incision was made on the dorsal skin of the left hind limb of each BALB/c-nu mice, the skin and 
hip muscles were separated, and the left sciatic nerves were carefully exposed and isolated. The exposed sciatic 
nerves were cut off to create 5-mm nerve defects, and two broken ends of the nerves were pulled 1 mm inside 
the silicone tubes with a length of 7.0 mm, and inner diameter of 0.9 mm (Shanghai Sincere Industry) and were 
sutured with 10–0 microsurgical sutures (Shanghai Pudong Jinhuan Medical Products) at a 1 mm margin of the 
corresponding ends of the conduit (7 mm). We used hE-SCs/P0, hE-SCs/P2, and hE-FLCs/P2 as seed cells to 
repair the 5-mm sciatic nerve defects in BALB/c-nu mice. Cells were resuspended in Matrigel (BD Biosciences, 
Franklin Lakes, NJ, USA) at a concentration of 1 ×  106 cells per 100 μ l. Approximately 3.18 μ l of the suspension 
(approximately 3.18 ×  104 cells) was used per animal. The animals were randomly assigned to the following five 
groups (n =  8 per group): (1) Matrigel: only Matrigel-filled silicon conduit; (2) hE-SCs/P0: primary cells (i.e., 
hE-SCs/P0, the hE-SCs purity was 21.9 ±  4.1%) filled silicon conduit; (3) hE-SCs/P2: high purity hE-SCs (i.e., 
hE-SCs/P2, the hE-SCs purity was 66.1 ±  6.5%) filled silicon conduit; (4) hE-FLCs/P2: (i.e., hE-FLCs/P2, the 
hE-SCs purity was 4.3 ±  1.9%) filled silicon conduit; (5) Autograft: the 5-mm transected nerve was re-implanted 
under a microscope. After surgery, all experimental animals were housed in a standard animal laboratory with 
free access to water and food. The electrophysiological evaluation and histological analyses of the regenerated 
nerves was performed at 12 weeks after the surgery.

All animal care and experimental studies were conducted according to the guidelines and approval of the 
Animal Investigation Committee of the Shanghai General Hospital, Shanghai Jiao Tong University School of 
Medicine. Male BALB/c athymic nude mice were bred and maintained at the animal center in Shanghai General 
Hospital (21 °C, 55% humidity, on a 12 h light/dark cycle).

Electrophysiologic testing. At 12 weeks after surgery, electromyography was performed to evaluate the 
gastrocnemius muscle activity of the injured nerve. Following induction of anesthesia, the regenerated nerve and 
gastrocnemius muscle on the operated side were exposed. Double-hook stimulating electrodes were placed on the 
proximal end of the nerve trunk, and recording electrodes were penetrated into the middle of the gastrocnemius 
muscle on the injured side. The compound muscle action potential (CMAP) was recorded on the gastrocnemius 
muscle using a Medtronic Keypoint electromyography machine (Medtronic Inc., Minneapolis, MN, USA). The 
latency, amplitude, and nerve conduction velocity of the CMPAs were calculated. After electromyography, and the 
regenerated nerve and gastrocnemius muscle were taken for histological assessment.

Histological assessment of regenerated nerve. After 12 weeks of surgery, regenerated nerves were 
harvested for toluidine blue staining and transmission electron microscopy (TEM). The middle segment of the 
regenerated nerves were fixed with 2.5% glutaraldehydein at 4 °C for 2 h and post-fixed with 1% osmium tetroxide 
for 2 h, dehydrated in the increasing concentrations of alcohol, and embedded with epoxy resin. Then semi-thin 
sections (1 μ m thickness) of regenerated nerves were cut using an LKB-V ultramicrotome (LKB ProdukterB, 
Stockholm; Sweden), stained with 1% toluidine blue and photographed using an Axiocam digital camera (Zeiss, 
Oberkochen, Germany). The number of myelinated nerve fibers were counted (at a magnification of 100x) using 
a fluorescent microscope. Subsequently, the epoxy resin-embedded tissues were cut into ultra-thin sections 
(50 nm thickness), stained with lead citrate and observed under a transmission electron microscope (H7650, 
Hitachi, Tokyo, Japan). Five separate fields per slice were randomly selected to analyze myelin sheath thickness 
and G-Ratio.

Part of samples was used for immunohistochemistry. As previously described51, after the samples were fixed 
and blocked, the sections of peripheral nerves were incubated with rabbit anti-NF-H (1:200; Millipore, Boston, 
USA; for labeling regenerated axons) and rabbit anti-S100 (1:500; Dako, Glostrup, Denmark). The second-
ary antibody was Alexa Fluor 555 goat anti-rabbit IgG (1:1000; Invitrogen, Carlsbad, CA, USA). Nuclei were 
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counterstained with 4′ ,6-diamidino-2-phenylindole (DAPI; 1:500, Invitrogen). After immunofluorescence stain-
ing, all images were captured with a TCS SP5 confocal laser scanning microscope (Leica, Germany).

Wet weight analysis and Masson’s trichrome staining of gastrocnemius muscle. After the nerve 
samples were removed, the animals were sacrificed and the gastrocnemius muscles were rapidly and completely 
resected from the injured and normal sides and weighed. The wet weight ratio of gastrocnemius muscle was cal-
culated by comparing the weight of the gastrocnemius muscle on the left (experimental) side to that on the right 
(normal) side. Then, the gastrocnemius muscle samples of the injured side were fixed in 4% paraformaldehyde at 
4 °C overnight, embedded in paraffin, cut into 5-mm sections, and stained with Masson’s trichrome. The images 
were captured by an E600 microscope (Nikon, Tokyo, Japan) at a magnification of 200x and the collagen fiber 
percentage was quantitatively analyzed using IPP version 6.0 software (Media Cybernetics).

Adipose tissue double-staining. Formalin-fixed, OCT-embedded human eyelid adipose tissue specimens 
were cut into serial sections (10 μ m). Cryostat sections (10 μ m) were used for haematoxylin and eosin stain-
ing. Briefly, after a hydration process, the slides were stained with hematoxylin for 15 min and immersed in 1% 
hydrochloric acid in 75% ethanol for 30 s.Then, the slides were stained with eosin for 5 min. Immunofluorescent 
staining was performed as above protocols. Image acquisition was performed using a fluorescence microscope.

Statistical analyses. Data were expressed as mean ±  standard deviations (SD). Unpaired student’s t-test, 
and one-way ANOVA was used to compare the differences among all the groups. All statistical analyses were 
performed using the statistical software SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). Statistical significance 
was accepted at a P value of < 0.05.
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