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Abstract
Acellular nerve allografts can help preserve normal nerve structure and extracellular matrix composition. These allografts have low immu-
nogenicity and are more readily available than autologous nerves for the repair of long-segment peripheral nerve defects. In this study, we 
repaired a 40-mm ulnar nerve defect in rhesus monkeys with tissue-engineered peripheral nerve, and compared the outcome with that of 
autograft. The graft was prepared using a chemical extract from adult rhesus monkeys and seeded with allogeneic Schwann cells. Pathomo-
rphology, electromyogram and immunohistochemistry findings revealed the absence of palmar erosion or ulcers, and that the morphology 
and elasticity of the hypothenar eminence were normal 5 months postoperatively. There were no significant differences in the mean peak 
compound muscle action potential, the mean nerve conduction velocity, or the number of neurofilaments between the experimental and 
control groups. However, outcome was significantly better in the experimental group than in the blank group. These findings suggest that 
chemically extracted allogeneic nerve seeded with autologous Schwann cells can repair 40-mm ulnar nerve defects in the rhesus monkey. 
The outcomes are similar to those obtained with autologous nerve graft.

Key Words: nerve regeneration; peripheral nerve injury; tissue engineering; rhesus monkey; ulnar nerve; chemical extraction; allogenic nerve; 
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Introduction
Traumatic injury to peripheral nerves results in considerable 
loss of sensory and motor functions, lowering the quality 
of life. Several research teams have sought to improve re-
generation of injured nerves using microsurgery. However, 
despite the advancement in microsurgical techniques, com-
plete recovery is rarely achieved (Schmidt and Leach, 2003). 
Currently, nerve autograft is the gold standard for treating 
peripheral never defects, but obstacles, including limited 
availability, dysfunction at the donor site, and difficulty in 
matching diameter and structure, have limited the use of this 
method.

A successful nerve graft requires the following: (1) the 
graft should maintain wall thickness and structural integrity 
to prevent collapse; (2) suitable wall permeability to permit 
the diffusion, transport and/or controlled release of growth 
factors through the wall; (3) the tubes should provide an 
appropriate endoluminal structure so as to prevent neuroma 
formation at the anastomotic site; (4) the materials should 
be biodegradable without any cytotoxic reactions and pro-
vide a suitable matrix for cell adhesion and migration; and 
(5) the grafts should be biocompatible and immunologically 
tolerated by recipients. Acellular nerve allograft derived 
from natural peripheral nerve retains the natural structure 
and extracellular matrix components, and elicits a low host 
immune response. Our previous studies found that acellular 
nerve graft is a useful way to repair small and large defects 
in many animal models (Hou et al., 2006; Zhou et al., 2014). 
However, problems with the use of acellular nerve grafts re-
main. The use of a bare acellular nerve graft results in a low 
efficiency of regeneration (Walsh et al., 2009; Yu et al., 2009).

Schwann cells (SCs) are the major glial cell type in the 
peripheral nervous system. A central function of SCs is the 
myelination of nerves. After peripheral nerve injury, SCs 
become activated and migrate to the injured area (Oudega 
and Xu, 2006; Lopez-Leal and Court, 2016). Upon reaching 
the injured site, SCs proliferate and support axonal regener-
ation and elongation (Ide, 1996). The remyelination of de-
myelinated injured nerves is achieved by the differentiation 
and de-differentiation processes in which the SCs switch 
between non-myelinating and myelinating stages (Jessen 
and Mirsky, 2005). The role of SCs also includes synthesizing 
neurotrophic factors (Acheson et al., 1991), cytokines, and 
adhesion and growth promoting factors necessary for satis-
factory nerve regeneration after injury (Mirsky and Jessen, 
1999). SCs are being tested for transplantation therapy for 
the treatment of spinal cord injury, and SC transplantation 
has been shown to promote nerve regeneration and improve 
axon elongation in the peripheral nervous system (Snipes 
and Suter, 1995; Oudega and Xu, 2006; Flaiz et al., 2009). 
Wang et al. (2016) used SC transplantation and enhanced 
the efficacy of acellular nerve allograft in peripheral nerve 
injury. Lopez-Leal and Court (2016) showed that SCs supply 
axons with ribosomes, and promote nerve regeneration.

In our study, we generated a long and thick allogenic 
nerve graft from adult rhesus monkey through chemical 
extraction. We then repaired a 40-mm rhesus monkey ulnar 

nerve defect using the tissue-engineered graft seeded with 
autologous SCs and achieved a good outcome. These allo-
genic tissue-engineered grafts represent a promising strategy 
for peripheral nerve repair.

Materials and Methods
Experimental animals
Nineteen adult rhesus monkeys inbred lines were used in 
this study. Of these, 10 monkeys (5 males and 5 females, 
2.5–3.0 years old and weighing 2.1–3.6 kg) were used for 
preparing acellular basement membrane tubes, and were the 
source of SCs. Nine monkeys (five males and four females, 
2.5–3.0 years old and weighing 2.0–3.7 kg) were subjected 
to nerve repair. All monkeys were provided by GuangZhou 
Nine Buddha Primate Research and Development Center of 
China (license No. SYXK (Yue) 2010-0106). Animal use was 
approved by the Animal Ethics Committee of Peking Uni-
versity Shenzhen Hospital in China.

Preparation of acellular basement membrane tube from 
adult rhesus monkey
As performed previously by our laboratory (Wang et al., 
2002; Zhu et al., 2004), one 2.5-year-old, 3.5-kg male rhesus 
monkey was executed after anesthesia with a combination 
of ketamine (10 mg/kg, intramuscularly) and diazepam 
(2 mg/kg, intramuscularly). Eighteen segments of nerve, 
2.5–3.0 mm in diameter and 45 mm in length, were isolated 
and transferred to Hank’s solution. Loose connective tissue 
was removed from the surface of the nerve trunk under 
a microscope (Olympus BX51; Center Valley, PA, USA) 
until the smooth epineurium was visible. The nerves were 
washed five times in Hank’s solution and double extracted 
with 4% Triton X-100 and 4% sodium deoxycholate (both 
from Sigma-Aldrich, St. Louis, MO, USA). In total, we ob-
tained 18 acellular allogenic nerve segments, which were 
kept in phosphate-buffered saline (PBS; Maixin Biotechnol-
ogy Company, Fuzhou, China) containing 100 U/mL pen-
icillin and 100 μg/mL streptomycin at 0–4°C. The solution 
was replaced every 2 weeks. Ultrastructure was observed 
under a scanning electron microscope (Olympus, Tokyo, Ja-
pan). A part of these acellular basement membrane tubes in 
this stage were used as acellular graft. Others were prepared 
for engineered nerve with SCs. 

Culture of adult rhesus monkey SCs and construction of 
tissue-engineered nerve grafts
Schwann cells were isolated from adult rhesus monkeys (Yi 
et al., 2004). The common peroneal nerves from nine mon-
keys were ligatured in either side and excised 7 days later. 
Connective tissue was removed under a magnifying lens, 
and the nerve was cut into pieces. The nerve tissues were 
digested with 0.2% collagenase (Sigma-Aldrich) for 30 min-
utes and then with 0.25% trypsin (Gibco) for 20 minutes. 
Afterwards, serum was added to neutralize trypsin. Samples 
were filtered with a 400-mesh strainer and centrifuged. Cy-
tarabine (1 × 10–5 M; Sigma-Aldrich) was added to inhibit 
the growth of fibroblasts. SCs were purified and subjected 
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to S-100 immunocytochemistry. The purity of the SCs was 
evaluated. Immunocytochemistry was conducted as previ-
ously described (Chun et al., 1996). 

In vivo transplantation of acellular nerve allografts
A total of 18 nerve segments were successfully obtained for 
transplantation, and randomly divided for use in the fol-
lowing three groups: experimental group, acellular graft and 
control group. Each group contained six nerve segments. 
After anesthesia with ketamine (10 mg/kg; Ted Pella, CA, 
USA), we removed a 40-mm section of ulnar nerve, 1 mm 
distal to the elbow joint, for reconstruction with the different 
nerve grafts (bridges).

In the experimental group, allogenic cultured SCs were 
mixed with Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco, USA) to obtain a 1 × 106/mL cell suspension. Un-
der magnification, the cell suspension was injected into the 
nerve bridge, using a 100 μL microinjector (Jackson, PA, 

USA) at four points. Expansion of the nerve bridge during 
the injection was observed under a microscope. Four hours 
after the injection, the nerve segment was placed into a six-
well culture plate with DMEM supplemented with 10% fetal 
calf serum, and cultured in a 37°C CO2 incubator for 24 
hours. In the acellular graft, only the acellular nerve allograft 
was grafted. In the control group, an autologous nerve was 
grafted. The nerve graft was attached to the cut ends of the 
ulnar nerve with 8-0 nylon sutures. All nerve bridges were 
performed by epineurium sutures. Postoperatively, the 
rhesus monkeys were fed separately in different cages for 1 
month, and together for 4 months. Morphology of the palm 
was observed and compared between preoperative and post-
operative time points. Vascularization on the surface of the 
nerve grafts was observed at the same time. 

Electrophysiological assessment
Five months after the operation, all monkeys were anesthe-
tized with sodium pentobarbital (40 mg/kg, intraperitoneal-
ly). The Keypoint 3.02 Portable system (Nicolet Instrument 
Corp, Madison, WI, USA) was used to stimulate the prox-
imal anastomotic region of the ulnar nerve. The recording 
electrode was placed in the hypothenar eminence muscles to 
record the amplitude of the compound muscle action poten-
tial (CMAP). The stimulating electrode was a hook-shaped 
silver needle electrode, and was placed on the proximal and 
distal ends of the graft. Normal CMAP of the hypothenar 
muscles on the contralateral side was also recorded for com-
parison. A personal computer was used to set the parame-
ters, including the frequency and amplitude of the stimula-
tion signal, and recordings were performed with a Nicolet 

Figure 2 Empty endoneurial tube of the extracted nerve (scanning 
electron microscope).
The axons are no longer present, and only ten empty endoneurial tubes 
(arrows) are visible after two extraction procedures. Original magnifi-
cation × 3,500 in A and × 5,000 in B.

Figure 1 In vitro extraction and culture of Schwann 
cells and acellular nerve (optical microscope, 
immunocytochemical staining, × 100).
(A) The nuclei in the fresh nerve are stained dark 
blue. (B) The nuclei were stained light blue after one 
extraction procedure. (C) The nuclei were no longer 
stained blue after two extraction procedures.

Figure 3 Electrophysiology of the ulnar nerve 5 months after the 
operation.
Data are presented as the mean ± SD (n = 6 segments; one-way analysis 
of variance followed by least significant difference test). *P < 0.05, vs. 
blank group. CMAP: Compound muscle action potential; NCV: nerve 
conduction velocity.

Figure 4 NF 200-immunoreactive units in transverse sections distal 
to the anastomotic site.
*P < 0.05, vs. blank group. Data are presented as the mean ± SD (n = 6 
segments; one-way analysis of variance followed by least significant dif-
ference test). NF 200: Neurofilament 200.
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Viking Electrodiagnostic System (Nicolet Instrument Corp.). 
Digital data were stored on the computer. The nerve con-
duction velocity (NCV) was calculated. Electrophysiological 
assessments were performed by an expert who was blinded 
to group assignment.

Immunohistochemical staining
A 10-mm section of nerve tissue between the nerve graft and 
the distal ulnar nerve was removed from each group and 
fixed in 4% paraformaldehyde in 0.1 M PBS for 12 hours 
at room temperature. After being dehydrated through a 
graded ethanol series, the specimens were cut into 5-mm-
long blocks and embedded in paraffin. The sections were 
pre-incubated in 3% hydrogen peroxide and 10% normal 
rabbit serum for 10 minutes to block non-specific bind-
ing. Afterwards, sections were incubated with monoclo-
nal anti-neurofilament 200 (NF 200) antibody (diluted at 
1:400 in phosphate buffer; Sigma) at room temperature 
overnight. After washing with PBS, the sections were 
incubated with donkey anti-rabbit IgG (1:300; Jackson 
ImmunoResearch, West Grove, PA, USA). The sections 
were then rinsed three times with PBS and mounted on a 
gelatin-coated slide, and air-dried. Images of the stained 
sections were captured with a microscope attached to a 
CCD spot camera and processed with LEICA IM50 soft-
ware (DFC350FX/DMIRB; Leica, Wetzlar, Germany). My-
elinated axons were quantified according to the unbiased 
counting criteria.

Scanning electron microscopy
The ultrastructure of the nerve was visualized with a scan-
ning electron microscope. The endoneurium and axons were 
observed.

Image analysis
Ultrathin sections (70 nm) obtained from the fifth slice 
at the distal part of the anastomotic region were observed 
using the IBS2.0 image analysis system. Five fields of ev-
ery slice were evaluated at 100× magnification. The optical 
density values of NF 200-immunoreactive units (each unit 
represents the regeneration of nerve fiber, per unit area = 1 
μm2) were recorded to compare the effect of different grafts 
on nerve regeneration.

Statistical analysis
The data, expressed as the mean ± SD, were analyzed with 
SPSS 13.0 software (SPSS, Chicago, IL, USA). The differenc-
es among the experimental, blank and control groups were 
evaluated with one-way analysis of variance, followed by 
least significant difference test. P-values less than 0.05 were 
considered statistically significant.

Results
Cell culture and nerve grafts
SCs were purified and subjected to S-100 immunocytochem-
istry, and their purity was evaluated (Figure 1). The purity 
of the SCs was approximately 92%. Axons were not visible. 

Only ten empty endoneurial tubes were seen after two ex-
traction procedures (Figure 2). Both primary and first pas-
sage cells were viable and suitable for transplantation.

Morphology of muscles and nerve grafts
Five months after surgery, no palmar erosion or ulcers were 
found in the experimental, blank or control groups, and the 
hypothenar eminence showed no significant differences in 
morphology or elasticity postoperatively. There were various 
degrees of vascularization on the surface of nerve grafts, 
which had a smooth structure, and no neuroma was ob-
served in the groups that received nerve grafts.

Electrophysiological changes after tissue-engineered nerve 
grafting for ulnar nerve defect in rhesus monkeys
Five months after surgery, electromyograms of the rhesus 
monkeys in the experimental, blank and control groups 
demonstrated no significant differences compared with the 
preoperative state, and the electromyogram waveform at 1 
week after operation was flat without any spike potentials.

We were able to record action potentials at the hypothenar 
eminence in response to every stimulus on the proximal side 
of the proximal anastomotic site. There was no significant 
difference in the maximum amplitude of the latent period 
between the experimental and control groups (P > 0.05). 
Compared with the experimental and control groups, the 
blank group displayed a prolonged latent period and de-
creased maximum amplitude (P < 0.05; Figure 3).

Electrophysiology of tissue-engineered peripheral nerve 
allografts
When electrical stimulation was performed on the prox-
imal side of the anastomosis, CMAP was recorded on 
the hypothenar muscles in the experimental, blank and 
control groups. There was no significant difference in the 
CMAP maximum amplitude between the experimental 
and control groups (P > 0.05), but there were significant 
differences in the CMAP maximum amplitude between 
the blank and experimental groups, as well as between the 
blank and control groups (P < 0.05). There was no signif-
icant difference in NCV among the experimental, blank 
and control groups.

Morphology of tissue-engineered nerve grafts in rhesus 
monkeys after transplantation
Nerve grafts seeded with cells and autologous nerve grafts 
had a dark blue appearance (because of the dye), which on 
transverse sections had a regular circular appearance. All 
specimens contained light-yellow neurofilaments by immu-
nohistochemical staining. Nerve grafts without cell seeding 
had a faint light-yellow staining which was distributed irreg-
ularly on transverse sections. Nerve grafts with cell seeding 
and autologous nerve grafts showed an intense light-yellow 
staining, which was uniform and circular on transverse 
sections. Nerve fibers were visible beyond the anastomosis 
on longitudinal sections of the distal anastomotic site in the 
experimental, blank and control groups. Nerve fibers in the 
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control and experimental groups were distributed in a reg-
ular and tightly-arranged manner, in direct contrast to the 
blank group.

Effects of allogeneic tissue-engineered peripheral nerve 
grafts on the regeneration of anastomotic nerve fibers in 
macaque monkeys
No significant difference was found in NF 200 immunoreac-
tivity between the experimental and control groups in trans-
verse sections 0.5 cm distal to the distal anastomotic site (P > 
0.05). NF 200 immunoreactivity was significantly less in the 
blank group than in the experimental and control groups (P 
< 0.05; Figure 4).

Discussion
Acellular nerve scaffold and tissue-engineered peripheral 
nerve 
Peripheral nerves with a longer than 2 cm defect must be 
repaired by nerve bridging, and autologous transplantation 
is the gold standard for nerve grafting (Wiberg and Tereng-
hi, 2003, Pettersson et al., 2011; Tzou et al., 2011). However, 
autologous transplantation is limited by the lack of donor 
sites, as well as by dysfunction of the donor nerve (Al-Zer 
and Kalbouneh, 2015; Li et al.. 2015), which is often a cu-
taneous nerve with a thin endoneurial tube that affects the 
regeneration of thick axons. Consequently, tissue-engineered 
peripheral nerve grafting is currently a hot topic in the field 
of neural regeneration.

Both natural and artificial materials have been studied for 
application in tissue-engineered peripheral nerve grafts (Lin 
et al., 2013; Jiang et al., 2014), and most have been found to 
have limitations for clinical application. We and others have 
found that, in vivo, axons can regenerate in the presence of 
bioactive seed cells, such as SCs (Chun et al., 1996; Gainer 
et al., 2016; Tuffaha et al., 2016), which function as an en-
doneurial tube, allowing axons to traverse the nerve bridge 
(Cunningham et al., 1983; Hirano et al., 1988; Yang et al., 
1994). An effective bridging agent must have the following 
features: (1) allow easy vascularization; (2) can be invaded 
by large numbers of functional axons, with no fibrosis; (3) 
can be myelinated like normal nerve fibers; (4) be com-
patible with the host, with no rejection reaction; (5) easily 
operated. Allogenic nerves obtained through chemical ex-
traction and used to prepare tissue-engineered peripheral 
nerve grafts fulfill each of these requirements. It has an 
endoneurial tube, similar to the allogenic nerve, through 
which nerve fibers can easily pass through. Its loose struc-
ture promotes vascularization. Additionally, it can be made 
biocompatible with the host by eliminating antigenicity by 
chemical methods. The extracted endoneurial tube retains 
the basement membrane, which functions as an extracel-
lular matrix that promotes seed cell adhesion and nerve 
fiber invasion. Furthermore, these nerve grafts are elastic, 
flexible and easily operated. Owing to these advantages, we 
chose this material as the nerve graft scaffold (bridge) in 
our experiment. We conclude that the nerve graft seeded 
with SCs provides an outcome similar to that of autologous 

nerve transplantation. The outcome of the nerve graft with-
out cell implantation was significantly inferior. However, 
we do not know whether this tissue-engineered nerve graft 
degrades over time in vivo.

In the present study, we repaired a peripheral nerve defect 
with the graft, and the SCs cultured in vitro were similar to 
the host SCs at the cut ends of the nerve. The graft with cell 
seeding and the allogenic nerve graft provided similar out-
comes, suggesting that in vitro-cultured SCs indeed promote 
nerve regeneration.

In previous studies, grafts were neural or non-neural tissues, 
biological or non-biological, with or without cell implantation, 
and used to bridge the sciatic nerve with 6–8 mm defects in 
mice, providing good outcomes 3–6 months postoperatively. 
The reasons for the high efficacy are unclear. However, small 
mammals, such as mice, might have a high capacity for regen-
eration. Additionally, the short gap length might contribute to 
the good outcome. Therefore, we chose the rhesus monkey for 
its evolutionary and genetic similarity to humans. We evalu-
ated cell migration and regeneration of the ulnar nerve with a 
40-mm defect repaired by grafts, and our results demonstrated 
the superiority of the tissue-engineered graft.

Prospects for tissue-engineered nerve grafts
For over a century, researchers have studied strategies for 
repairing the peripheral nerve (Ozkan et al., 2016; Wu et 
al., 2016), and have made substantial progress (Wang et al., 
2015; Flores and Socolovsky, 2016; Oprych et al., 2016). 
However, nerve regeneration is far from ideal. Currently, 
implantation of SCs (Aghayan et al., 2012; Cao et al., 2013; 
Zhou et al., 2015) as the seed cells into an appropriate bridg-
ing agent to generate a tissue-engineered peripheral nerve is 
a favored approach for peripheral nerve repair.

Chemically extracted allogeneic nerve has no antigenic-
ity, and the basement membrane is adhesive to SCs and 
possesses a three-dimensional structure similar to normal 
nerve (Arai et al., 2000; Zhong et al., 2003; Luo et al., 2015). 
Moreover, it is considered the ideal material for nerve defect 
repair. There are various approaches and agents for chemical 
extraction. We successfully extracted rhesus monkey periph-
eral nerve for transplantation. Future studies should evaluate 
methods for extracting and using the comparatively longer 
and thicker human nerve.
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