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Abstract

Nerve grafting has always been necessary when the contralateral C7 nerve root is transferred to treat brachial plexus injury. Acellular nerve
allograft is a promising alternative for the treatment of nerve defects, and results were improved by grafts laden with differentiated adipose
stem cells. However, use of these tissue-engineered nerve grafts has not been reported for the treatment of brachial plexus injury. The aim
of the present study was to evaluate the outcome of acellular nerve allografts seeded with differentiated adipose stem cells to improve nerve
regeneration in a rat model in which the contralateral C7 nerve was transferred to repair an upper brachial plexus injury. Differentiated
adipose stem cells were obtained from Sprague-Dawley rats and transdifferentiated into a Schwann cell-like phenotype. Acellular nerve
allografts were prepared from 15-mm bilateral sections of rat sciatic nerves. Rats were randomly divided into three groups: acellular nerve
allograft, acellular nerve allograft + differentiated adipose stem cells, and autograft. The upper brachial plexus injury model was established
by traction applied away from the intervertebral foramen with micro-hemostat forceps. Acellular nerve allografts with or without seeded
cells were used to bridge the gap between the contralateral C7 nerve root and C5-6 nerve. Histological staining, electrophysiology, and
neurological function tests were used to evaluate the effect of nerve repair 16 weeks after surgery. Results showed that the onset of discern-
ible functional recovery occurred earlier in the autograft group first, followed by the acellular nerve allograft + differentiated adipose stem
cells group, and then the acellular nerve allograft group; moreover, there was a significant difference between autograft and acellular nerve
allograft groups. Compared with the acellular nerve allograft group, compound muscle action potential, motor conduction velocity, positiv-
ity for neurofilament and S100, diameter of regenerating axons, myelin sheath thickness, and density of myelinated fibers were remarkably
increased in autograft and acellular nerve allograft + differentiated adipose stem cells groups. These findings confirm that acellular nerve
allografts seeded with differentiated adipose stem cells effectively promoted nerve repair after brachial plexus injuries, and the effect was
better than that of acellular nerve repair alone. This study was approved by the Animal Ethics Committee of the First Affiliated Hospital of
Sun Yat-sen University of China (approval No. 2016-150) in June 2016.
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Introduction

Traumatic brachial plexus injuries, a clinically severe periph-
eral nerve injury (Carlstedt et al., 2017), cause permanent
disability of the body with significant socioeconomic impli-
cations (Krishnan et al., 2008). Although nerve transfers in-
cluding accessory nerve (Songcharoen et al., 1996), phrenic
nerve, and intercostal nerve are presently the primary meth-
ods to treat brachial plexus injuries, availability of donor
nerves remains limited, especially for patients with accessory
and phrenic nerve injuries (Krakauer et al., 1994; Flores et
al., 2016). Contralateral C7 (CC7) nerve could be a reliable
donor for repair of upper trunk injuries, as it could be trans-
ferred through a modified pre-spinal approach to improve
the recovery of shoulder abduction and elbow flexion (Wang
et al., 2012). However, the limited separable length of the
CC7 nerve, as well as fibrosis and distal retraction of the
injured nerve roots, obstruct direct suture to the recipient
nerves (Xu et al., 2012). Therefore, nerve grafting is still
needed to bridge the nerve gap.

Currently, nerve autograft is regarded as the “gold stan-
dard” to treat peripheral nerve defects, but unavoidable
complications such as the sacrificing of a functional nerve,
dysfunction of the donor site, and limited wide use of autol-
ogous nerve grafts (Fansa et al., 2003; Johnson et al., 2005;
Battiston et al., 2017). With the rapid development of tissue
engineering, an increasing number of animal studies (Gu
et al., 2011; Pfister et al., 2011; Cerqueira et al., 2018; Patel
et al., 2018) and clinical studies (Cho et al., 2012; He et al.,,
2015; Hu et al., 2016; Zhu et al., 2017) have confirmed that
acellular nerve allografts (ANAs) can yield good results
for repair of peripheral nerve defects; moreover they were
considered to be ideal peripheral nerve grafts. However, re-
parative effects of ANAs decrease with increasing length of
the nerve graft, potentially as a result of the loss of a normal
environment created by living cells for the advancement of
nerve regeneration (Walsh et al., 2009).

Schwann cells (SCs), which can promote nerve regener-
ation and are a source of trophic factors, remyelinate axons
and restore nerve conduction (Bunge et al., 1994). Thus,
SCs are the main cell type considered for the seeding of tis-
sue-engineered nerve grafts (Hadlock et al., 2000; Evans et
al., 2002). However, SCs cultured in vitro have poor prolif-
erative ability and an insufficient number of cells may delay
nerve repair. Moreover, ideal cells for transplantation should
be easily obtained, proliferate rapidly, and not elicit an im-
munological reaction (Tohill et al., 2004). Therefore, adult
stem cells are a promising alternative to SCs. Mesenchymal
stem cells, which have the potential to extensively self-renew
and differentiate into cells of different lineages (Pittenger et
al., 1999), have been applied as alternatives to SCs for many
years. Among them, adipose stem cells (ASCs) are easily ob-
tained and isolated from adipose tissue, which is abundant,
by conventional liposuction procedures; moreover, ASCs
can be expanded in culture, thus representing ideal seed cells
for nerve repair (Zuk et al., 2004; Jiang et al., 2008). Several
studies showed that SCs differentiated from ASCs (dASCs),
elicit good results for treating nerve defects when composit-

ed with ANAs (Wang et al.,, 2012; Ghoreishian et al., 2013).
However, use of ANAs combined with dASCs for the treat-
ment of brachial plexus injuries has rarely been reported,
especially for CC7 nerve-based repair.

Therefore, the purpose of the present study was to evaluate
the efficacy of CC7 nerve transfer combined with acellular
nerve grafts seeded with SCs differentiated from ASCs to re-
pair upper brachial plexus injuries in a rat model.

Materials and Methods

Animals
Thirty male specific-pathogen-free Sprague-Dawley rats
weighing 200-300 g and aged 6 weeks, and 10 female rats
weighing 100-120 g and aged 4 weeks were provided by the
Experimental Animal Center of Sun Yat-sen University, Chi-
na (Production License No. SCXK (Yue) 2016-0029). Ten
female Sprague-Dawley rats were used for harvesting ASCs,
while 12 Sprague-Dawley rats were used for harvesting of
nerve allografts. Rats were housed under temperature- and
light-controlled conditions (25°C, 55% humidity, 12:12 hour
light/dark cycle), with free access to water and food.
Eighteen male adult SD rats were randomly divided into
three groups: ANA, ANA + dASCs, and autograft with four
bundles of sural nerve autografts. All experiments were ap-
proved by the Administration Committee of Experimental
Animals of the First Affiliated Hospital of Sun Yat-sen Uni-
versity (Animal Experimental Ethical Inspection License No.
2016-150) in June 2016. The experimental procedure fol-
lowed the United States National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publica-
tion No. 85-23, revised 1985).

ASC isolation and culturing

As previously described, ASCs were harvested from the in-
guinal fat pad of 10 female SD rats (Xu et al., 2008). Briefly,
debris and erythrocytes were removed from chopped adipose
tissues by extensive washing with sterile phosphate-buffered
saline (PBS). The washed fat tissue was dissociated for 1 hour
at 37°C using 0.15% collagenase type I (Gibco, Carlsbad, CA,
USA). Undissociated tissue was removed from the solution
using a 100-um filter, and enzyme activity was neutralized
using an equal volume of Dulbecco’s Modified Eagle’s Me-
dium (DMEM) (Gibco) containing 10% fetal bovine serum
(Gibco). After centrifugation at 1000 x g for 5 minutes, the
cell pellet was resuspended in DMEM containing 10% fetal
bovine serum. Cells were plated and incubated at 37°C, 5%
CO,, and defined as passage 0.

Differentiation of ASCs into SC phenotypes and
immunostaining

The differentiation procedure employed was as previously de-
scribed (Xu et al., 2008). Briefly, passage 35 cells were plated
at a density of 1 x 10° cells/cm” and cultured in DMEM/F12
(1:1) containing 20 ng/mL epidermal growth factor (Pepro-
tech, Rocky Hill, NJ, USA), 20 ng/mL basic fibroblast growth
factor (Peprotech), and B27 (1:50, Gibco). Medium was re-
placed every 3 days to achieve the formation of neurospheres.
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For terminal differentiation, neurospheres were dissociated
into single cells using trypsin, and then seeded onto po-
ly-L-lysine-coated (Sigma, St Louis, MO, USA) six-well cham-
ber slides at a density of 2 x 10° cells/cm”. Differentiation
medium was DMEM supplemented with 35 ng/mL all-trans
retinoic acid (Sigma), 14 pM forskolin (Sigma), 200 ng/mL
heregulin-betal (Peprotech), and 10 ng/mL platelet-derived
growth factor-BB (Peprotech).

After differentiation, cells were fixed for 10 minutes in
4% paraformaldehyde and washed three times with PBS.
Subsequently, cells were permeabilized in 0.2% Triton-X/
PBS and blocked for 1 hour with bovine serum albumin.
The following primary antibodies were applied overnight at
4°C: S-100 (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), P75 (1:250; Santa Cruz Biotechnology) and glial
fibrillary acidic protein (GFAP, 1:400; Santa Cruz Biotech-
nology). After 24 hours, slides were washed three times
with PBS and incubated with secondary antibody at room
temperature in the dark for 1 hour. Nuclei were labeled
with 4',6-diamidino-2-phenylindole (DAPI, Sigma) and
proteins were visualized using a goat anti-mouse IgG con-
jugated to Cy3 (Sigma).

Preparation of acellular nerve allografts

Rats were intraperitoneally anesthetized with pentobarbital
sodium (50 mg/kg; Sigma). The sciatic nerve of each rat was
harvested and cleaned, then immediately immersed in PBS.
Chemical detergents were used for nerve segments to re-
move cellular components, as detailed elsewhere (Sondell et
al., 1998; Wang et al., 2010). Briefly, the nerve was placed in
deionized distilled water and agitated for 7 hours, and then
washed in 3% Triton X-100 (Sigma) overnight, followed by
incubation in 4% sodium deoxycholate for 24 hours. For
sterilization, nerves were immersed in Cobalt-60 for 12
hours after washing in PBS. Finally, the nerve was stored in
sterile PBS at 4°C until use.

Surgical procedures

Rats underwent identical surgical procedures: general anes-
thesia with pentobarbital (50 mg/kg, intraperitoneal) under
aseptic conditions. The upper brachial plexus avulsion in-
jury (Figure 1A and B) was established by steady moderate
traction applied away from the intervertebral foramen with
micro-hemostat forceps. The CC7 nerve root was excised
(Figure 1C), pulled distally, and marked by 5-0 silk sutures. A
chemically extracted 1.5-cm-long ANA with or without cells
was used to bridge the 1.5-cm gap between the CC7 nerve
root and C5-6 nerve (Figure 1D). For non-cell-laden acel-
lular nerve grafts, the nerve gap between CC7 and C5-6 was
bridged using only an ANA. For dASC-seeded acellular nerve
grafts, 10 uL of dASCs with a density of 1 x 10’/mL were in-
jected longitudinally into ANAs using a pipette without dam-
aging the epineurium. In the autograft group, the 1.5-cm-long
nerve defect was bridged by sural nerve autografts. All nerve
grafts were sutured to the epineurium of the CC7 and C5-6
nerve stumps using 11-0 monofilament nylon sutures under
10x magnification.
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Functional evaluation

Functional recovery of the upper limb was examined using
a modified grooming test (Bertelli et al., 1993), which was
employed to assess external shoulder rotation, abduction,
and elbow flexion. The function of each rat was evaluated
once weekly commencing 2 weeks after surgery and until 16
weeks. Briefly, 1-3 mL of water was squirted over the ani-
mal’s snout to induce a reproducible grooming movement.
Uninjured rats elevated both forelimbs to behind the ear,
brought them down to the snout, and finally licked. This
motion was recorded to evaluate the function of the bilateral
forelimb. The onset of discernible function of the rat upper
limb was recorded. Scores for the grooming test (Terzis
grades) were defined as follows: 5 points, the paw touched
behind the ear; 4 points, the paw reached the front of the ear,
but not the back; 3 points, the paw reached the snout, but
not the eye; 2 points, the paw touched the snout with flexion
of the elbow; and 1 point, the paw could not touch the snout.

Electrophysiological assessment

Sixteen weeks after surgery, rats were anesthetized and the
nerve grafting was exposed. Stimulating crook-shaped silver
needle electrodes were placed on the proximal and distal
sides of the nerve graft. Compound muscle action potentials
of biceps or deltoid muscles were recorded using a biologi-
cal function experimental system (BL-420F; TaiMeng, Inc.,
Chengdu, China). Motor conduction velocity was calculated
using the latencies and distance from the stimulating to re-
cording electrodes.

Histology of the regenerated nerve

After electrophysiological evaluations, rats were sacrificed to
excise the nerve segments (n = 6). The distal stump of the re-
generated nerve was harvested and fixed in 4% paraformal-
dehyde at 4°C overnight for immunohistochemical analysis.
Hematoxylin-eosin staining of sections was used to analyze
the basic structure of the regenerated nerve. In addition,
nerve sections were incubated in a solution of monoclonal
S-100 protein antibody (1:200; Sigma) and neurofilament
(NF) antibody (1:200; Sigma) at room temperature for 2
hours. Subsequently, nerve sections were incubated in an-
ti-rabbit IgG solution (1:300; Jackson ImmunoResearch,
West Grove, PA, USA) for 30 minutes. Six randomly selected
areas of each nerve section were captured to quantify S-100-
and NF-positive areas using Image Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD, USA).

Evaluation of regenerated nerve myelination

For the middle part of regenerated nerves, a 1- to 2-mm
slice cut at the proximal part was placed in 2.5% glutaralde-
hyde for 2 hours, osmicated, dehydrated, and embedded in
Epon 812 resin (Ted Pella, Redding, PA, USA). A transverse
section (1 um) was stained with 1% toluidine blue. Axon
density based on the total number of myelinated axons was
calculated. Six random pictures of each sample were cap-
tured to quantify the number of axons. Thickness of the my-
elin sheath, diameter of the myelinated axon, and ratio of the
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axon to the total fiber diameter were quantified from trans-
mission electron microscope images. In total, 50-60 random
axons from each specimen were assessed.

Morphology of the muscle

Before excising nerve segments, deltoid and biceps muscles
on the experimental side were harvested. Acetylcholinester-
ase (AChE) cytochemical staining was used to observe the
motor endplates. The remaining muscle samples were fixed
with 4% formalin, embedded in paraffin, and transversely
sectioned with a cryostat. Sections were stained with Masson
trichrome and observed by light microscopy. Four randomly
selected fields of each specimen were analyzed to measure
the muscle fibers area. The percentage of collagen fibers is
expressed as the area of collagen divided by the total area of
muscle and collagen.

Statistical analysis

All data are expressed as the mean + SD, and were analyzed
using SPSS 15.0 software (SPSS, Chicago, IL, USA). One-
way analysis of variance was employed to assess significant
differences among the three groups. P < 0.05 was considered
statistically significant.

Results

Characterization and immunocytochemical analysis of
SCs

ASCs displayed a population of spindle-shaped cells (Figure
2A). ASCs were then re-cultured in DMEM/F12 medium
supplemented with basic fibroblast growth factor, epidermal
growth factor, and B27. After 2—4 days, many neurospheres
were observed (Figure 2B and C). The neurospheres were
triturated into single cells, which were then re-cultured in
differentiation medium. After culture for an additional 2—4
days, cells were elongated, growing in a longitudinal and SC-
like shape (Figure 2D-F). To evaluate the differentiation of
SC-like cells, immunocytochemical analysis of SC markers
(GFAP, P75, and S100) was assessed after 9 days. The results
indicated that expression of GFAP, P75, and S100 in SC-like
cells was noticeably increased in all groups (Figure 3A, B
and C).

Motor function assessment

Before surgery, rats could raise their forelimbs and reach the
area behind their ears. However, rats receiving CC7 nerve re-
pair displayed great improvement when testing these move-
ments, especially in the autograft group. The onset of dis-
cernible function of the autograft group (45.40 * 7.30 days)
was later than observed in ANA + dASCs and ANA groups
(53.20 £ 3.35 days, and 61.40 + 6.80 days, respectively)
(Figure 4A). However, no statistical significance was found
between autograft and ANA + dASCs groups (P > 0.05). Six-
teen weeks after nerve grafting, all three groups showed clear
signs of functional recovery of the forelimb. Terzis grades of
the autograft group (3.60 * 0.55) were higher than in ANA
and ANA + dASCs groups (3.20 + 0.45 and 3.40 £ 0.55,
respectively), although there was no statistical significance

among the three groups (Figure 4B).

An electrophysiological assessment was performed to
investigate whether functional reinnervation occurred. The
percentage of compound muscle action potential amplitude
calculated on injured and contralateral sides for each group
was significantly increased in the autograft group compared
with ANA and ANA + dASCs groups (P < 0.05). The per-
centage of compound muscle action potential amplitude was
significantly increased in the ANA + dASCs group compared
with the ANA group (P < 0.05; Figure 4C). Motor conduc-
tion velocity value was highest in the autograft group among
all three groups. Motor conduction velocity was increased in
the ANA + dASCs group compared with the ANA group (P
< 0.05; Figure 4D).

Histological assessment of regenerated nerves

Sixteen weeks postoperatively, linearly ordered structures
were observed in the newly formed nerves for all three
groups using hematoxylin-eosin staining (Figure 5A).
NF200 and S100 staining was performed on nerve specimens
of each group to quantify nerve axons and SC survival, re-
spectively. Positive expression of NF-200 and S100 was both
observed in regenerated nerves of the three groups (Figure
5B and C). Percentages of S100-positive and NF-positive ar-
eas in autograft and ANA + dASCs groups were significantly
increased compared with the ANA group at 16 weeks after
surgery (P < 0.05; Figure 5D and E). However, there was no
significant difference between autograft and ANA + dASCs
groups (P > 0.05).

Remyelination of nerves

Sixteen weeks postoperatively, toluidine blue staining (Fig-
ure 6A) and transmission electron microscopic examination
(Figure 6B) were used to compare nerve remyelination of
the middle implants of each group. Few myelinated fibers
were observed in the ANA group, which presented more
debris. Compared with the ANA group, nerve fibers and
abundant myelinated fibers were regularly arranged in auto-
graft and ANA + dASCs groups. Moreover, the number and
diameter of myelinated axons were greatest in the autograft
group, followed by ANA + dASCs and ANA groups (P < 0.01;
Figure 6C and D). Thickness of the myelin sheath was sig-
nificantly increased in autograft and ANA + dASCs groups
compared with the ANA group (P < 0.05; Figure 6E). How-
ever, there was no significant difference in G-ratio among
the groups (Figure 6F).

Examination of muscles

Masson trichrome staining of the target muscle morphome-
try was performed at 16 weeks post-operation (Figure 7A).
AChE staining was used to evaluate the motor end plate
units of target muscles (Figure 7B), further indicating the
reduction of muscle atrophy in autograft and ANA + dASCs
groups because of enhanced muscle reinnervation after
nerve repair. However, motor endplates were rarely present
in the ANA group. Masson staining results indicated that
the cross-sectional area of the muscle fiber was significantly
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Figure 1 Surgical procedures.

(A) A midline incision was performed. (B) The
C5-6 distal stumps of the injured side are indi-
cated by blue arrows. (C) The contralateral C7
was fully exposed and is also indicated by blue
arrows. (D) The nerve defect between contra-
lateral C7 and C5-6 distal stumps were bridged
by nerve graft.

Figure 2 Morphological changes in adult
adipose-derived stromal cells before and after
induction (inverted contrast microscopy).

(A) After re-culture in Dulbecco's Modified Ea-
gle’s Medium/F12 containing epidermal growth
factor, basic fibroblast growth factor, and B27
for 24 hours, a heterogeneous population of
spindle-shaped cells was observed. (B, C) After
continuing culture for 2—4 days, neurospheres
were observed. (D, E) After culture for an addi-
tional 2—4 days, cells were elongated and grow-
ing in a longitudinal and Schwann cell-like
shape. (F) Morphology of adult adipose-de-
rived stromal cells in the control group showed
no change. Original magnification, 100x.

DAPI GFAP Merge
DAPI P75 Merge
DAPI S100 Merge

Figure 3 Immunostaining of differentiated
adipose stem cells after 9 days (fluorescence
microscope).

(A—C) Nearly all Schwann cell-like cells ex-
pressed specific markers: (A) GFAP, (B) P75,
and (C) S-100. All nuclei were counterstained
with DAPI (blue). GFAP: Glial fibrillary acidic
protein; DAPI: 4',6-diamidino-2-phenylindole.
Original magnification, 400x.
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Figure 4 Histograms showing functional recovery of the upper limb in
the three groups.

(A) Onset of discernible function of each group. (B) Terzis grades (grooming
test) in each group before and after surgery, indicating functional improve-
ment of the forelimb in all groups 16 weeks after surgery. (C, D) CMAP
recovery ratio and motor conduction velocity on the intervention side at 16
weeks after nerve grafting. *P < 0.05, **P < 0.01 (mean + SD, n = 6; one-
way analysis of variance followed by least significant difference post hoc
test). CMAP: Compound muscle action potential; ANA: acellular nerve
allografts; dASCs: differentiated adipose stem cells.
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Figure 6 Remyelination of the regenerated nerve.

(A) Toluidine blue staining results: The number of regenerating nerve fibers
was increased in autograft and ANA + dASCs groups compared with the
ANA group. Original magnification, 400x. Scale bar: 50 um. (B) Trans-
mission electron microscopy results: Axon bundling and myelination were
reduced in the ANA group compared with autograft and ANA + dASCs
groups. Transmission electron microscopy, Scale bar: 2 pm, original magni-
fication, 15000x. The number (C), diameter (D), and thickness of myelin-
ated axons (E) were significantly increased in autograft and ANA + dASCs
groups compared with the ANA group. (F) G-ratio among the three groups.
*P < 0.05, **P < 0.01 (mean + SD, n = 6; one-way analysis of variance fol-
lowed by least significant difference post hoc test). ANA: Acellular nerve
allografts; dASCs: differentiated adipose stem cells.
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Figure 5 Histological analysis of the regenerated nerve at 16 weeks after
nerve grafting.

(A) Hematoxylin-eosin staining of nerve grafts: the arrows indicates that
autograft and ANA + dASCs groups provided more newly formed nerves
than the ANA group. (B) Immunostaining for NE. (C) Immunostaining for
S-100, the arrows indicates that both autograft and ANA + dASCs groups
exhibited increased percentages of S-100- and NF-positive areas compared
with the ANA group. Inverted contrast microscopy, original magnification,
100x. Scale bar: 50 pm. (D, E) Significant increases in numbers of positively
stained S-100 and NF in autograft and ANA + dASCs groups compared
with the ANA group. *P < 0.05, **P < 0.01 (mean + SD, n = 6; one-way
analysis of variance followed by least significant difference post hoc test).
NF: Neurofilament; ANA: acellular nerve allografts; dASCs: differentiated
adipose stem cells.
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Figure 7 Examination of the muscles.

(A, B) Masson trichrome staining and cholinesterase staining of the motor
endplate of the biceps: muscle atrophy was reduced and more motor end-
plates were present in autograft and ANA + dASCs groups. Inverted con-
trast microscopy, original magnification, 100x. Scale bar: 200 um. (C, D)
Cross-sectional area of muscle fibers and percentage of collagen fiber area for
biceps on the surgical sides. *P < 0.05, **P < 0.01 (mean + SD, n = 6; one-
way analysis of variance followed by least significant difference post hoc test).
ANA: Acellular nerve allografts; dASCs: differentiated adipose stem cells.
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increased in autograft and ANA + dASCs groups compared
with the ANA group (P < 0.05; Figure 7C). Moreover,
among the three groups, average percentage of collagen fiber
area of the target muscle on the injured side was largest in
the ANA group (P < 0.05; Figure 7D).

Discussion

The CC7 nerve root is a reliable donor for the treatment
of brachial plexus injury, as it can be transferred through a
pre-spinal approach to the avulsed upper trunk to improve
the recovery of shoulder abduction and elbow flexion (Xu
et al., 2008; Wang et al., 2012). In addition, nerve autografts,
such as sural nerve, are commonly required to bridge the
gap between CC7 and the upper trunk or C5-6 nerve roots,
as direct repair cannot be achieved for all patients without
unavoidable complications at the donor site. Human ANAs,
also known as processed nerve allografts, have been suc-
cessfully used for repair of nerve defects in clinical practice
(Rinker et al., 2017). However, the application of ANAs com-
bined with dASCs in brachial plexus root avulsion injury has
rarely been reported, especially for CC7 nerve root transfer.

As variables that influence nerve regeneration can be bet-
ter controlled in animal experiments compared with clinical
research (Navarro et al., 2009), we devised a repair model
in which the CC7 nerve root was transferred to the upper
trunk through a modified anterior spinal approach to eval-
uate the effect of ANAs on nerve regeneration. However, we
found that the outcome of a pre-spinal route for CC7 trans-
fer was not ideal and rat mortality was very high, although
efforts were made in early experiments. There are several
reasons accounting for this result. First, the blood supply of
the anterior spinal zone was easily damaged when making
the anterior spinal route, thus increasing the morbidity of
intraoperative and postoperative bleeding. Second, the nar-
row space of the anterior spinal route easily resulted in nerve
compression and the length of the dissected C7 nerve root
was not long enough to place through this route, causing
great difficulties in nerve anastomosis. Third, unlike patients
in clinical practice, recovery of rats from anesthesia was
rapid and the motion of the trachea and esophagus pressed
against the vertebrae when rats started to eat or drink, which
would also cause nerve compression, thus affecting nerve re-
generation. Therefore, we modified the animal model using
a subcutaneous tunnel through the superficial muscles of the
neck to avoid the aforementioned disadvantages.

ANAs have been shown to improve nerve regeneration
without immune responses or infection (Moore et al., 2009;
Tajdaran et al., 2016). However, unlike nerve autografts,
acellular grafts lack a beneficial microenvironment for ax-
onal regeneration and are unable to provide full functional
recovery (Wang et al., 2015). Therefore, an appropriate
microenvironment is necessary for nerve regeneration and
target reinnervation. In our previous animal studies, bet-
ter functional outcomes were achieved when the ANA was
used in combination with platelet-rich plasma, Etifoxine, or
ginkgo biloba extract (Zhu et al., 2015). Zheng et al. (2014)
demonstrated that platelet-rich plasma stimulated SC prolif-
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eration and migration, increased expression of nerve growth
factor (NGF) and glial-derived neurotrophic factor (GDNF),
and improved axon regeneration. Zhou et al. (2014) also
discovered that etifoxine enhanced synthesis of neurotroph-
ic factors, including NGF, GDNEF, and vascular endothelial
growth factor, and promoted nerve regeneration.

In addition, some studies have shown that SCs improved
nerve regeneration when seeded with tubular nerve conduits
(Kingham et al., 2007; Kalbermatten et al., 2008; Jiang et al.,
2017). However, disadvantages such as immune rejection
continue to hinder wide application of SCs for allografting.
ASCs have been identified as suitable alternatives to SCs for
tissue-engineering nerves, as they are easily accessible and
can be differentiated into SCs (Schaakxs et al., 2008; Geor-
giou et al,, 2015). Several research groups have shown that
ANA seeded with ASCs, bone marrow mesenchymal stem
cells, or SC-like cells achieved better functional recovery in
repairing peripheral nerve defects (Liu et al., 2011; Fan et al.,
2014; Jesuraj et al., 2014; Wang et al., 2016). Our study also
demonstrated that ASCs, which were isolated from adipose
tissue and exposed to differentiation media, produced a mor-
phological change into an elongated spindle phenotype and
expression of specific glial markers, including GFAP, p75 and
S100, suggesting plenty of SCs were produced from ASCs.
In the present study, nerve root avulsion rats transferred
with CC7 combined with ANAs laden with dASCs exhibited
significantly better function compared with the ANA group.
Moreover, the ANA + dASCs group showed increased axon
regeneration and myelination, and reduced muscle atrophy,
similar to the nerve autograft group.

The present study assessed nerve regeneration in ANA,
ANA + dASCs, and autograft groups at 16 weeks after nerve
grafting. First, a grooming test was used to evaluate the
recovery of motor function in the post-operative affected
forelimb, as described by Bertelli and Mira (1993). After
surgery, normal grooming actions were not observed in any
of the three groups, indicating dysfunction of the shoulder
and elbow. It has been reported that muscle atrophy is irre-
versible after nerve injury and the functional outcome would
be poor if axons did not regenerate into distal target muscles
(Zheng et al., 2014). Therefore, rapid regeneration of nerves
is of great importance in peripheral nerve regeneration. Our
results showed earlier functional recovery of grooming in
the ANA + dASCs group compared with the ANA group,
demonstrating that ANA seeded with SCs could accelerate
nerve regeneration; although, the results were not as satisfac-
tory as the autograft group. Gao et al. (2014) also reported
the use of ANAs seeded with dASCs for 10-mm sciatic nerve
defects in Sprague-Dawley rats, which resulted in remarkably
improved results over ANAs but were similar to autograft at
6 and 12 weeks after surgery, similar to our results. However,
in the present study, shoulder abduction and elbow flexion
of the three groups were all recovered at 16 weeks post-sur-
gery, and there was no significant difference in scores among
the three groups. This may be associated with the long-term
process of central cortex remodeling after CC7 nerve root
transfer.
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Histological evaluation of regenerated nerve and muscle
16 weeks after surgery was used to assess nerve regenera-
tion. Immunohistochemistry provided clear evidence that
percentages of NF and S-100 positively stained areas in
the ANA + dASCs group were increased compared with
the ANA group, and were almost identical to the autograft
group. Additionally, myelinated fiber density was highest in
the autograft group, followed by ANA + dASCs and ANA
groups. The results of histological evaluation of the target
muscle showed that compared with the ANA group, more
regenerated axons grew through the ANA + dASCs to rein-
nervate the target. These findings may indicate that dASCs,
which have the ability to produce neurotrophic and neuro-
tropic factors, could support and maintain the regeneration
of peripheral nervous system axons, thus enhancing neural
recovery. Extracellular matrix, the main component of ANA,
is very important for cell survival, differentiation, and mi-
gration. A study by di Summa et al. (2014) demonstrated
that extracellular matrix molecules noticeably improved the
potential of dASCs for axon regeneration. However, further
study is needed to better understand this finding.

As far as we know, this may be the first report of ANAs
incorporating SCs, which were differentiated from ASCs, for
use as nerve grafts to bridge the defect nerve gap when CC7
nerve root transfer was performed in a rat upper brachial
plexus root avulsion model. The efficacy for stimulating my-
elinated axon regeneration and rescuing muscle atrophy in
the ANA + dASCs group was better than that observed in
the ANA group, and almost identical to the autograft group.

In summary, the model of CC7 nerve transfer combined
with nerve grafts seeded with dASCs through superficial
muscles of the neck was reliable for nerve repair after brachi-
al plexus injury. Moreover, as confirmed by functional mea-
sures, histology, and electrophysiological examination, this
method effectively promoted axon regeneration and muscle
reinnervation, and effectively restored shoulder and elbow
functions after upper brachial plexus injuries; thus, provid-
ing an experimental basis for future clinical use.
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