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Abstract

Reconstruction to close a peripheral nerve gap continues to be a challenge for clinical medicine, and much effort is being made
to develop nerve condauits facilitate nerve gap closure. Acellular dermal matrix (ADM) is mainly used to aid wound healing, but
its malleability and plasticity potentially enable it to be used in the treatment of nerve gaps. Adipose-derived stem cells
(ADSCs) can be differentiated into three germ layer cells, including neurospheres. We tested the ability of ADSC-derived
neural stem cells (NSCs) in combination with ADM or acellular sciatic nerve (ASN) to repair a transected sciatic nerve. We
found that NSCs form neurospheres that express Nestin and Sox2, and could be co-cultured with ADM in vitro, where they
express the survival marker Kié7. Following sciatic nerve transection in rats, treatment with ADM+NSC or ASN+NSC led to
increases in relative gastrocnemius weight, cross-sectional muscle fiber area, and sciatic functional index as compared with
untreated rats or rats treated with ADM or ASN alone. These findings suggest that ADM combined with NSCs can improve

peripheral nerve gap repair after nerve transection and may also be useful for treating other types of neurological gaps.
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Introduction

A nerve gap is defined as the distance between the ends of a
completely severed nerve'. If a nerve gap is relatively
small, end-to-end repair is the preferred treatment, but
sometimes the axons cannot cross the scar tissue in the
wound area>*. Nonetheless, though it remains a major chal-
lenge, thanks to advances in precision microsurgery and
greater understanding of neurophysiological and molecular
pathways, peripheral nerve repair is no longer an unattain-
able fantasy.

Autologous nerve transplantation is currently the most
effect approach to repair of wide nerve gaps, but autologous
nerve grafts are limited by donor sensory loss, the length of
the nerve defect site, the size of the defect nerve, and the fact
that deficient nerve type may differ from that of the nerve
graft. All of these factors can reduce the efficacy of the
procedure™®. To overcome these shortcomings, the develop-
ment of biosynthetic material nerve conduits has been
actively pursued, and choices available for nerve gap repair
are now more diverse. The current US FDA-approved nerve
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conduit is composed of collagen and polyglycolic acid or
polycaprolactone.

Advances in medical technology and proper treatment of
acellular tissue that preserves its original structure could
reduce the immune response to allogeneic transplantation.
This gives acellular tissue great potential for application in
clinical medicine®. An advantage of acellular nerves is that
they provide extracellular matrix molecules such as fibro-
nectin and laminin, which support and enhance nerve regen-
eration”®. For example, the extent of repair achieved using
acellular sciatic nerve (ASN) was significantly greater than
that achieved using a silicone nerve conduit’.

Schwann cells exhibit different phenotypes at different
times during the nerve repair process, and release related
neurotrophic factors to help nerve repair'®'!. The inability
to obtain sufficient Schwann cells in a short period of time
severely limits their clinical application'’. Neural stem cells
(NSCs) are stem cells capable of differentiating into neurons
or glial cells. Studies have shown that NSC implantation is
beneficial in cases of acute or chronic peripheral nerve
injury'?. However, NSCs are associated with a higher rate
of neuroblastoma formation and the primary source is the
brain'?. Adipose-derived stem cells (ADSCs) can be
obtained through conventional procedures such as liposuc-
tion, and the number of ADSCs obtained per unit adipose
tissue is much higher than with other types of stem cells.
Moreover, ADSCs have greater proliferation and differentia-
tion potential than mesenchymal stem cells'?, and they can
be induced into NSCs by adding equal portions of epidermal
growth factor (EGF) and fibroblast growth factor (FGF) to a
specific medium'?.

Currently, acellular dermal matrix (ADM) is used primar-
ily for research into healing severe wounds such as burns and
chronic wounds'®'®, and its in vivo metabolism and micro-
structure are well established'® 2. The ductility and plasti-
city of ADM suggest that it is potentially useful for repair of
nerve gaps of various sizes in nerves of different diameters,
and that it could be combined with neuro-engineered mate-
rials for future benefits to patient. We previously showed
that ADSCs can be induced into NSCs, which can grow on
ADM?. In the present study, we present several lines of
evidence that ADM combined with ADSC-derived NSCs
can contribute to nerve gap repair in a rat model of sciatic
nerve transection with a 10-mm gap. These findings provide
new insight into a nerve repair strategy for patients with a
peripheral nerve injury.

Materials and Methods

Isolation and Culture of ADSCs

ADSCs were collected from healthy donors at the Tri-
Service General Hospital, Taipei, Taiwan, ROC, after
obtaining informed consent (Institutional Review Board 1-
101-105-97). The extracted fat was washed in three times in
phosphate-buffered saline (GIBCO, Carlsbad, CA, USA)

and collected by centrifugation at 1200 x g for 3 min each
time. The tissue was then incubated in 0.075% type I col-
lagenase (Sigma-Aldrich, St. Louis, MO, USA) for | h at
37°C, after which the collagenase was inactivated by addi-
tion of an equal volume of Dulbecco’s modified Eagle’s
medium (Invitrogen Waltham, MA, USA) containing
HyClone 10% fetal bovine serum (FBS; GE Healthcare Life
Sciences, Chicago, IL, USA). The tissue was then centri-
fuged at 1200 x g for 10 min, after which the pellet was
collected as the stromal vascular fraction and cultured in
keratinocyte-SFM (Invitrogen/GIBCO) containing 10%
FBS, 1% penicillin-streptomycin (Invitrogen/GIBCO) and
1% glutamine (Invitrogen/GIBCO) at 37°C under 5% CO,/
95% air. After incubation for 1 day, the remaining red blood
cells and unattached cells were washed away with Hanks
buffered salt solution (HBSS; Thermo Scientific, Waltham,
MA, USA), and the culture was continued by adding fresh
medium. ADSCs were formed 3 days later and either sub-
cultured or frozen for later use.

Flow Cytometry

Subcultured ADSCs (passage 3) were analyzed using flow
cytometry. Aliquots of 1 x 107 ADSCs were suspended in
PBS containing 0.5% bovine serum albumin (BSA; Bio-Rad
Laboratories, Hercules, CA, USA), after which fluorescein
isothiocyanate (FITC)-conjugated mouse anti-human CD73
(Thermo Fisher Scientific) and PE-conjugated mouse anti-
human CD105 (Thermo Fisher Scientific) were added, and
the suspension was incubated for 1 h on ice. The samples
were then centrifuged and washed with PBS three times,
suspended in 1 ml of PBS, and analyzed using a Becton
Dickinson FACS Calibur (Franklin Lakes, NJ, USA). For
each sample, 2.5 x 10° cells were retrieved and analyzed
using CellQuest software.

Neurosphere Formation

To induce neurosphere formation, aliquots (5 x 10° cells)
of passage 3 ADSCs were seeded into the Ultra-Low cul-
ture dishes (CORNING, Corning, NY, USA) and culture in
NSC induction medium composed of keratinocyte-SFM
containing 1% FBS, 1% penicillin-streptomycin, 1% gluta-
mine, 20 ng/ml EGF (Invitrogen/GIBCO) and 20 ng/ml
FGF (Peprotech, Rocky Hill, NJ, USA). The medium was
changed every 2 days, and, after 7 days, the ADSCs devel-
oped into neurospheres.

Preparation of Acellular Tissue

The experimental procedures used in this study were
reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC-16-114) of National Defense Med-
ical Center, Taipei, Taiwan, ROC. Acellular tissue was pre-
pared mainly as described previously'®'®*. For the
preparation of ADM, patches (3 x 5 cm?) of full-thickness
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skin were removed from 8- to 12-week-old nude mice
(BALB/c-nu; BioLASCO Taiwan Co, Ltd, Taipei, Taiwan,
ROC) and immersed in trypsin for 24 h at 37°C to remove
the epidermis and other cells. The dermal matrix was then
immersed in 0.5% Triton X-100 for 24 h at room temperature
to form Trypsin-Triton ADM, which was washed five times
in PBS and stored at 4°C in a refrigerator.

To obtain ASN, 8- to 12-week-old, male Sprague-Dawley
rats (Bltw: SD; BioLASCO) were sacrificed by CO, asphyx-
iation. ASN was then prepared from 25-30 mm of sciatic
nerve collected from the freshly killed animals. After wash-
ing away residual blood with PBS, ASN was produced by
soaking the nerve in 0.5% Triton X-100 at room temperature
for 24 h with shaking (to remove cells). The resulting ASN
was washed with PBS and stored at 4°C.

Immunofluorescent Staining

Tissue samples were immersed in OCT, frozen at —20
degrees, and cut into 10-pum-thick sections. The sections
were mounted on glass slides, which were washed three
times with PBS, fixed for 30 min in 99% ethanol, treated
for 30 min with PBS containing 0.05% Triton X-100, and
blocked for 1 h in 2% normal goat serum (Cayman Chemi-
cal, Ann Arbor, MI, USA). The specimens were then incu-
bated for 2 h with the primary antibody, washed with PBS,
and incubated for 1.5 h with a secondary antibody at room
temperature. The primary antibodies used in this study were
mouse anti-Nestin monoclonal antibody (ab22035, 1:200;
Abcam, Cambridge, UK), rabbit anti-Ki67 monoclonal anti-
body (ab16667, 1:200; Abcam), and mouse anti-SOX2
monoclonal antibody (MAB2018, 1:200; R&D Systems,
Minneapolis, MN, USA), The secondary antibodies used
were Alexa flour 488 goat anti-rabbit (Invitrogen/GIBCO)
and Alexa Flour 594 goat anti-rat (Invitrogen/GIBCO). The
specimens were then counterstained for 5 min with the
nuclear dye 4’°,6-diamidino-2’-phenylindole (DAPI), wash
with PBS, and covered with a coverslip, before being exam-
ined and imaged using a fluorescence microscope (Leica,
Wetzlar, Hessen, Germany) or a Zeiss confocal laser scan-
ning microscope (Carl Zeiss Inc, Thornwood, NY, USA).

NSCs Seeded onto ADM and ASN

Samples of ADM (1 cm?) and ASN (1 cm) were placed in the
wells of a 24-well plate®®, after which 1 x 10° NSCs were
added to each well and cultured on the ADM or ASN in NSC
induction medium. After incubation for 72 h, unattached
cells and medium were washed away with HBSS.

Sciatic Nerve Transection, Treatments, and Toluidine
Blue Staining
To produce a rat model of sciatic nerve transection, 7- to

8-week-old (200-250 g) SD rats were anesthetized by intra-
peritoneal injection of 20 mg/kg Zoletil and 5 mg/kg
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Fig. |. ldentification of human ADSCs. (A) Photomicrograph
showing the morphology of ADSCs after 3 days in culture. Magni-
fication, 20x; scale bar, 50 um. (B—C) The cell surface markers
CD73 (B) and CD105 (C) were analyzed using flow cytometry.

Xylazine. After routine skin preparation and disinfection,
incisions were made at the gluteal and posterior thigh to
expose the left sciatic nerve, which was then transected at
the middle portion of the nerve trunk to prepare a 10-mm
nerve gap. The animals were randomly assigned to six
groups: a sham operation group (sham) in which the sciatic
nerve was explored but not damaged; a negative control
(NG) group in which the sciatic nerve was left with the
10-mm gap but with no graft; ASN and ADM only groups
in which the gaps were bridged using ASN or ADM; and
ASN+N and ADM+N groups in which 5 x 10> cells dis-
sociated from neurospheres were applied gaps bridged by
ASN or ADM. After 8 weeks, the rats were sacrificed, and
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Fig. 2. Identification of NSCs. (A) Representative cell spheres dissociated into single cells, and culture was continued. After 3 days, the cells
had re-aggregated, and the spheres proliferated with further culture. (B) Immunofluorescent staining of Nestin. Upper panels: I|gG-treated
negative controls, which show only nuclear staining with DAPI. Lower panels: Fluorescence images of FITC-labeled Nestin. (C) Immuno-
fluorescent staining of Sox2. Upper panels: negative controls. Lower panels: Fluorescent images of PE-labeled Sox2. Scale bars, 50 pm in all

panels.

the surgical sites were opened to harvest the nerve tissue and
gastrocnemius.

The nerve grafts were transected using cryosection, each
sheet having a thickness of 5 um, followed by toluidine blue
staining®*°. The stock solution 1% toluidine blue (ScyTek
Laboratory, Logan, UT, USA) was diluted to 0.1%, and each
group was sectioned with a drop of 0.1% toluidine blue,
allowed to stand for 1 min, and the slide was immersed in
ionic water to wash away excess toluidine blue. The slides
were dried at 60°C for at least 15 min, and covered with

a coverslip. Each group of slides was photographed under
a microscope, and three photographs were randomly selected
for each group. The number of axons per unit area was
calculated using ImagelJ software, version 1.44a (http://ima-
gej.nih.gov/ij/), to calculate axonal density.

Sciatic Functional Index

Walking track analysis (footprint) and calculation of the
Sciatic Functional Index (SFI) were as described by De
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Fig. 3. ADM and ASN are suitable for NSC survival. (A and B) NSCs (I x 10°) were added to each well and cultured on ADM (A) or ASN
(B) for 72 h. Upper panels: IgG-treated negative controls, which show only nuclear staining with DAPI. Lower panels: Fluorescence images
showing FITC-labeled Ki67. Leftmost panels are phase contrast (PH) images of the tissue in white light. Scale bar, 50 pm.
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Fig. 4. NSCs seeded onto ADM exhibit surface markers of NSCs. (A and B) NSCs (I x 10°) were added to each well and cultured on ADM
(A) or ASN (B) for 72 h. Upper panels: Negative controls, which show only nuclear staining with DAPI. Lower panels: Fluorescence images
showing PE-labeled Nestin. Leftmost panels are phase contrast (PH) images of the tissue in white light. Scale bar 50 pm.
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Medinaceli et al*’. SD rats walked on an acrylic track that
was 150 cm long, 13 cm wide, and 15 cm high. Ink and
white paper were used to obtain the footprints, which
were then photographed for analysis using ImagelJ soft-
ware. The SFI was then calculated from the footprint
anal;;gis using the following formula, as modified by Bain
et al”®:

SFI = —38.8 x w +109.5 x w
NPL NTS

EIT — NIT) _ 88

13.3
I ( NIT

where E is experimental; N is normal; PL is the print length
(distance between second toes and heel); TS is toe spread
(distance between first and fifth toes); and IT is intermediate
toe spread (the distance between the second and fourth toes).

Relative Gastrocnemius Muscle Weight

The gastrocnemius is the largest muscle dominantly inner-
vated by the sciatic nerve in rats and usually begins to
atrophy after nerve injury®’. The relative gastrocnemius
muscle weight (RGMW) was used to assess nerve
re-innervation. The RGMW was calculated from the ratio
of the muscle weight on the injured side (left) to that on the
healthy (right) side.

Histological Section Analysis

Samples of paraformaldehyde-fixed acellular tissue were
dehydrated and embedded in paraffin. Transverse 5-um-
thick sections of ADM or ASN were then cut using a micro-
tome and stained with hematoxylin and eosin (H&E) using
standard histological procedures.

Statistical Analysis

Use the statistical software SigmaPlot 11 (Systat Software
Inc., Chicago, IL, USA) to perform statistical analysis of the
data. Data are expressed as means + SDs. A value of p <
0.05 was considered statistically significant.

Results
Characteristics of ADSCs and NSCs

Flow cytometric analysis of ADSCs like those shown in
Fig. 1A revealed that about 99.7% of ADSCs expressed
CD105, while about 94.6% expressed CD73 (Fig. 1B and
C). The subcultured ADSCs (passage 3) were transferred to
Ultra-low dishes for suspension culture in NSCs-inducing
medium. After 7 days, the ADSCs had aggregated and taken
on the morphology of neurospheres (Fig. 2), which were then
dissociated into single cells using trypsin (Fig. 2A, dl).
Within 3 days, the cells had re-aggregated into spheres
(Fig. 2A, d3), which then proliferated over the course of the

ASN+NSC

ADM+NSC

ADM

Fig. 5. Footprint analysis. (A) The walking path is a platform that is
150 cm long, 13 cm wide, and I5 cm high. (B) Representative
footprints made by a rat from each of the indicated groups 8 weeks
after transection of the left sciatic nerve leaving a 10 mm nerve gap.

next 6 days (Fig. 2A, d6 and d9). The fluorescence image in
Fig. 2B and C show that the cells within the neurospheres
expressed both Nestin and Sox2.

Confirmation that NSCs Can Survive on ADM and ASN

The two main methods for acellular tissue preparation are
the freeze—thaw method and the chemical method. Previous
research has shown that chemical de-cellularization helps to
maintain the original structure of the tissue, which facilitates
subsequent study'®'®3°. Here, we investigated whether
NSCs could survive on ADM or ASN produced through
chemical de-cellularization. NSCs were seeded onto ADM
and injected into ASN; 3 days later, frozen sections were
prepared and immunofluorescently stained for Ki67 to deter-
mine whether the cells could survive in ADM or ASN. We
detected significant expression of Ki67 in both ADM and
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Fig. 6. Sciatic Functional Indexes (SFls) recorded weekly for 8 weeks following left sciatic nerve transection. Bars depict the mean + SE.
*p < 0.001 vs. the NG (NG), #p < 0.01 vs. the ASN only or ADM only group.

ASN, confirming that NSCs can survive in both ADM and
ASN after chemical de-cellularization (Fig. 3A and B). The
presence of Nestin confirmed that NSCs retain the charac-
teristics of NSCs in both ADM and ASN (Fig. 4A and B).

Weekly Footprint Comparison

The track and representative footprints used to assess func-
tional recovery 8 weeks after sciatic nerve transection leav-
ing a 10 mm nerve gap are shown in Fig. 5. Using the SFI, we
compared performance of injured hindlimb and the healthy
contralateral hindlimb in the six groups of rats defined in
the Methods: sham, NG, ASN only, ASN+NSC, ADM only,

and ADM+NSC (Fig. 6). SFlIs greater than —100 indicate
complete loss of nerve function. We found that from week 1
to week 3 the SFI in the sham group was significantly lower
than in the other five groups, and there were no differences in
SFI among the other groups. From week 4 to week 8, how-
ever, SFls in the ASN+NSC and ADM+NSC groups were
significantly lower than in the ASN only and ADM only
groups, respectively. In addition, there was no significant
difference between the ASN+NSC and ADM+NSC groups
at week 4, but, from week 5 to week 8, although the SFIs in
both groups showed a decreasing trend, the decline in the
SFI was significantly greater in the ASN+NSC than
ADM-+NSC group.
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indicated groups. Values are expressed as percentages of those in the sham group. Bars depict the mean + SE. *p <0.001 vs. NG, #p < 0.01

vs, ASN only or ADM only group.

Comparison of Muscle Atrophy and Muscle Fiber Area

Because sciatic nerve transection leads to atrophy of the
gastrocnemius muscle, the RGMW and cross-sectional mus-
cle fiber areas were compared between the injured (left) and
sham operated (right) sides in the six experimental groups.
After 8 weeks of treatment, the gastrocnemius muscle in the
NG group was obviously atrophied (Fig. 7A and B), while
the RGMWs in the ADM+N and ASN+N groups were both

significantly greater than in the other groups, indicating less
muscle atrophy (Fig. 7C). Likewise, cross-sectional muscle
fiber areas were significantly greater in the ADM+N and
ASN+N groups than in the NG, ADM only, or ASN only
group (Fig. 7D). For both RGMW and cross-sectional mus-
cle fiber area, there was no significant difference between
the ADM+N and ASN+N groups. It thus appears that
ADM+N and ASN+N both exerted significant protective
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Fig. 8. Axon density analysis. Left sciatic nerves from rats in the
indicated groups were excised, sectioned and stained with toludine
blue to calculate the number of axons per unit area. Bars depict the
mean + SE. *p < 0.001 vs. sham, #p < 0.01 vs. the ASN only or
ADM only group.

effects against gastrocnemius muscle atrophy and that the
two treatments were equally effective.

Combining ADM or ASN with NSCs Enhances Axonal
Regeneration

After 8 weeks of treatment, the rats in each group were
sacrificed, and the sciatic nerve was sectioned and
stained. The axon density was assessed by toludine blue
stain (Fig. 8). We found that the axon densities in the
ADM+N and ASN+N groups were significantly higher
than in the ADM only and ASN only groups, but they did
not differ from one another.

Discussion

According to Seddon’s classification of peripheral nerve
injury, the nerve gap belongs to the highest level of nerve
damage®'~2. From a clinical viewpoint, the conditions asso-
ciated with a nerve gap that affect nerve repair status are the
location of the nerve defects, the length of the affected
region, and the diameter of the affected nerve. Current med-
ical technology can be used to transplant autologous sensory
nerves, but in addition to the limited numbers of compatible
transplant donors, the procedure causes paralysis at the
donor site. In the present study, we focused on the use of
ADM in combination with ADSC-derived NSCs in an effort
assess the advantage of its plasticity and ductility for sciatic
nerve repair. Our results indicate that treatment with
ADM+NSC improved, gastrocnemius weight, cross-
sectional fiber areas, and SFI as effectively and the currently
used ASN+NSC. At present, neuro-engineered artificial and
biomimetic materials or acellular nerves cannot completely
reverse long nerve defects. It is hoped that the combination
of ADM and stem cells may provide a new and effective
choice for treatment.

According to Waller’s degeneration model, there are
three main stages of peripheral nerve damage. First,
Schwann cells are released from the myelin sheath and pro-
liferate in the basal lamina. Then, damaged axons and free
Schwann cells release various cytokines. Finally, the dam-
aged axons form a growth cone and begin to regenerate
along the Biingner zone formed by the Schwann cells''*2,
Peripheral nerve damage may involve different cells or
growth factors at different times. In addition to myelin
growth and nerve regeneration, the microenvironment of the
nerve damage may affect the role of NSCs*>. The inflamma-
tory process associated with nerve damage likely affects
NSC differentiation and lasts for about a week. This may
explain why there was little change in SFI in the ASN+NSC
and ADM+NSC groups during the first 3 weeks of treatment
(Fig. 6). In addition, the substantial improvements that began
in week 4 slowed after week 7. This suggests the timing of
ADM-NSC therapy is an important issue for nerve repair and
may be a key factor affecting outcome. Determination of the
optimal therapeutic time course will need to be an objective
of future studies. It will also necessary to investigate the
distribution of injected NSCs. Our findings indicate NSCs
survive in the lumen of ADM, but we know little about how
the cells were distributed after injection, or even how many
stayed at the site of nerve damage. One approach to addres-
sing this issue may be to mix NSCs with a gelatinous sub-
stance, which could be injected into the lumen of the ADM at
appropriate sites for treatment of nerve defects and which
would retain the cells in that region.

Nerve damage repair also involves the generation of a
blood—neural barrier, which is a network of blood vessels
formed by endothelial cells that surrounds the nerve bundle
to provide protection and nutrients®*, ADSCs can be induced
to form vascular endothelial cells®>. Perhaps it would be
effective to mix ADSC-derived NSCs and peripheral nerve
microvascular endothelial cells when treating nerve gap, but
that remains to be tested. In addition, platelet rich plasma
(PRP) is known be clinically useful for wound healing and
joint repair. In recent years, PRP has also shown potential to
contribute to nerve repair. This suggests further improve-
ment of nerve damage repair may be achieved by adding
various platelet-associated growth factors and mediators,
such as platelet-derived growth factor-AA, which our
laboratory recently reported acts on ADSCs and endothelial
progenitor cells to enhance wound healing in a rat model*®.

Conclusions

In summary, our findings suggest that ADSC-derived NSCs
can be combined with ADM to enhance the repair of per-
ipheral nerve defects. Although our results indicate that
ADM combined with NSCs can improve peripheral nerve
gap repair after nerve transection, the ductility and plasti-
city of ADM may enable it to also effectively serve as a
nerve bridge facilitating the repair of other types of neuro-
logical gaps.
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Ethical Approval
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