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A chemically extracted acellular allogeneic nerve graft combined with bone marrow mesenchymal stem cell
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Abstract

We hypothesized that a chemically extracted acellular allogeneic nerve graft used in combination with bone marrow mesenchymal stem
cell transplantation would be an effective treatment for long-segment sciatic nerve defects. To test this, we established rabbit models of 30
mm sciatic nerve defects, and treated them using either an autograft or a chemically decellularized allogeneic nerve graft with or without
simultaneous transplantation of bone marrow mesenchymal stem cells. We compared the tensile properties, electrophysiological function
and morphology of the damaged nerve in each group. Sciatic nerves repaired by the allogeneic nerve graft combined with stem cell trans-
plantation showed better recovery than those repaired by the acellular allogeneic nerve graft alone, and produced similar results to those
observed with the autograft. These findings confirm that a chemically extracted acellular allogeneic nerve graft combined with transplanta-
tion of bone marrow mesenchymal stem cells is an effective method of repairing long-segment sciatic nerve defects.
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Introduction

Autologous nerve transplantation is considered the gold
standard for repairing peripheral nerve damage; however,
because of the inevitable damage to other (relatively minor)
nerve branches that occurs using this method, allografts are
the preferred method used in the clinic (Yu et al., 2014). Al-
though allografts are readily obtainable, immunological re-
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jection is common (Jensen et al., 2005; Zhang et al., 2014a, b).
Several techniques have been used to minimize rejection of
grafts, including the development of acellular nerves (Zhang
et al., 2015a). Zhang et al. (2012) prepared acellular alloge-
neic nerves by chemical processing, effectively eliminating
the immunogenic components of the allograft while retain-
ing Schwann cells, the basement membrane and the integrity
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of the acellular nerve structure. Zhou et al. (2015) repaired
sciatic nerve defects using bone marrow mesenchymal stem
cells (BMSCs) combined with grafting of tissue-engineered
artificial nerves. The recovery rates of sciatic functional in-
dex, nerve conduction and wet weight of triceps muscle were
markedly improved, indicating that this technique effectively
promotes nerve regeneration and functional recovery. Zhao
et al. (2011) demonstrated that chemically extracted acel-
lular nerve allografts (CEANAs) with BMSCs embedded in
fibrin glue successfully repaired transected sciatic nerves.

However, many studies have focused only on the mechan-
ical properties of CEANAs, without evaluating the biome-
chanical properties after transplantation. We hypothesized
that a CEANA would restore the mechanical properties of
injured sciatic nerves and thus provide a biomechanical basis
for the repair of a sciatic nerve defect.

Materials and Methods

Ethical approval

The experiment was approved by the Animal Ethics Com-
mittee of the China-Japan Union Hospital of Jilin University,
China. Precautions were taken to minimize suffering and the
number of animals used in each experiment.

Animals

Seventy-one clean, healthy, female Japanese rabbits, aged
5 months and weighing 2.8-3.1 kg, were provided by the
Changchun High-tech Medical Animal Experimental Cen-
ter, China (licence No. SCXK (Ji) 2003-0004). Rabbits were
housed in individual cages at 22—24°C and relative humidity
of 56—-69%, with air circulation and natural lighting. Rabbits
were allowed free access to food (nutritionally complete pel-
let feeds) and water in their home cages.

Harvesting sciatic nerves for allogeneic grafts

Of the 71 rabbits, 20 were selected at random, anesthetized
with 10% chloral hydrate (3 mL/kg intraperitoneally), and
secured on a surgical table in the supine position. A median
incision was made along the posterior part of the left femur.
The skin and subcutaneous tissue were cut to dissociate the
semimembranosus and semitendinosus muscles and expose
the sciatic nerves. A 30-mm segment of sciatic nerve was
collected from each rat, bilaterally, at the level of the lower
edge of the piriformis (40 segments in total). Specimen di-
mensions were measured with a reading microscope (CGH-3;
Changchun Third Optical Instrument Factory, Changchun,
Jilin Province, China). All samples were 30 mm in length and
1.48-1.52 mm in diameter.

Chemical decellularization of allogeneic nerve

In accordance with a previous study (Dachtler et al., 2011),
sciatic nerve samples were rinsed in distilled water for 1.5
hours, gently rocked in 0.3% Triton X-100 solution for 1.5
hours, and washed three times with distilled water. Sodium
deoxycholate solution (0.4%; Shanghai Mingbo Biological
Technology Co., Ltd., Shanghai, China) was then added and
gentle rocking continued for 1.5 hours. After three further

washes with distilled water, the samples were placed in ster-
ile phosphate-buffered saline (PBS; pH 7.4), irradiated with
“Co (25 kGy) for 12 hours, and stored at 4°C.

BMSC culture

Third and fourth passage mouse BMSCs (Shanghai Yiyan Bi-
ological Technology Co., Ltd., Shanghai, China) were placed
in basic medium (Shanghai Yiyan Biological Technology Co.,
Ltd.) containing 20% fetal bovine serum and 50 mL double
monoclonal antibodies (penicillin and streptomycin, each 1
x 10* U/mL), and incubated at 5% CO,, 37°C, and saturated
humidity.

Preparation of animal models of sciatic nerve defect

The remaining 51 rabbits were equally and randomly al-
located to three groups: autograft, CEANA, and CEANA +
BMSCs (n =17 per group). Rabbits in each group were anes-
thetized with 6% chloral hydrate (6 mL/kg intraperitoneal-
ly) and secured on a surgical table. A median incision was
made along the posterior part of the left femur. The skin and
subcutaneous tissue were cut to dissociate the semimembra-
nosus and semitendinosus muscles and expose the sciatic
nerves bilaterally. A 30-mm segment was excised from each
side, 3 mm from the lower edge of the piriformis. The right
sciatic nerve from all animals comprised the normal control
group.

Nerve graft repair

In the autograft group, under an operating microscope
(Shanghai Anxin Optical Instrument Co., Ltd., Shanghai,
China), the autologous sciatic nerve was turned over and
inserted back into the defect, and the epineurium sutured
using four 9-0 noninvasive sutures (Qingdao Nesco Medical
Co., Ltd., Qingdao, Shandong Province, China) at each end
of the graft. Muscle and skin were then sutured.

The CEANA group received an acellular graft, which was
also turned over and sutured. In the CEANA + BMSCs
group, fifth passage mouse BMSCs (1 mL; approximately 5
x 10%) were infused into the CEANA conduit, and the sciatic
nerve tissue was turned over and sutured.

The anastomotic stoma was washed with gentamicin and
the incision was closed in each group. No external fixation
was given after surgery. When the rabbits regained con-
sciousness, they were placed back in individual cages with
food and water freely available, and injected intraperitoneal-
ly with penicillin (1 x 10* U/kg) twice a day for 7 consecutive
days. The incision was disinfected with 75% ethanol once a
day during this period.

Electrophysiology

Twenty-four weeks after surgery, electrical activity was eval-
uated by electromyography with a NIM-Neuro 2.0 Nerve
Monitor (Medtronic, Minneapolis, MN, USA). Seventeen
rabbits from each group were anesthetized with 10% chlo-
ral hydrate (400 mg/kg intraperitoneally). In the prone
position, the sciatic nerve trunk was exposed bilaterally. The
soleus muscle belly was punctured with concentric needle
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Table 2 Effects of CEANA combined with BMSC transplantation on tensile properties of sciatic nerves after long-segment damage

Maximum stress Maximum strain ~ Elastic limit strain  Elastic limit load Elastic limit stress

Group Maximum load (N) (MPa) (%) (%) (N) (MPa)
Normal control 3.56+0.36 2.02+0.21 23.3242.14 16.2540.97 2.36+0.22 1.34+0.16
Autograft 3.1540.08" 1.79+0.07" 21.86+1.12° 14.31+0.11" 1.9240.09° 1.0940.05°
CEANA 2.58+0.08" 1.4740.08" 19.20+1.36" 12.62+1.14" 1.6340.05" 0.9240.04"
CEANA + BMSCs  3.17+0.08"" 1.80+0.06™ 21.91+0.69 14.54+0.49" 1.91+0.06™ 1.08+0.057

Data are expressed as the mean + SD. *P < 0.05, vs. normal control group; #P < 0.05, vs. CEANA group (one-way analysis of variance followed by
Scheffe’s test). CEANA: Chemically extracted acellular nerve allografts; BMSCs: bone marrow mesenchymal stem cells.

Figure 1 Effects of CEANA combined with BMSC transplantation on sciatic nerve morphology after long-segment damage (hematoxylin-eosin
staining, X 400).

(A) Normal control group; (B) CEANA + BMSCs group; (C) CEANA group; (D) autograft group. CEANA combined with BMSC transplanta-
tion promoted the growth of myelin sheath and nerve fibers more than either treatment alone. Arrows indicate nerve fibers. CEANA: Chemically

extracted acellular nerve allografts; BMSCs: bone marrow mesenchymal stem cells.

Table 1 Effects of CEANA combined with BMSC transplantation on
electrophysiological function of sciatic nerve after long-segment
damage

Group Amplitude (mV) MNCV (m/s)
Normal control 14.2+1.4 56.4+2.8
Autograft 13.2+1.4" 54,642.4"
CEANA 11.6+1.17 52.442.6°
CEANA + BMSCs 13.1+1.2" 54.0+0.9"

Data are expressed as the mean + SD. *P < 0.05, vs. normal control
group; #P < 0.05, vs. CEANA group (one-way analysis of variance
followed by Scheffe’s test). CEANA: Chemically extracted acellular
nerve allografts; BMSCs: bone marrow mesenchymal stem cells;
MNCV: motor nerve conduction velocity.

electrodes, used as recording electrodes. An alligator clip
fastened to the skin at the edge of the wound served as the
ground wire. Parallel stimulating electrodes were placed at
the level of sciatic nodules proximal to the anastomotic sto-
ma and at the sciatic nerve branch distal to the anastomotic
stoma to evoke two motor potentials at 50 mA. Electromy-
ography was used to display the amplitude and latency of the
action potential. The distance between two stimulating elec-
trodes was measured with a vernier caliper (Shanghai Mea-
suring & Cutting Tool Works Co., Ltd., Shanghai, China).
Motor nerve conduction velocity (MNCV) was calculated.

Sample collection

After electromyography, a 20 mm length of sciatic nerve was
collected from each group (using the anastomotic stoma as
the midpoint), and placed in a glass trough containing phys-
iological saline. Fifteen samples from each group were used
for tensile testing, and two samples from each group for mi-
crostructural observation.
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Figure 2 Tensile stress-strain curves of sciatic nerves in each group.
CEANA: Chemically extracted acellular nerve allografts; BMSCs: bone
marrow mesenchymal stem cells.

Hematoxylin-eosin staining

The sciatic nerve of two rabbits from each group was frozen
and cut into 0.8-mm-thick sections, which were fixed in
paraformaldehyde for 5 minutes, stained with hematoxylin
for 2-5 minutes, treated with HCl-ethanol and then with
NaOH, and counterstained with eosin for 20 seconds to 3
minutes; the sections were washed under running tap water
after each step. Sections were then dehydrated through a
graded alcohol series, permeabilized with xylene, mounted
with neutral resin, and observed under a light microscope
(Olympus, Tokyo, Japan).

Tensile testing

In accordance with previous studies (Jin et al., 2015; Wang
et al., 2015; Zhang et al., 2015b), after presetting (loading
and unloading were repeated 20 times in each sample),
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tensile testing was performed in 15 rabbits from each
group with an electronic universal testing machine (MOD-
EL55100; Changchun Testing Machine Institute, Chang-
chun, Jilin Province, China). Samples in each group were
tested at 36.5 £ 1°C and 2 mm/min. To keep the samples
wet, they were sprayed with physiological saline. Tensile stress-
strain curves and tensile test data were output by the machine.

Statistical analysis

Data are expressed as the mean + SD and were analyzed
using SPSS 16.0 software (SPSS, Chicago, IL, USA). The
differences in intergroup data were compared with one-way
analysis of variance followed by Scheffe’s method. A value of
P < 0.05 was considered statistically significant.

Results

CEANA combined with BMSC transplantation improved
electrophysiological function of long-segment sciatic
nerve defects

Action potential amplitude and MNCV were not significant-
ly different between the autograft and CEANA + BMSCs
groups (P > 0.05), but were higher in both of these groups
than in the CEANA group (P < 0.05; Table 1).

CEANA combined with BMSC transplantation improved
morphological recovery from long-segment sciatic nerve
defect

Hematoxylin-eosin staining revealed distinct axons surround-
ed by myelin sheath, and regularly distributed nerve fibers, in
the normal control group (Figure 1A). The CEANA + BMSCs
group showed good myelinization and regular nerve fibers
(Figure 1B). In the CEANA group, most sciatic nerve fibers
were regularly arranged, although a few were not (Figure
1C). In the autograft group, nerve fibers were also regularly
distributed, and a large amount of myelin sheath was seen in
the distal stump of the injured nerve (Figure 1D).

CEANA combined with BMSC transplantation improved
the tensile properties of sciatic nerve after injury

Tensile testing demonstrated that the elastic limit load, stress
and strain, and maximum load, stress and strain, in the
CEANA + BMSCs group were higher than in the CEANA
group (P < 0.05), but not significantly different from the au-
tograft group (P > 0.05; Table 2).

Stress-strain curves and functions for stress-strain
relationship

Stress-strain curves for sciatic nerve samples in each group
were drawn (Figure 2), and curve fitting was conducted on
tensile testing data. Stress-strain curves showed exponential
changes when sciatic nerve strain increased from 0 to 7.06%,
6.32%, 5.11% and 6.41% in the normal control, CEANA,
CEANA + BMSCs, and autograft groups, respectively. A
linear stress-strain relationship was observed when sciatic
nerve strain increased from 7.07% to 14.86%, from 6.33%
to 13.01.%, from 5.12% to 11.31%, and from 6.42% to
13.32% in the normal control, CEANA, CEANA + BMSCs

and autograft groups, respectively. When sciatic nerve strain
increased from 14.87% to 23.23%, from 13.02% to 21.9%,
from 11.32% to 19.20%, and from 13.33% to 21.86% in the
normal control, CEANA, CEANA + BMSCs, and autograft
groups, respectively, samples showed marked deformation,
near loss of bearing capacity, and damage.

Functions for sciatic nerve stress-strain relationships (o(g))
were constructed by linear regression analysis in each group,
as follows: normal control group, o(e) = 0.0988¢” + 0.7307¢"
+ 2.6155¢’ — 0.1431e’; CEANA + BMSCs group, o(e) =
0.0745¢° + 0.5970¢" + 2.4617¢’ — 0.0907¢%; autograft group,
o(e) = 0.1739¢” + 1.344e" + 0.7573¢’ + 0.6122¢*; CEANA
group, o(e) = 0.09324¢” + 0.8136¢" + 0.5798¢’ + 0.2637¢.

Discussion
The biomechanical properties of peripheral nerves are main-
tained by surrounding connective tissue, of which collagen
fiber is the main component. Collagen is tough, with high
tensile strength, and can withstand a certain amount of me-
chanical stimulation. Its quantity and distribution determine
the biomechanical properties of peripheral nerves (Eather
et al., 1986). Chemically extracted acellular allogeneic nerve
is a new tissue-engineered material with low immunogenic-
ity and a three-dimensional structure (Sondell et al., 1998;
Hudson et al., 2004). CEANAs make use of this material
to guide Schwann cell migration and promote axonal re-
generation, and are a promising substitute for autologous
nerve transplantation. Borschel et al. (2003) confirmed that
nerve decellularization processes may remove one or more
collagen components, leading to changes in the mechanical
properties of the nerve. He et al. (2009) found that tissue en-
gineered nerves constructed with BMSCs had better repara-
tive effects in 10 mm sciatic nerve defects than did CEANAs.
BMSCs can differentiate into neural cells, replace apoptotic
nerve cells, secrete neurotrophic factors, and promote axonal
regeneration. BMSCs can also regulate Schwann cells and
promote peripheral nerve regeneration, and are ideal seed
cells (Lin et al., 2008; Wang et al., 2009; Zheng et al., 2010).
Greater CMAP and MNCYV are associated with better re-
covery of tissue morphology and stronger nerves after repair.
In addition, the injury mechanism and functional recovery
of the sciatic nerve were strongly associated with its mechan-
ical properties. The present findings indicate that CEANA
combined with BMSC transplantation markedly improved
sciatic nerve recovery compared with CEANA alone, to a
degree similar to that after an autograft. CEANA combined
with BMSC transplantation is a promising treatment for
the repair of peripheral nerve damage in the clinic. Further
research to improve the method and its introduction in the
clinic will identify additional applications for this technique.
The present results demonstrate that CEANA used in com-
bination with BMSC transplantation for the repair of sciatic
nerve defects restores damaged collagen and improves the
biomechanical properties of the sciatic nerve. Furthermore,
CEANA combined with BMSC transplantation enhanced
the electrophysiological properties of the sciatic nerve after
injury. We also calculated the stress-strain function in the
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damaged nerves using regression analysis. Experimental data
were evaluated using mathematical and statistical models, to
better understand the mechanical properties of the repaired
nerve.

Because of individual differences and the limited number
of experimental animals, there is a large amount of disper-
sion among the experimental data. However, the present
data provide a valuable reference for further investigation
into the treatment of sciatic nerve injury.
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