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Abstract

BACKGROUND: Repair of long-distance peripheral nerve defects remains an important clinical problem. Nerve grafts
incorporated with extracellular vesicles (EVs) from various cell types have been developed to bridge peripheral nerve
defects. In our previous research, EVs obtained from skin-derived precursor Schwann cells (SKP-SC-EVs) were
demonstrated to promote neurite outgrowth in cultured cells and facilitate nerve regeneration in animal studies.
METHODS: To further assess the functions of SKP-SC-EVs in nerve repair, we incorporated SKP-SC-EVs and Matrigel
into chitosan nerve conduits (EV-NG) for repairing a 15-mm long-distance sciatic nerve defect in a rat model. Behavioral
analysis, electrophysiological recording, histological investigation, molecular analysis, and morphometric assessment were
carried out.

RESULTS: The results revealed EV-NG significantly improved motor and sensory function recovery compared with
nerve conduits (NG) without EVs incorporation. The outgrowth and myelination of regenerated axons were improved,
while the atrophy of target muscles induced by denervation was alleviated after EVs addition.

CONCLUSION: Our data indicated SKP-SC-EVs incorporation into nerve grafts represents a promising method for
extended peripheral nerve damage repair.

Keywords Extracellular vesicles from skin-derived precursor Schwann cells (SKP-SC-EVs) - Chitosan - Peripheral nerve
regeneration

1 Introduction

Many conditions, including accidents, surgery, infections,
and congenital diseases, cause peripheral nerve injuries
(PNI), leading to deficits in motor and sensory neuronal
functions. With the development of biomaterials and tissue
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engineering, short-distance peripheral nerve injuries may
be managed by surgical procedures or nerve graft trans-
plantation, while long-distance (over 10 and 30 mm in the
rat and human species, respectively) nerve defects remain
difficult to repair and neural function can hardly recover
[1, 2]. Clinically, the present gold standard for treating
long-distance nerve defects is still bridging the defects with
autologous nerve graft although accompanied by many
problems, including new trauma, limited supply, and
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mismatch with the injury site [3, 4]. To avoid these limi-
tations, nerve grafts (NGs) have been developed to become
an alternative tool for PNI repair. In addition, strategies to
enhance axonal regeneration by the addition of Schwann
cells (SCs), stem cells, or growth factors have been applied
to promote regeneration in nerve injuries with extended
defect sizes [1, 2, 5-8].

Many natural or synthetic materials, including collagen,
chitosan, gelatin, cellulose, polylactic acid, polycaprolac-
tone, and hyaluronic acid, have been used to construct
nerve guide conduits (NGCs) for replacing autologous NGs
for peripheral nerve reconstruction [9, 10]. Various tech-
nologies have been developed to prepare NGCs, including
electrospinning, solvent casting, gas foaming, decellular-
ization, micropatterns, and three-dimensional (3D) printing
[11-15]. Many ameliorations in materials, design and
production methods have been proposed to obtain ideal
NGCs to generate diverse mechanical, biological, and
biochemical hints for nerve regeneration [16].

Chitosan is a natural, lowly toxic, antibacterial, highly
biocompatible, and biodegradable bioactive polymer. Not
only chitosan-built NGs provide appropriate scaffolds for
nerve regeneration, but also their catabolites facilitate
nerve repair by re-constructing a microenvironment for
nerve regeneration [17]. A chitin/CM-chitosan artificial
NG was reported to successfully repair 10-mm rat sciatic
nerve defects [18]. Filling the longitudinal chitosan film in
chitosan nerve conduits could significantly improve nerve
regeneration functionally and morphologically in 15-mm
sciatic nerve defects in rats, indicating that chitosan has the
potential to be used in repairing long-distance nerve defects
[19]. The incorporation of growth factors is another strat-
egy for improving nerve regeneration in long-distance
nerve defects. Aligned chitosan fiber hydrogel with
bioactive peptide mimicking brain-derived neurotrophic
factor (BDNF) and vascular endothelial growth factor
(VEGF) was reported to induce nerve regeneration and
vascular penetration in 15-mm rat sciatic nerve defects [7].

Extracellular vesicles (EVs) are responsible for inter-
cellular communication and information transduction, and
are considered to play fundamental roles in the patho-
physiological events in the nervous system [20]. Skin-
derived precursor Schwann cells (SKP-SCs) were easily
accessible and showed promotive effects in nerve regen-
eration and myelination [21]. SKP-SC-derived acellular
matrix was utilized to modify chitosan/silk scaffolds to
repair a rat sciatic nerve defect [22], indicating SKP-SCs as
a potential source of glial cells for enhancing peripheral
nerve regeneration.

In a previous report, we designed an artificial NG via
injection of SKP-SC-EVs-encapsulating Matrigel into a
silicone conduit, which was employed for bridging 10-mm
long sciatic nerve defects in rats [23]. Here, we designed an
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NG by incorporation of SKP-SC-EVs in chitosan conduits,
and its effect was evaluated on the functional and mor-
phological recovery of 15-mm sciatic nerve defects in a rat
model.

2 Materials and methods
2.1 Materials

DMEM/F12 and fetal bovine serum (FBS) were provided
by Gibco (Grand Island, NY, USA). Forskolin, chloral
hydrate, pentobarbital sodium, PKH26, anti-NF200, anti-
CDS81, and o-bungarotoxin (a-BTX) were provided by
Sigma (St. Louis, MO, USA). TRIzol reagent was from
Invitrogen (Carlsbad, CA, USA). SYBR green mix was
from Vazyme (Nanjing, China). Heregulin-1 was pro-
vided by R&D Systems (Minneapolis, MN, USA). N2
supplement was from StemCell Technologies (Canada);
penicillin/streptomycin (P/S), Hoechst 33,258, and 4°,6-
diamidino-2-phenylindole (DAPI) were from Beyotime
Biotechnology (Shanghai, China). Omniscript RT kit and
ExoEasy Maxi Kit were from Qiagen (Germantown, MD,
USA). Fluorogold TM was from Biotium (Fremont, CA,
USA). Anti-Alix and anti-tumor susceptibility gene 101
(TSG101) were from Proteintech (Rosemont, IL, USA).
Anti-Laminin, Alexa Fluor 594-linked anti-rabbit IgG, and
Alexa Fluor 488-linked anti-rabbit IgG secondary anti-
bodies were provided by Abcam (Cambridge, MA, USA).
The chitosan conduit (¢$p2 x 3 mm; length, 15 mm) was
from Eton (Nanjing, China). Masson’s trichrome staining
kit was provided by Solarbio (Beijing, China).

2.2 Preparation and characterization of SKP-SC-
EVs

SKP-SCs were cultured as described previously [24]. The
culture medium was DMEM/F12 (3:1) with 3% FBS, 2%
N2 supplement, 50 ng/ml heregulin-1B3, 5 pM forskolin,
and 1% P/S. Before the isolation of EVs from SKP-SCs,
the cells were washed with PBS and further incubated in a
serum-free medium for 48 h. Then, the culture medium
was obtained, and SKP-SC-EVs were purified from
supernatants with the ExoEasy Maxi Kit according to the
protocol proposed by the manufacturer.

The characterization of SKP-SC-EVs was carried out by
nanoparticle tracking analysis (NTA), transmission elec-
tron microscopy (TEM), and Western blot as described
previously [23, 24]. The primary antibodies applied
included: anti-CD81 (1:1000), anti-Alix (1:1000), anti-
TSG101 (1:1000), and anti-Calnexin (1:1000).
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Fig. 1 The characterization SKP-SC-EVs. A Transmission electron
microscopy (TEM) of SKP-SC-EVs the typical cup-shape of EVs.
Scale bar = 500 nm. B Representative size distribution of EVs
derived from SKP-SCs detected by nanoparticle tracking analysis

2.3 Animals and Surgical procedure

Sprague-Dawley (SD) rats (220-250 g) were from the
Animal Center of Nantong University. Rat experiments
were performed following the institutional animal care
guidelines of Nantong University. Totally 20 rats were
utilized in the experiment and randomized into two groups
before surgery (10 rats in each group), including the NG
(chitosan nerve graft) and EV-NG (chitosan nerve graft
incorporated with SKP-SC-EVs) groups. The rats were
intraperitoneally injected with compound anesthetics at a
dosage of 0.35 ml/100 g body weight, which contained
42.5 and 8.86 mg/ml chloral hydrate and pentobarbital
sodium, respectively. The right sciatic nerve was exposed
and cut to leave a 15-mm-long defect upon nerve retrac-
tion. After nerve transection, the NG was implanted with a
thread-containing 8—0 suture needle and 1 mm of the nerve
stump was advanced into the lumen, followed by suture to
the nerve conduit. In the EV-NG group, SKP-SC-EVs
(2 x 10" particles in 16 pl PBS) and Matrigel were mixed
at 1:1 (v/v), administered by injection into a chitosan nerve
conduit, and incubated at 37 °C for 30 min for Matrigel

SKP-SC SKP-SC-EVs

CD81

(NTA). C Evaluation of EVs markers (CD81, Alix and TSG101) and
non-EV markers (Calnexin) in SKP-SC-EVs by Western blot. SKP-
SC was used as the control

solidification. After surgery, all the animals were admin-
istered daily celecoxib doses (20 mg/kg for 7 days) intra-
gastrically to avoid inflammation and relieve pain.

2.4 Behavioral analysis

Motor and sensory function recoveries were analyzed by
gait analysis and the plantar test at 6-, 8-, 10- and 12
postoperative weeks with the protocol described previously
[23]. For gait analysis, parameters such as print length,
intermediary toe spread and toe spread were obtained with
CatWalk XT 9.0 (Noldus Information Technology,
Wageningen, The Netherlands) to calculate Sciatic Func-
tion Index (SFI) values [25]. SFI values range from — 100
to 0, with “0” representing normal function, and “ — 100”
suggesting total dysfunction. For the plantar test, after
environment adaption in a separate Plexiglas box, rats were
stimulated with a radiant heat flux, and the withdrawal time
of the right hind paw was recorded for evaluating heat
hypersensitivity and sensory function recovery of the
damaged hind limb.
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«Fig. 2 Behavioral recovery with nerve graft implanted into sciatic
nerve defect in rats. A Photographs showing the surgery after sciatic
nerve defect (15 mm) in rats. An artificial nerve graft (NG) or NG
incorporated with SKP-SC-EVs (EV-NG) was implanted into a
15 mm sciatic nerve defect. B Gross view of the regenerated nerve at
12 weeks after implantation in the NG group and EV-NG group. C At
6-, 8-, 10- and 12-weeks post-surgery, the SFI values of rats
implanted with NG or EV-NG were measured with CatWalk gait
analysis (n = 10 in NG group and n = 7 in EV-NG group). D At 6-,
8-, 10- and 12-postoperative weeks, the withdrawal time in response
to thermal stimulation in each group was detected by the plantar test
(n = 10 in each group and 3 times were performed with an interval of
10 min for each animal). All data are presented as mean £ SEM. «
p < 0.05 with unpaired Student’s r-test (two-sided). E Confocal
microscopy photographs showing the uptake of PKH26-labeled SKP-
SC-EVs (red) by SCs (green, S100 positive) in the proximal (pro) and
distal (dis) nerve stumps at 1 d and 4 d post-surgery. The nucleus was
stained with DAPI. Scale bar = 50 pm

2.5 Labeling of SKP-SC-EVs in vivo

To evaluate the in vivo delivery of SKP-SC-EVs, PKH26-
labeled SKP-SC-EVs were used in the transplantation
procedure as described above. At 1 postoperative day and 4
postoperative days, the animals were perfused and fixed
with 4% paraformaldehyde (PFA). The frozen cutting
sections of the nerve stumps were immunostained with the
marker of Schwann cells (S100) and nucleus (DAPI) to
evaluate the in vivo cellular uptake of SKP-SC-EVs.

2.6 Fluorogold retrograde tracing

At 11 postoperative weeks, the damaged sciatic nerve was
re-exposed, and 5% Fluorogold™ (FG) was administered
by injection into the nerve trunk at the site about 5 mm
from the distal end of the nerve graft. Rats were transcra-
nially perfused with 4% PFA 1 week later, and lumbar
spinal cord segments and L4-6 dorsal root ganglions
(DRGs) were collected for post-fixation. The obtained
spinal cord and DRG specimens underwent serial section-
ing on a cryostat at 30 and 20 pm, respectively, followed
by staining with Hoechst 33,258. The micrographs were
acquired by confocal microscopy, and the percentages of
FG-positive spinal cord motor neurons and DRG sensory
neurons were assessed.

2.7 Electrophysiological evaluation

Functional recovery of sciatic nerve conduction was
assessed via electrophysiological examinations at 12 post-
operative weeks. The detailed protocol referred to a pre-
viously described method [26]. Briefly, anesthesia was
followed by right sciatic nerve exposure and compound
muscle action potential (CMAP) recording with a Keypoint

electrophysiological recorder

Skovlunde, Denmark).

(Alpine BioMed ApS,

2.8 Immunofluorescent staining

After behavioral analysis and electrophysiological record-
ing, rats underwent perfusion and fixation with 4% PFA.
The sciatic nerves and target muscles, including tibialis
anterior (TA), gastrocnemius (GC), and soleus (Sol) mus-
cles, were utilized to prepare frozen sections. Immunoflu-
orescent staining was performed routinely. The sciatic
nerve sections underwent overnight incubation with pri-
mary antibodies targeting S100 (1:200) and NF200 (1:200)
at 4 °C, after which the samples were incubated with Alexa
Fluor 594- and Alexa Fluor 488-linked anti-rabbit IgG at
ambient for 2 h. Counterstaining was carried out with
Hoechst 33,258. The muscles were stained with anti-
Laminin antibodies (1:500) overnight at 4 °C followed by
incubation with secondary antibodies. The neuromuscular
junction (NMJ) was shown in longitudinal muscle sections
co-stained with o-BTX (1:200) and anti-NF200 (1:200).
Image acquisition utilized an SP5 confocal microscope
(Leica, Wetzlar, Germany) and assessed with Image J 1.8.0
(National Institutes of Health, Bethesda, MD, USA).

2.9 Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

At 12 postoperative weeks, the regenerated sciatic nerves
of each group were harvested and the total RNA was
extracted with TRIzol reagent (Invitrogen, USA). Total
RNA was reversely transcribed to cDNA with an Omnis-
cript RT kit and qRT-PCR was performed with SYBR
green mix to measure the mRNA expressions of growth-
associated protein 43 (Gap43), myelin protein zero (Mpz),
and myelin basic protein (Mbp). The forward and reverse
primers used for qRT-PCR analysis are listed below:
Gap43 (tgaggagaagaagggcgaaggg; aggacggcgagttatcagtg-
gtag); Mpz (aggctctcaggtggtggtcate; ggegttcttgaggetggtte-
tac); Mbp (ttggatggtctgaagctcgte; caaagaataactggcagggtg);
GAPDH (acaccgaccttcaccatct; tctetgetceteectgtic). GAPDH
was used as the internal control. Data were normalized to
GAPDH and then quantified relative to the expressions in
the NG group.

2.10 Transmission electron microscopy (TEM)

At 12 postoperative weeks, sciatic nerve and TA muscle
samples from the injured side underwent fixation with 4%
PFA and 0.5% glutaraldehyde. Sections for TEM were
prepared and images were taken with a TEM (Hitachi,
Japan) as previously described [23]. The thicknesses of
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«Fig. 3 Fluorescence photomicrographs of neurons retrogradely
labeled with Fluorogold (FG) on the ipsilateral side of surgery.
A Representative images of FG-labeled motor neurons (golden) in the
spinal cord at 12 postoperative weeks. Scale bar = 200 pum (left),
100 pm (middle), and 50 pm (right). The nucleus was stained with
Hoechst (blue). B Representative image of FG-labeled sensory
neurons (golden) in the DRGs at 12 postoperative weeks. Scale
bar = 200 pm (left), 100 pm (middle), and 50 pm (right). The
nucleus was stained with Hoechst (blue). C Comparison of the
percentage of FG-labeled motor neurons in the spinal cord between
the NG group and EV-NG group (n=3 in each group). D
Comparison of the percentage of FG-labeled sensory neurons in the
DRGs between the NG group and EV-NG group (n =3 in each
group). All data are presented as mean £ SEM. « p < 0.05,
**p < 0.01 with unpaired Student’s t-test (two-sided)

myelin sheaths, the diameters of myelinated nerve fibers,
and myelin lamella amounts were quantified with Image J.

2.11 Histopathological analysis

At 12 postoperative weeks, the wet weights of TA, GC, and
Sol muscles from the damaged and contralateral sides were
measured right after collection, followed by fixation with
4% PFA and dehydration with an ethanol gradient. 5-um
transverse tissue sections were subjected to Masson’s tri-
chrome staining and image acquisition utilizing a micro-
scope (Leica). Cross-sectional areas for TA, GC, and Sol
muscle samples were calculated with the Image J software.

2.12 Statistical analysis

Statistical analysis was carried out with GraphPad Prism
8.2.1 (GraphPad Software Inc., La Jolla, CA, USA). Data
are mean = SEM. Two-sided unpaired Student’s #-test was
carried out for between-group comparisons. p < 0.05
indicated statistical significance.

3 Results
3.1 Characterization of SKP-SC-EVs

To characterize the SKP-SC-EVs, TEM, NTA, and Wes-
tern blot were performed to investigate the morphology,
particle size, and expression of EVs marker proteins. The
TEM image displayed the typical cup-shaped morphology
of EVs (Fig. 1A). The NTA showed that the diameter of
the SKP-SC-EVs ranged from 95 to 262 nm with an
average diameter of 179 nm (Fig. 1B). Western blot anal-
ysis showed that several marker proteins of EVs, including
CDS81, Alix, and TSG101, were highly expressed in the
SKP-SC-EVs, while the non-EV marker protein, Calnexin,
was not expressed in the SKP-SC-EVs (Fig. 1C).

3.2 General features of the regenerated sciatic nerve

The gross view of a 5-mm sciatic nerve defect in the rat
model is shown in Fig. 2A, and the defects were bridged
with a chitosan nerve graft (NG) and an SKP-SC-EVs-
incorporating chitosan nerve graft (EV-NG), respectively.
The regenerated nerves were assessed at 12 postoperative
weeks. No significant neuroma formation and inflammation
were observed after nerve graft transplantation. Nerve
defects were successfully bridged with nerve-like tissue by
nerve graft implantation, and the regenerated nerve-like
tissue had reduced thickness in the NG group in compar-
ison with the EV-NG group (Fig. 2B).

3.3 Chitosan nerve grafts incorporated with SKP-
SC-EVs enhance functional recovery
of the sciatic nerve

Gait analysis showed that SFI values in both groups
increased with time, showing motor function recovery after
nerve graft transplantation (Fig. 2C). Although SFI values
were elevated in the EV-NG group compared with the NG
group at each time point, the difference was significant
only at 10 postoperative weeks (Fig. 2C). To evaluate the
sensory function recovery of the animals, the plantar test
was performed. Withdrawal times in rats after thermal
stimulation decreased with time after transplantation in
both groups and were starkly shortened in the EV-NG
group compared with the NG group at 6 postoperative
weeks (Fig. 2D), indicating a better sensory function
recovery with EV-NG implantation. Behavioral analysis
indicated that incorporating SKP-SC-EVs in chitosan nerve
grafts might improve the motor and sensory function
recoveries of damaged sciatic nerves.

3.4 Chitosan nerve grafts incorporated with SKP-
SC-EVs promote sciatic nerve regeneration

Immunostaining showed that PKH26-labeled SKP-SC-EVs
co-localized with S100 positive SCs in the proximal and
distal stumps of injured sciatic nerve, indicating that the
transplanted SKP-SC-EVs could be taken up by the
residual SCs in vivo (Fig. 2E).

Fluorogold retrograde tracing was applied to reveal the
connection between the nerve stumps and the retrograde
transportation of the regenerated nerves. FG-labeled motor
and sensory neurons were detected in lumbar spinal cord
segments and L4-6 dorsal root ganglions (DRGs) at the
injured side at 12 postoperative weeks in both the NG and
EV-NG groups (Fig. 3A). The percentages of FG-labeled
motor neurons (Fig. 3B) and sensory neurons (Fig. 3B)
were both markedly elevated in the EV-NG group.
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Fig. 4 Morphological and functional analysis of regenerated nerves.
A At 12 postoperative weeks, immunofluorescent staining images of
the cross-sections from the middle portion of the sciatic nerve were
taken by a Leica confocal microscope. The myelin sheath was stained
with S100 (Green) and axons with NF200 (red). The nucleus was
shown with Hoechst 33,258 staining (blue). Scale bar = 250 um
(left), 75 pm (middle), and 25 pm (right). B Representative CMAP

To observe the morphological features of the regener-
ated nerve fibers, immunostaining was carried out on the
transverse sections of the regenerated nerves. Axons were
stained with NF200, and SCs underwent staining with
S100, showing myelin sheaths around the regenerated
axons in both groups. The fluorescence intensities of
NF200 and S100, as well as nerve fiber density in the EV-
NG group, were markedly elevated compared with the NG
group (Fig. 4A). Electrophysiological recordings showed
stimulated CMAP in the EV-NG group while no CMAP
was recorded in the NG group (Fig. 4B). In addition, the
gene related to axon regeneration, Gap43, increased sig-
nificantly in the EV-NG group (Fig. 4C). These evidence
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images of the sciatic nerve were recorded at 12 weeks post
implantation of NG or EV-NG with an intensity of 1 mA. C The
expression of Gap43 in the regenerated nerves measured by qRT-PCR
(n = 3 in each group). The expression in the NG group was arbitrarily
taken as 1. All data are presented as mean == SEM. *p < 0.05 with
unpaired Student’s r-test (two-sided)

Fig. 5 Remyelination of regenerated nerves. A Representative TEM
images of the regenerated sciatic nerve fibers at 12 weeks post
implantation of NG or EV-NG. Scale bars = 5 pum (left) and 500 nm
(right). Comparison of B the thickness of myelin sheath, C the
diameter of myelinated axons, and D the number of myelin lamellar
of regenerated nerve fibers between NG group and EV-NG group
(n =3 in each group and 5 random fields per rat was calculated for
each group). E, F, The expression of Mpz and Mbp in the regenerated
nerves measured by qRT-PCR (n = 3 in each group). The expression
in the NG group was arbitrarily taken as 1. All data are presented as
mean £ SEM. *p < 0.05, **p < 0.01 with unpaired Student’s ¢ -test
(two-sided)
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«Fig. 6 Morphological and functional analysis of target muscles.
A Gross view of the TA muscles in different groups at 12
postoperative weeks. B Comparison of the wet weight ratios
(ipsilateral injured side/contralateral uninjured side) of TA, GC, and
Sol muscles between the NG group and EV-NG group (n = 10 in each
group). C Representative images of Masson’s trichrome staining of
cross-sections of TA muscles on the injured side. Scale bar = 50 pm.
D Comparison of the cross-sectional area of TA, GC, and Sol muscles
between the NG group and EV-NG group (n = 3 in each group and 5
random fields per rat was calculated for each group). E Representative
images of laminin (green) immunostaining of TA, GC, and Sol
muscles on the injured side. Scale bar = 50 pum. The nucleus was
stained with DAPI (blue). F Representative images of a-BTX staining
(red) in the longitudinal sections of TA muscles showing NMJs. The
nerve fibers were stained with NF200 (green) and the nucleus with
DAPI staining (blue). Scale bar = 75 um. G Representative TEM
images of TA muscles in the NG group and EV-NG group. Scale
bar =2 um (upper) and 1 pm (lower). Data are presented as
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 with unpaired
Student’s t-test (two-sided)

indicated the presence of regenerated axon fibers in the
EV-NG group.

To further analyze the remyelination of regenerated
nerve fibers at the ultrastructural level, TEM was per-
formed, and the acquired images showed dispersed
unmyelinated and myelinated nerve fibers in the regener-
ated nerves in both groups (Fig. 5A). The thicknesses of
myelin sheaths (Fig. 5B), the diameters of myelinated
nerve fibers (Fig. 5C), and myelin lamella numbers
(Fig. 5D) were all markedly higher in the EV-NG group in
comparison with the NG group. The expression of Mpz
(Fig. SE) and Mbp (Fig. SF) was also increased in the
regenerated nerves of EV-NG group, although the differ-
ence of Mbp was not significant due to the large individual
differences between each animal. The above data suggested
that the incorporation of SKP-SC-EVs into chitosan NGs
promoted sciatic nerve regeneration and enhanced myeli-
nation in regenerated axons.

3.5 Chitosan nerve grafts incorporated with SKP-
SC-EVs inhibit muscle atrophy

Nerve defects often induce muscular atrophy due to den-
ervation. At 12 postoperative weeks, TA, GC, and Sol
muscles were harvested for morphological and histological
assessments. TA muscles from the ipsilateral side of
injured sciatic nerves showed overt atrophy in comparison
with the contralateral side in both groups; however, atrophy
seemed to have higher severity in the NG group versus the
EV-NG group (Fig. 6A). The wet weight ratio of the
ipsilateral sides to the contralateral sides of TA, GC, and
Sol muscles also showed significant increases in the EV-
NG group (Fig. 6B). Masson’s trichrome staining revealed
reduced amounts of collagen fibers (blue) and larger

muscle cells (red) in the EV-NG group (Fig. 6C), and
average cross-sectional areas for TA, GC, and Sol muscles
were starkly larger in the EV-NG group in comparison with
the NG group (Fig. 6D). To further observe muscular
atrophy in the above muscles, laminin immunostaining was
performed. The results showed that the intensity of laminin
fluorescence was much higher in the EV-NG group
(Fig. 6E). NMJ staining with o-BTX revealed the amounts
and areas of NMJ in the EV-NG group were larger than
those of the NG group (Fig. 6F). Ultrastructural analysis of
the TA muscle also displayed more clearly aligned
myofilaments and Z-line in the EV-NG group, and the
mitochondria were evenly distributed (Fig. 6G). The above
data jointly indicated that the incorporation of SKP-SC-
EVs could alleviate denervation-associated muscle
atrophy.

4 Discussion

Repairing wide peripheral nerve defects is clinically chal-
lenging. Although NGCs composed of various synthetic or
natural biomaterials could promote the functional recovery
of peripheral nerves to some extent, the clinical outcomes
remain insufficient in comparison with the application of
the gold standard, autologous nerve transplantation. The
potential reasons include an absence of supportive cells,
downregulated neurotrophic factors, and degraded extra-
cellular matrix, which compose the microenvironment for
nerve regeneration [27, 28]. Thus, artificial nerve grafts
incorporated with stem cells, neurotropic factors, and drugs
are considered a promising substitute for autografts for
long-distance PNI repair [16, 29].

SCs are ideal supportive cells promoting peripheral
nerve regeneration. Unfortunately, their sources are lim-
ited, hindering the clinical application of SCs in PNI repair.
In recent years, stem- or precursor cell-derived SCs have
gradually become a research hotspot, especially those that
could be easily obtained, including mesenchymal stem
cells (MSCs), neural crest cells from keratinocytes (KC-
NCs) and the bone marrow (BM-NCCs), olfactory ecto-
MSCs (OE-MSCs), human induced pluripotent stem cells
(hiPSCs), adipose-derived stem cells (ADSCs) and skin-
derived precursor cells (SKPs) [30-35]. The above cells
could be differentiated into SCs and promote nerve
regeneration, with great potential to be employed for
clinically treating PNI. Our previous research successfully
differentiated SKPs into a Schwann cell-like phenotype
using heregulin-1B and forskolin [24]. SKP-SCs were
reported to remyelinate regenerated axons, improving
behavioral recovery after nerve injury, by injection into
acellular grafts [36]. In a tibial nerve injury model induced
by doxorubicin, SKP-SCs could improve recovery in focal
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nerve demyelination [37]. These findings indicated that
SKP-SCs might be alternative supportive cells for periph-
eral nerve regeneration via the production of neuron
growth factors and remyelination induction.

Although stem cells can differentiate into SCs and
promote axonal regeneration, maintenance of cell viability,
unwanted differentiation, and immunological problems
constitute great challenges in their application [38]. To
avoid these problems of cell-based therapies, cell-free
therapies currently attract attention, especially EVs or
exosomes released from SCs or stem cell-derived SCs. It
was reported that exosomes from human adipose-derived
MSCs (hADMSCs) regulate peripheral nerve-associated
cell functions by preventing oxidative stress in SCs,
inducing angiogenesis, and enhancing anti-inflammatory
response [39]. Our previous work also demonstrated SKP-
SC-derived EVs induce neurite outgrowth in sensory and
motor neurons in vitro, and SKP-SCs incorporated into a
silicone conduit could facilitate the repair of sciatic nerve
defects in rats [23, 24, 40]. SKP-SC-EVs could also reduce
denervation-related skeletal muscle atrophy by inhibiting
oxidative stress and inflammatory response [41]. These
findings suggest that the addition of EVs from various
sources of SCs into NGs may constitute a promising
strategy for PNI repair.

In this study, we used EVs derived from SKP-SCs and
investigated their impact on nerve regeneration compara-
tively with nerve conduits without EVs in 15-mm nerve
defects in a rat model. Behavioral analysis, morphological
evaluation, molecular analysis and electrophysiological
recording all demonstrated that the incorporation of SKP-
SC-EVs promoted sciatic nerve regeneration and remyeli-
nation. Although the motor and sensory function recoveries
only showed significant differences at 6 w and 10 w after
transplantation, the data indicated that EVs might play
important roles at the early stage of nerve regeneration. In
addition, the structural integrity of NMJ and muscle fibers
was also improved by EVs, suggesting muscle reinnerva-
tion can be achieved with nerve regeneration.

EVs may transfer a diversity of molecules, especially
microRNAs (miRNAs), to regulate the expression of genes
and their downstream pathways. MiR-21 carried by EVs
derived from MSCs was found to be important in the
regeneration process via PI3K/AKT signaling regulation
and proliferation induction in SCs [42]. High expression of
miR-21-5p was detected in SKP-SC-EVs, which could
promote neuronal viability and attenuate neuronal apop-
tosis in oxygen-glucose-deprivation (OGD) injured dorsal
root ganglions (DRGs) by negatively regulating PTEN-
PI3K signaling [40]. Other miRNAs, such as miR-30a-5p,
miR-19b, miR-29b-3p, miR-233, and miR-304-5p, were

@ Springer

equally found in SKP-SC-EVs, and their functions and
target genes in peripheral nerve regeneration need further
investigation.

In vivo delivery of EVs is another challenge hampering
clinical application. In this study, we used chitosan as a
scaffold and Matrigel, a thermo-responsive hydrogel, as a
carrier system to transplant EVs in nerve defects. Chitosan
is broadly utilized by tissue engineers for peripheral nerve
reconstruction, with good biocompatibility and mechanical
properties [43]. Additional cell seeding or supportive
molecules like growth factors could promote nerve regen-
eration via chitosan-containing nerve conduits. Exosomes
secreted by Schwann cell-like cells derived from human
amniotic mesenchymal stem cells administered through an
NT-3 chitosan conduit could promote sciatic nerve regen-
eration [44]. Chitosan scaffolds with prolonged controlled
release of nerve growth factor were utilized for bridging
20-mm sciatic nerve defects in a rat model, long defects
that are not easily overcome [39]. A 3D SC culture method
utilizing Matrigel was developed to construct peripheral
nerve conduits [45]. In addition, Matrigel-encapsulated
cells or exosomes, e.g., SCs, vascular stem cells, ADSCs,
and microvesicles of neural stem cells, are known to pro-
mote the functional recovery of PNI [46—49]. In this study,
chitosan nerve conduits were applied to generate a
microenvironment that promotes nerve regeneration, and
the incorporated EVs derived from SKP-SCs might serve
as a source of supportive molecules. Additionally, Matrigel
might mediate a homogenous release of SKP-SC-EVs [23],
thus facilitating the sustainable functions of EVs. However,
in-depth studies are warranted to unveil the potential
molecular mechanisms involved.

Together, we proved that EV-NG could markedly
ameliorate motor and sensory function recovery compared
with nerve conduits without EVs. Outgrowth and myeli-
nation in regenerated axons were induced, while the atro-
phy of target muscles induced by denervation was
alleviated by the addition of EVs. These data indicated
incorporation of SKP-SC-EVs into NGs might provide a
promising method for repairing extended peripheral nerve
damage.
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