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Peripheral nerve regeneration across nerve gaps is often suboptimal, with poor functional recovery. Stem cell
transplantation-based regenerative therapy is a promising approach for axon regeneration and functional recovery of
peripheral nerve injury; however, the mechanisms remain controversial and unclear. Recent studies suggest that
transplanted stem cells promote tissue regeneration through a paracrine mechanism. We investigated the effects of
conditioned media derived from stem cells from human exfoliated deciduous teeth (SHED-CM) on peripheral nerve
regeneration. In vitro, SHED-CM-treated Schwann cells exhibited significantly increased proliferation, migration,
and the expression of neuron-, extracellular matrix (ECM)-, and angiogenesis-related genes. SHED-CM stimulated
neuritogenesis of dorsal root ganglia and increased cell viability. Similarly, SHED-CM enhanced tube formation in
an angiogenesis assay. In vivo, a 10-mm rat sciatic nerve gap model was bridged by silicon conduits containing
SHED-CM or serum-free Dulbecco’s modified Eagle’s medium. Light and electron microscopy confirmed that the
number of myelinated axons and axon-to-fiber ratio (G-ratio) were significantly higher in the SHED-CM group at 12
weeks after nerve transection surgery. The sciatic functional index (SFI) and gastrocnemius (target muscle) wet
weight ratio demonstrated functional recovery. Increased compound muscle action potentials and increased SFI in
the SHED-CM group suggested sciatic nerve reinnervation of the target muscle and improved functional recovery.
We also observed reduced muscle atrophy in the SHED-CM group. Thus, SHEDs may secrete various trophic factors
that enhance peripheral nerve regeneration through multiple mechanisms. SHED-CM may therefore provide a novel
therapy that creates a more desirable extracellular microenvironment for peripheral nerve regeneration.

Introduction

Peripheral nerve injury (PNI) is caused by trauma or
surgical complications [1,2]. After PNI, distal stump de-

myelination and degradation occur, leading to target muscle
atrophy and loss of functionality. Natural regeneration may
occur over short nerve gaps (1–2 mm). Direct end-to-end nerve
suture is performed for nerve gaps of <5 mm [3,4]. Tensionless
suturing is required for successful nerve repair. However, a
graft is necessary for nerve regeneration across large gaps.

At present, autologous nerve grafts are considered as the
gold standard for functional nerve regeneration. However,
autologous nerve grafts have several drawbacks, including
tissue supply, loss of sensation at the donor site, mismatch
between the recipient site and donor nerve, and possible
formation of a painful neuroma [5,6]. Therefore, new ap-
proaches for PNI treatment are desired.

Both cellular and molecular events occur during the initial
process of peripheral nerve regeneration [7]. Macrophages, a

phenotypically diverse population of immune cells, are inte-
grated into both nerve degeneration and regeneration [8–10].
Macrophages reach the injury site within 24 h and reach a
peak number within 2–3 days [11,12]. In PNI, macrophages,
which are mainly recruited from circulation, disrupt and
phagocytose axons, produce growth factors, and promote the
migration of Schwann cells (SCs) [1,13]. SCs have been
identified as the major glial cells in peripheral nerve systems
and play a central role in axonal regrowth through various
mechanisms. SCs also participate in the phagocytosis of ax-
onal and myelin debris during the first few days after injury
[14]. SCs produce various neurotrophic factors (NTFs), cy-
tokines [15], and extracellular matrix (ECM) and adhesion
molecules [16] that lead to axonal regeneration. Regenerating
axons extend to the target organs, leading to functional re-
innervation.

Stem cell transplantation therapy is an effective strategy for
tissue regeneration. Various types of transplanted stem cells
were shown to enhance peripheral nerve regeneration in
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preclinical animal studies of nerve reconstruction. A variety of
cell types, such as bone marrow stromal cells, adipose-derived
stromal cells, muscle-derived stem cells, and dental pulp stem
cells, were applied to this approach [17–24]. However, recent
studies have reported low transplanted stem cell survival rates.
For example, a study of stem cell transplantation in spinal cord
injury revealed that the transplanted cells survived for only 1–2
weeks [25]. In a mouse model of demyelinating disease,
multiple sclerosis, the transplanted cells could no longer be
identified after 8 days [26]. In addition, the transplanted stem
cells exhibit poor differentiation [27]. Stem cells secrete var-
ious growth factors and cytokines known as secretomes [28–
30]. These secretomes can be detected in stem cell-cultured
conditioned medium (CM). Therefore, CM containing secre-
tomes could be used in promising regenerative therapies.
Previous studies have reported that CM from various stem cells
effectively treated hypoxic brain injury [31], focal cerebral
ischemia [32], and spinal cord injury [33]. We previously re-
ported that CM promoted bone growth [34,35] and periodontal
tissue regeneration [36,37] and improved bisphosphonate-
related osteonecrosis of the jaw in a rat model [38].

Stem cells from human exfoliated deciduous teeth
(SHEDs) harbor a self-renewal capability [39] and exist
within a perivascular niche in the dental pulp. SHEDs have a
high capacity for proliferation and can differentiate into a
variety of cell types, including neural cells, adipocytes, os-
teoblasts, and chondrocytes [40,41]. SHEDs secrete trophic
factors that promote neuronal migration, induce vasculo-
genesis [32], promote axon regeneration [40], and protect
neurons from apoptosis [33]. Therefore, these previous
studies support the use of SHEDs as a potential cellular
resource for peripheral nerve regeneration therapies.

The present study focuses on CM containing paracrine
factors secreted by cultured SHEDs. Herein, we examined
the influences of SHED-CM on dorsal root ganglion (DRG)
neurons and SCs in vitro. Moreover, we investigated the
ability of SHED-CM to stimulate nerve regeneration in vivo
in a rat sciatic nerve defect model.

Materials and Methods

Ethics statement

Exfoliated deciduous teeth were collected under guide-
lines approved by Nagoya University (H-73, 2003). Ethical
approval was obtained from the Ethics Committee of Na-
goya University (permission number 8–2).

All experimental procedures involving animals were
conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Nagoya University School of Medicine
Animal Care and Use Committee.

Isolation of SHEDs and cell culture

Human SHEDs were isolated as described previously [41].
In brief, human exfoliated deciduous teeth were collected
from patients aged 6–12 years. All patients provided written
informed consent. The dental pulp was separated from the
crown and root. The isolated pulp was subsequently digested
in a solution of 3 mg/mL of collagenase type I and 4 mg/mL of
dispase for 1 h at 37�C. Single-cell suspensions were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,

Rockville, MD) supplemented with 10% fetal bovine serum
(FBS) and antibiotic–antimycotic solution (100 units/mL
penicillin G, 100 mg/mL streptomycin, and 0.25 mg/mL am-
photericin B; Gibco) and incubated at 37�C in an atmosphere
of 5% CO2/95% air.

The primary characteristics of the SHEDs were assessed by
flow cytometry as described previously [40]. The SHEDs ex-
hibited fibroblastic morphology with a bipolar spindle shape.
Flow cytometry revealed that the SHEDs expressed the mes-
enchymal stem cell markers, CD90, CD73, and CD105, but not
the endothelial/hematopoietic markers, CD34, CD45, CD11b/
c, and human leukocyte antigen HLA-DR. The SHEDs effi-
ciently differentiated adipogenic, chondrogenic, and osteo-
genic lineages. Majority of SHEDs coexpressed several neural
lineage markers, nestin, doublecortin, b-III-tubulin, NeuN,
GFAP, S-100, A2B5, and CNPase, but not adenomatous
polyposis or myelin basic protein.

Preparation of CM

After the SHEDs reached 80% confluency, the medium
was replaced with serum-free DMEM containing antibiotic–
antimycotic solution. This cell-cultured CM was collected
after a 48-h incubation. The CM was collected by centri-
fugation for 5 min at 1,500 rpm and was centrifuged again
for 3 min at 3,000 rpm to remove cell debris. We used the
SHED-CM without either enrichment or dilution. The CM
was collected and stored at 4�C or -80�C before use in the
following experiments.

SC migration study

SCs (cell line RT4-D6P2T) were purchased from American
Type Culture Collection (ATCC, Manassas, VA). Transwell
chambers with 8-mm pore filters (BD BioCoat Control Inserts;
Becton Dickinson and Co., Franklin Lake, NJ) were used for
migration analysis. A total of 1.0 · 105 SCs in 0.25% FBS-
DMEM were added to the uncoated top chamber and SHED-
CM was added to the lower chamber. Cell migration in the
presence of 15% FBS and serum-free DMEM [DMEM (-)]
served as the positive and negative controls, respectively. Cells
were incubated at 37�C in 5% CO2/95% air for 48 h. The upper
sides of the filters were carefully rinsed with phosphate-
buffered saline (PBS), and cells retained on the upper surfaces
of the filters were removed with a swab. The Transwell filters
were then stained with hematoxylin, removed with a scalpel,
and mounted onto glass slides with the lower surface facing
upward. The total numbers of migrated cells were counted
using a light microscope (CK40; Olympus, Tokyo, Japan) at
200· magnification.

SC proliferation study

To test whether SHED-CM could enhance SC proliferation,
we performed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. Accordingly, 5.0 · 103

SCs were added to DMEM supplemented with 5% FBS and
antibiotic–antimycotic solution and incubated for 24 h at 37�C
in 5% CO2/95% air. Subsequently, the medium was removed
upon process extension from SCs and 100mL of SHED-CM or
presence of 15% FBS or DMEM (-) was added to the cells.
The cells were incubated for 48 h at 37�C in 5% CO2/95% air.
Next, the MTT assay was performed by incubating the cells in
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a 0.2% MTT solution (Cell Counting Kit; Dojindo Molecular
Technologies, Kumamoto, Japan) at 37�C for 4 h. The ab-
sorbance was measured at 450 nm with a microplate reader
(PowerScan4; DS Pharma Biomedical, Osaka, Japan).

Enzyme-linked immunosorbent assay

SHED-CM was subjected to enzyme-linked immunosor-
bent assay (ELISA) to determine the concentrations of nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), glial cell line-derived neu-
rotrophic factor (GDNF), ciliary neurotrophic factor (CNTF),
vascular endothelial growth factor (VEGF), and hepatocyte
growth factor (HGF). The concentrations of these factors
were measured with human ELISA kits [BDNF, CNTF,
VEGF, HGF (R&D Systems, Minneapolis MN), NGF, NT-3
(RayBiotech, Norcross, GA), GDNF (Abcam, Cambridge,
MA)], according to the manufacturers’ instructions. Experi-
ments were performed in triplicate and absorbance was
measured at 450 nm with a microplate reader (PowerScan4).

Real-time reverse transcriptase–polymerase chain
reaction analysis

SCs were cultured with SHED-CM or DMEM (-) for 48 h.
Total RNA was extracted with the RNeasy Mini Kit (Qiagen
GmbH, Hilden, Germany), according to the manufacturer’s
protocol. The sequences of the specific primers and probes
used for the real-time reverse transcriptase–polymerase chain

reaction (RT-PCR) analysis of NGF, BDNF, NT-3, CNTF,
GDNF, VEGF, laminin, fibronectin, collagen type IV, and
GAPDH expression are listed in Table 1. Real-time RT-PCR
analysis was performed with TaqMan Fast Virus 1-Step Master
Mix (Applied Biosystems, Foster City, CA) on a 7000 Se-
quence Detector (PerkinElmer, Waltham, MA). Signals were
analyzed using Sequence Detector software, version 1.1
(PerkinElmer). The PCR conditions were as follows: one cycle
at 50�C for 5 min (reverse transcription), one cycle at 95�C for
20 s (inactivation/initial denaturation), and 40 cycles at 95�C
for 15 s and 60�C for 60 s (amplification). The relative amount
of each mRNA per sample was obtained by calculating re-
spective standard curves. The standard curves for each mRNA
were calculated using different concentrations (2,000, 400, 80,
16, and 3.2 ng) of total SC RNA. The relative expression levels
were normalized to GAPDH expression levels.

Tube formation assay

An angiogenesis assay kit (Kurabo, Osaka, Japan) was used
as described previously [42]. Human umbilical vein endothe-
lial cells (HUVECs) and human diploid fibroblasts were mixed
and seeded into the individual culture wells of a 24-well plate
under optimal tubule formation conditions. Endothelial cell
medium (EM) (Kurabo) containing VEGF (10 ng/mL; R&D
Systems), HGF (10 ng/mL; R&D Systems), or SHED-CM was
replaced on days 1, 4, 7, and 9. After 11 days, the plates were
washed with PBS and fixed with 70% ethanol. After rinsing
with PBS, the cells were incubated with primary antibody

Table 1. Primer Sequences Used for Real-Time Reverse Transcriptase–Polymerase Chain Reaction

Gene Sequence Accession no.

NGF F: GTTGGAGATAAGACCACA XM_227525
R: CACTGTTGTTAATGTTCAC
Probe: CCAGCACTGTCACCTCCTTG

BDNF F: GCCCTTACTATGGATAGC NM_012513
R: CAGTGTACATACACAGGAA
Probe: TCTATCCTTATGAACCGCCAGCC

NT-3 F: GGAAGATTATGTGGGCAA NM_031073
R: GGTGACTCTTATGCTCTG
Probe: TAACCAATAGAACATCACCACGGAGG

CNTF F: CTAGCAAGGAAGATTCGTTC NM_013166
R: CACTGAGTCAAGGTTGATA
Probe: CCTGACTGCTCTTATGGAATCTTATGT

GDNF F: CGTCTTAACTGCAATACAC NM_019139
R: GAACCGCTACAATATCGA
Probe: TCAGTTCCTCCTTGGTTTCGTAGC

Laminin F: GGCTTTTGACATCACTTA NM_053966
R: CGCTTATAAATGGCGAAA
Probe: CGTCTCAAGTTCCACACCAGC

Fibronectin F: GGTCACCTACAACATCATA NM_019143
R: CAGTGTTGCCTACAGTAA
Probe: CTCTTCTCGGACCTTGTGCCT

Collagen IV F: TGGCTTCAAAGGTGATAA NM_001135009
R: GAACCTTTATCACCAGTG
Probe: TTTGTCCTTTCTCTCCCTGGTCTC

VEGF F: ATCCCGGTTTAAATCCTG NM_031836
R: GGAACATTTACACGTCTG
Probe: CACTGTGAGCCTTGTTCAGAGC

GAPDH F: GTTCCAGTATGACTCTACC NM_017008
R: TCACCCCATTTGATGTTA
Probe: TTCAACGGCACAGTCAAGC
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(mouse anti-human CD31, 1:400; Kurabo) for 1 h at 37�C,
followed by a secondary antibody (goat anti-mouse IgG al-
kaline phosphatase-conjugated antibody, 1:500; Kurabo) for
1 h at 37�C. The reaction yielded 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium. Total tube lengths and
numbers of capillary connections (joints) in five different fields
(5.5 mm2 per field) per well were measured quantitatively us-
ing the Angiogenesis Image Analyzer, version 2 (Kurabo), and
the results were subjected to statistical analysis.

DRG neurite growth assay and cell viability assay

DRG neurons were harvested from 3-day-old Wistar/ST
rats using a previously described protocol [43–45]. Neurons
were resuspended in neurobasal medium (Gibco) containing
2 mM l-glutamine (Gibco), 2% B27 (Gibco), and antibiotic–
antimycotic solution, and then seeded onto poly-d-lysine/
laminin-coated 24-well plates at a density of 400–500 neu-
rons per well. DRG neurons were incubated with SHED-CM
or DMEM (-) for 48 h. The neurons were then fixed in 4%
paraformaldehyde for 15 min and incubated with a primary
antibody against monoclonal b-III-tubulin (1:500; Sigma-
Aldrich, St. Louis, MO) overnight at 4�C, followed by in-
cubation with an Alexa Fluor 633-conjugated anti-mouse IgG
secondary antibody (1:500; Invitrogen, Carlsbad, CA) for 1 h
at room temperature. The stained neurons were examined
under a fluorescence microscope (BZ9000; Keyence, Osaka,
Japan). The average neurite length was quantitatively ana-
lyzed using BZ9000 analysis software (Keyence). A CCK-8
assay was performed to assess cell viability. Absorbance was
measured at 450 nm using a microplate reader (PowerScan4).

Sciatic nerve transection and implantation

Male Wistar/ST rats weighing 250–300 g (7–8 weeks old)
were anesthetized using pentobarbital (20 mg/kg intraperito-
neally; Kyoritsu Seiyaku, Tokyo, Japan). The left sciatic
nerves were carefully exposed and isolated at the mid-thigh
level. Using a microscope and microsurgical instruments, a 12-
mm segment of the nerve was excised and the nerve stumps
were pulled 1 mm inside each end of the 12-mm silicone
conduit (1.6 mm inner diameter) and secured to the epineurium
with 8–0 nylon sutures (Natsume, Tokyo, Japan; Fig. 5A). The
muscle and skin layers were closed with 4–0 Vicryl sutures
(Ethicon Inc., Somerville, NJ). The animals were randomly
assigned to the following five groups: (1) Sham: sciatic nerve
exposure without any damage to the nerve tissue; (2) Trans-
ection: unrepaired sciatic nerve defects; (3) DMEM (-):
DMEM (-)-filled silicon conduit; (4) SHED-CM: SHED-CM-
filled silicon conduit; and (5) Autograft: the removed nerve
segment was rotated 180� and reimplanted. After the surgery,
the rats were placed under a warm plate until they awoke
and were subsequently housed at a constant temperature
(23�C – 2�C) and humidity (55% – 10%) under a 12-h light:
12-h dark cycle in cages with free access to food and water. We
regularly observed the animals’ health statuses. All experi-
ments were performed with the minimum number of animals.

Walking track analysis

Functional recovery of the rats following sciatic nerve
injury was assessed in a walking track analysis that was
performed 3, 6, 9, and 12 weeks after surgery.

The distances from the heel to the top of the third toe (print
length, PL), between the first and fifth toes (toe spread, TS)
and between the second and fourth toes (intermediary toe
spread, IT) were measured on both the experimental side (E)
and contralateral normal side (N). The sciatic functional in-
dex (SFI) was calculated using the following formula [46]:

SFI = -38.3 (EPL - NPL)/NPL + 109.5 (ETS - NTS)/
NTS + 13.3 (EIT - NIT)/NIT - 8.8.

Two examiners blinded to the experimental repair con-
ditions performed all of the animal evaluations. An SFI
value near -100 indicates complete dysfunction, whereas a
value near 0 indicates normal motor function [47].

Electrophysiologic testing

At 12 weeks after surgery, electromyography was per-
formed to evaluate muscle activity in the leg affected by
nerve injury. Under anesthesia, the sciatic nerve and gas-
trocnemius muscle on the injured side were exposed. Elec-
trical stimuli were applied to the sciatic nerve and
compound muscle action potentials (CMAPs) were recorded
on the gastrocnemius muscle using PowerLab (AD Instru-
ments, Nagoya, Japan). Digitalized data were stored on a
computer and the latency, amplitude, and nerve conduction
velocity of the CMPAs were calculated from these data.

Target muscle weight analysis and Masson’s
trichrome staining

Following electrophysiologic testing, the animals were
sacrificed and the gastrocnemius muscles were dissected
from the injured and normal sides and weighed. The gas-
trocnemius muscle wet weight ratio was calculated by
comparing the weight of the gastrocnemius muscle on the
injured side to that on the normal side. The gastrocnemius
muscles were dissected from the mid-belly of the injured
side. Muscle samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and cut vertically into 5-mm-thick
sections. Masson’s trichrome staining was performed to
observe tissue morphology. The collagen fiber percentage
was quantitatively analyzed using BZ-9000 analysis soft-
ware (Keyence). We randomly selected three separate fields
per slice for recording and analysis.

Histomorphological analysis

At 12 weeks after surgery, distal regenerating nerve seg-
ments were harvested and fixed in 2.5% glutaraldehyde so-
lution (TAAB Laboratories Equipment Ltd., Reading,
Berkshire, United Kingdom). The nerve segments were
subsequently fixed in 2% osmium tetroxide (OsO4) (TAAB
Laboratories Equipment Ltd.) for 1 h, separately dehydrated
in an ethanol gradient (50%, 70%, 80%, 90%, 95%, and
100%), and treated in a gradient of EPON812 (33%, 50%,
66%, and 100%; TAAB Laboratories Equipment Ltd.) in
propylene oxide (Nacalai Tesque, Inc., Kyoto, Japan). Tis-
sues were embedded in EPON812 in a 60�C oven for 48 h.
Semithin sections (1mm) were cut vertically with an ultra-
microtome (Ultracut S; Leica Microsystems, Wetzlar, Ger-
many) and stained with 0.3% toluidine blue solution. The
number of myelinated axons was counted using a fluorescent
microscope (BZ9000; Keyence). Ultrathin sections (70–
80 nm) were cut with an ultramicrotome. The sections were
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next placed on a copper mesh (150 mesh) and stained with
lead citrate (Sigma-Aldrich) and 2% uranyl acetate. The
stained samples were observed under a transmission electron
microscope (TEM; JEM-1400EX; JEOL Ltd., Tokyo, Japan).
We randomly selected five separate fields per slice for re-
cording and analysis.

Statistical analyses

All histological and functional analyses were performed
by observers blinded to each group. Data are expressed as
mean – standard deviation (SD). Statistical differences were
evaluated using Tukey’s honestly significant difference
(HSD) test. Statistical significance was accepted at a P value
of < 0.05.

Results

SHED-CM enhances SC migration and proliferation

A Transwell assay was used to explore the effect of
SHED-CM on SC migration in vitro. The numbers of SCs
that migrated in DMEM (-), SHED-CM, and 15% FBS were
6.9 – 2.8, 51.3 – 8.2, and 81.4 – 17, respectively. SHED-CM
increased the SC migration rate by sevenfold in comparison
with the negative control (*P < 0.05; Fig. 1A).

MTT assays were performed to confirm that SHED-CM
enhanced SC proliferation. SHED-CM significantly increased
the SC proliferation rate when compared with DMEM (-)
(*P < 0.05; Fig. 1B).

Growth factors present in SHED-CM

The concentrations of growth factors, such as NGF,
BDNF, NT-3, GDNF, CNTF, VEGF, and HGF in SHED-
CM, were quantified through ELISA. These factors were not
detected in DMEM (-), whereas SHED-CM contained NGF,
BDNF, NT-3, GDNF, CNTF, VEGF, and HGF at respective
concentrations of 58.7 – 28, 46.4 – 5.3, 24.9 – 2.1, 115 – 50,
131 – 71, 556 – 65, and 3,350 – 560 pg/mL (Table 2).

SHED-CM enhances the expression of NTF,
angiogenic molecule, and ECM marker genes

The effects of SHED-CM and DMEM (-) on SC gene
expression were measured using real-time RT-PCR analysis.
The expression levels of genes encoding NTFs (NGF,
BDNF, NT-3, CNTF, GDNF), angiogenic molecules
(VEGF), and ECM molecules (laminin, fibronectin, collagen
type IV) were significantly upregulated in SCs cultured with
SHED-CM relative to those cultured with DMEM (-)
(*P < 0.05; Fig. 2).

SHED-CM stimulates neurite outgrowth
from and increases the viability of DRG neurons

To determine the effects of SHED-CM on neuritogenesis,
a neurite outgrowth assay was performed. DRG neurons
were treated with SHED-CM or DMEM (-) for 48 h and
subsequently immunostained with a b-III-tubulin antibody
to measure neuritis. The average neurite outgrowth (mm)
was significantly greater in neurons treated with SHED-CM
than in those treated with DMEM (-) (*P < 0.05; Fig. 3B).

To compare the cell viabilities of DRG neurons cultured
with SHED-CM and DMEM (-), CCK8 assays were per-
formed. SHED-CM significantly increased the viability of
DRG neurons relative to DMEM (-) (*P < 0.05; Fig. 3C).

SHED-CM stimulates angiogenesis in vitro

To determine the effect of SHED-CM on angiogenesis, a
tube formation assay was performed. HUVECs seeded in EM
did not exhibit tube formation. In contrast, HUVECs exposed
to SHED-CM, VEGF, or HGF exhibited noticeable increases
in length. Quantification of tube length yielded values of
3,026 – 690 pixels with EM, 9,723 – 97 pixels with SHED-
CM, 13,200 – 386 pixels with VEGF, and 15,135 – 972 pixels
with HGF. The respective numbers of joints were 13 – 5.3,
42 – 4.3, 69.3 – 4.2, and 62.3 – 4.9. HUVECs cultured in
SHED-CM exhibited significant increases in tube length and
joint number (*P < 0.05; Fig. 4B, C).

FIG. 1. Effects of SHED-CM on SC migration and proliferation. (A) Transwell migration assay. The migration of SCs
cultured in SHED-CM was enhanced relative to those cultured in DMEM (-). DMEM (-), SHED-CM, DMEM (15% FBS):
n = 5 per group. Data are shown as mean – SD. *P < 0.05. (B) Cell proliferation assay. SC proliferation is reported as the
absorbance at 450 nm following MTT analysis. The proliferation of SCs cultured in SHED-CM was also enhanced relative
to those cultured in DMEM (-). Cells cultured in DMEM (15% FBS) were used as a positive control. DMEM (-), SHED-
CM, DMEM (15% FBS): n = 5 per group. Data are shown as mean – SD. *P < 0.05. SHED, stem cells from human
exfoliated deciduous teeth; SHED-CM, serum-free conditioned media from SHEDs; SC, Schwann cell; DMEM, Dulbecco’s
modified Eagle’s medium; FBS, fetal bovine serum.
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SHED-CM enhances nerve regeneration

Not all sciatic nerves regenerated in the Transection
group at 12 weeks after surgery. The ends of these non-
regenerated nerves formed neuromas. Neither dislocation of
the grafts nor formation of neuromas was evident after 12

weeks after surgery. The diameters of regenerated nerves in
SHED-CM-treated rats were thicker than those in DMEM (-)-
treated rats (Fig. 5B).

SHED-CM enhances axon regeneration
and remyelination

At 12 weeks after surgery, regenerated myelinated nerve
fibers were observed at the distal portion of the injured nerve
using toluidine blue staining and TEM. Toluidine blue
staining revealed nerve fibers of different sizes and numbers
in each group. Obviously, SHED-CM more strongly pro-
moted nerve regeneration relative to DMEM (-). The
number of regenerated myelinated nerve fibers was signifi-
cantly higher in the SHED-CM and Autograft groups
compared with the DMEM (-) group (*P < 0.05; Fig. 6C).
TEM images showed that the regenerated axons consisted of
rounded myelin sheaths in each group. The mean G-ratios
for the Sham, DMEM (-), SHED-CM, and Autograft groups
were 0.64 – 0.02, 0.79 – 0.02, 0.74 – 0.01, and 0.71 – 0.02,
respectively. The degree of myelination was significantly
higher in the SHED-CM and Autograft groups than in the
DMEM (-) group (*P < 0.05; Fig. 6D).

Table 2. Concentrations of Growth

Factors in SHED-CM (pg/mL)

Factors Concentrations (pg/mL)

NGF 58.7 – 28
BDNF 46.4 – 5.3
NT-3 24.9 – 2.1
GDNF 115 – 50
CNTF 131 – 71
VEGF 556 – 65
HGF 3350 – 560

BDNF, brain-derived neurotrophic factor; CNTF, ciliary neuro-
trophic factor; GDNF, glial cell line-derived neurotrophic factor;
HGF, hepatocyte growth factor; NGF, nerve growth factor; NT-3,
neurotrophin-3; VEGF, vascular endothelial growth factor.

FIG. 2. Effect of SHED-CM on
SC gene expression. The mRNA
levels of (A) NGF, (B) BDNF, (C)
NT-3, (D) CNTF, (E) GDNF, (F)
VEGF, (G) laminin, (H) fibronectin,
and (I) collagen IV were analyzed in
SCs cultured with SHED-CM or
DMEM (-) using real-time RT-PCR.
The expression levels of NTF-,
angiogenic molecule-, and ECM
molecule-encoding genes were
upregulated in SCs cultured with
SHED-CM relative to those cul-
tured with DMEM (-). DMEM (-),
SHED-CM: n = 5 per group. Data
are shown as mean – SD. *P < 0.05.
ECM, extracellular matrix; NTF,
neurotrophic factor; RT-PCR, re-
verse transcriptase–polymerase
chain reaction.

2692 SUGIMURA-WAKAYAMA ET AL.



SHED-CM improves motor function recovery

We assessed motor function recovery using a walking track
analysis (SFI) and electrophysiologic evaluation. Negative
control animals, in which a critical sciatic nerve defect was
induced without repair, exhibited SFI values near -100
throughout the 12-week period. Therefore, motor function was
not recovered in the Transection group. The lowest SFI values in

the DMEM (-), SHED-CM, and Autograft groups were de-
tected immediately after nerve injury and subsequently ex-
hibited time-dependent increases. The SFI value at 12 weeks
postrepair was significantly higher in the SHED-CM and Au-
tograft groups than in the DMEM (-) group (*P < 0.05; Fig. 7A).

CMAP values were measured on the injured side at 12
weeks after surgery. CMAPs were not detected in the
Transection group. CMAP recordings demonstrated the

FIG. 3. Effects of SHED-CM on DRG
neuronal outgrowth and survival. (A) b-III-
tubulin immunostaining of DRG neurons
cultured with SHED-CM or DMEM (-) for
48 h. Scale bar = 100 mm. (B) Quantitative
analysis of average neurite length. The av-
erage neurite outgrowth was significantly
higher in neurons treated with SHED-CM
than in those treated with DMEM (-). DMEM
(-), SHED-CM: n = 5 per group. Data are
shown as mean – SD. *P < 0.05. (C) DRG
neuron viability. Cell viability is reported as
the absorbance at 450 nm following CCK-8
assay. Compared with DMEM (-), SHED-
CM significantly increased the viability of
DRG neurons. DMEM (-), SHED-CM: n = 5
per group. Data are shown as mean – SD.
*P < 0.05. DRG, dorsal root ganglion.

FIG. 4. Effect of SHED-CM on capillary tube-like HUVEC formation. (A) HUVECs were cultured with EM, SHED-CM,
VEGF (10 ng/mL), and HGF (10 ng/mL). After 11 days, capillary tube-like structures were observed. Scale bar = 100mm.
(B) Statistical analysis of the total blood vessel lengths. HUVECs cultured in SHED-CM exhibited significant increases in
tube length when compared with cells cultured in DMEM (-). EM, SHED-CM, VEGF, HGF: n = 3 per group. Data are
shown as mean – SD. *P < 0.05. (C) Statistical analysis of the numbers of joints. HUVECs cultured in SHED-CM exhibited
significantly higher numbers of joints when compared with cells cultured in DMEM (-). EM, SHED-CM, VEGF, HGF:
n = 3 per group. Data are shown as mean – SD. *P < 0.05. EM, endothelial cell medium; HGF, hepatocyte growth factor;
HUVEC, human umbilical vein endothelial cells; VEGF, vascular endothelial growth factor.
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FIG. 5. Regeneration in a sciatic nerve transection rat model. (A) The sciatic nerve was transected to leave a 10 mm
length and was bridged with a silicon conduit. (B) Microscopic view of the regenerated nerves 12 weeks after surgery.
Images are representatives of the following groups: Sham, Transection, DMEM (-), SHED-CM, and Autograft. The
diameters of regenerated nerves were thicker in rats treated with SHED-CM relative to rats treated with DMEM (-).

FIG. 6. Myelin sheath mor-
phology in the regenerated
nerves. (A) Toluidine blue
staining of semi-thin cross
sections from the distal por-
tions of regenerated nerves at
12 weeks after surgery. Scale
bar = 20mm. (B) TEM images
of ultrathin cross sections of the
distal regenerated nerves at 12
weeks after surgery. Scale
bars = 5.0 mm, 500 nm. (C)
Densities of remyelinated
axons in the distal nerve
portions. The number of re-
generated myelinated fibers
was significantly higher in
the SHED-CM and Auto-
graft groups than in the
DMEM (-) group. Sham,
DMEM (-), SHED-CM, Au-
tograft: n = 4 per group. Data
are shown as mean – SD.
*P < 0.05. (D) Statistical
analysis of the G-ratios. The
G-ratio was significantly im-
proved in the SHED-CM
group relative to the DMEM
(-) group. Sham, DMEM (-),
SHED-CM, Autograft: n = 4
per group. Data are shown as
mean – SD. *P < 0.05. TEM,
transmission electron micro-
scope.
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recovery of electrophysiologic properties in the SHED-CM,
DMEM (-), and Autograft groups. The detected CMAP
amplitude was significantly higher in the SHED-CM and
Autograft groups than in the DMEM (-) group at 12 weeks
after surgery. However, the CMAP amplitude of the Sham
group was significantly higher compared with other groups.
The differences among nerve conduction velocities were
similar to those among CMAP values. In addition, the la-
tency values in the SHED-CM and Autograft groups were
significantly longer than that measured in the Sham group,
but shorter than that in the DMEM (-) group (*P < 0.05;
Fig. 7B, C).

SHED-CM prevents muscle atrophy and maintains
muscle fibers

The gastrocnemius muscles atrophied after nerve transec-
tion and subsequently regained innervation after nerve regen-
eration. In the Transection group, the muscles exhibited a slim
gross morphology. The gastrocnemius muscle wet weight was
relatively higher in the reinnervated muscle of the SHED-CM
and Autograft groups when compared with that of the DMEM
(-) group (*P < 0.05; Fig. 8C). Masson’s trichrome staining
was performed to examine the rat gastrocnemius muscle
morphology. The collagen fiber percentage was significantly
lower in the SHED-CM and Autograft groups than in the

DMEM (-) group (*P < 0.05; Fig. 8D). The gastrocnemius
muscle wet weight ratios and collagen fiber percentages of the
DMEM (-), SHED-CM, and Autograft groups were improved
relative to those of the Transection group.

Discussion

Our findings suggest that SHED-CM contains various cy-
tokines and chemokines that can enhance peripheral nerve
regeneration through complicated processes. Recently, many
types of biomaterial and stem cell transplantation therapy have
been proposed to enhance peripheral nerve regeneration and
functional recovery. Some studies have reported that trans-
planted stem cells could promote peripheral nerve regeneration
through host cell replacement, cell differentiation, or cell-to-
cell contact-mediated signaling. However, transplanted stem
cells exhibit poor differentiation and survival [12,48]. There-
fore, a paracrine mechanism triggered by growth factors and
cytokines secreted by transplanted stem cells has been sug-
gested to enhance peripheral nerve regeneration [49].

Recent studies have described the secretion of various
growth factors and cytokines from stem cells. In our pre-
vious study, microarray analysis of SHEDs revealed high
expression levels of several growth factors, such as trans-
forming growth factor, connective tissue growth factor, and
NTFs [50]. We showed that SHED-CM contained NGF,

FIG. 7. Motor function re-
covery after sciatic nerve
transaction. (A) The SFI was
analyzed to assess motor
function at 3, 6, 9, and 12
weeks after surgery. The SFI
at 12 weeks after repair was
significantly higher in the
SHED-CM and Autograft
groups than in the DMEM (-)
group. Sham, Transection,
DMEM (-), SHED-CM, Au-
tograft: n = 6 per group. Data
are shown as mean – SD.
*P < 0.05. (B) Representative
CMAP recordings of the in-
jured side at 12 weeks after
surgery. (C) Histograms show
the peak CMAP amplitude,
latency, and nerve conduction
velocity. Sham, Transection,
DMEM (-), SHED-CM, Au-
tograft: n = 6 per group. Data
are shown as mean – SD.
*P < 0.05. CMAP, compound
muscle action potential; SFI,
sciatic functional index.
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BDNF, NT-3, CNTF, GDNF, VEGF, and HGF (Table 2).
These factors were found to enhance peripheral nerve re-
generation in previous studies. In addition, macrophage
accumulation was reported to increase dramatically fol-
lowing bone marrow stem cell transplantation [12] as stem
cells, including SHEDs, secrete monocyte chemotactic
protein-1. Therefore, the accumulation of macrophages at an
early stage after PNI accelerates debris removal increases the
concentrations of growth factors and promotes the migration of
SCs. After PNI, SCs proliferate and migrate from degenerating
axons to form a microenvironment supportive of axonal re-
generation [7]. Therefore, peripheral nerve regeneration re-
quires the recruitment of SCs into the nerve conduit where
these cells produce a range of NTFs, cytokines, and ECM and
adhesion molecules to promote axonal regeneration. Yang et
al. reported that bone marrow-derived mesenchymal stem cell
CM encouraged SC proliferation through the mitogen-
activated protein kinase pathway [51]. Our results showed that
SHED-CM enhanced both migration and proliferation in vitro
(Fig. 1). This indicates that SHED-CM contains factors that
can regulate the mobilization of SCs to the target tissue. Our
real-time RT-PCR results revealed that the expression of
NTFs, such as NGF, BDNF, NT-3, CNTF, and GDNF, was
significantly upregulated in SCs cultured with SHED-CM
versus DMEM (-) (Fig. 2A–E). NTFs regulate SC prolifera-
tion and migration and support survival, maintenance, and
axonal elongation [15]. The efficacy of NTFs has been inves-
tigated in peripheral nerve regeneration studies. In sensory

neurons, NGF promotes primary survival and axonal out-
growth [52,53]. BDNF promotes motor neuron survival and
differentiation [54,55]. NT-3 supports myelin formation by
enhancing SC motility and migration [56,57]. CNTF is a
neuroprotective agent that facilitates remyelination [58,59].
GDNF enhances motor and sensory nerve regeneration
[60,61]. The application of multiple rather than single factors
holds great therapeutic promise. For example, a combination
of BDNF and CNTF significantly improved functional re-
covery versus single-factor treatments in a severed sciatic
nerve rat model [62]. The concentrations of these factors in
SHED-CM may be low. However, multiple factors secreted
from SHEDs may act in a synergistic or additive manner to
enhance peripheral nerve regeneration.

In the present study, we examined the hypothesis that
SHED-CM enhances axonal regeneration and protects neurons
in a sciatic nerve transection rat model. We demonstrated that
SHED-CM enhanced neurite outgrowth and neuronal cell
survival (Fig. 3B, C) in vitro. The electrophysiological and
morphological analyses conducted at 12 weeks after surgery
allowed evaluation of the regenerative nerve outcomes. The
results revealed significantly better nerve regeneration in the
SHED-CM group than in the DMEM (-) group (Figs. 5 and 6).
Based on these results, SHED-CM enhanced axonal regener-
ation. Functional recovery is the ultimate goal of PNI research.
However, it is difficult to assess neurological functional re-
covery directly in a rat model. Therefore, we assessed func-
tional recovery using indirect methods such as the SFI value

FIG. 8. Muscle wet weight and morphological analysis. (A) Macroscopic view of the gastrocnemius muscles of both hind
limbs at 12 weeks after surgery. (B) Masson’s trichrome staining of gastrocnemius muscle cross sections. (C) Statistical
analysis of the gastrocnemius muscle wet weight ratios. The relative gastrocnemius muscle was greater in the SHED-CM
and Autograft groups than in the DMEM (-) group. Sham, Transection, DMEM (-), SHED-CM, Autograft: n = 6 per group.
Data are shown as mean – SD. *P < 0.05. (D) Histograms show the average collagen fiber areas. The collagen fiber
percentage was significantly lower in the SHED-CM and Autograft groups relative to the DMEM (-) group. Sham,
Transection, DMEM (-), SHED-CM, Autograft: n = 6 per group. Data are shown as mean – SD. *P < 0.05.
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and changes in target muscle weight. The SFI value at 12 weeks
after surgery was significantly higher in the SHED-CM group
than in the DMEM (-) group (Fig. 7A), suggesting improved
sciatic nerve reinnervation of the target muscle and conse-
quently better functional recovery. In addition, the SHED-CM
group exhibited reduced target muscle atrophy when compared
with the DMEM (-) group, which also suggested improved
muscle function (Fig. 8). This regeneration may have been fa-
cilitated by an advantageous regenerative microenvironment
and the secretion of cytokines, chemokines, and NTFs from
SHEDs. Angiogenesis is an important process in tissue regen-
eration, including peripheral nerve regeneration. We demon-
strated that SHED-CM could promote tube formation (Fig. 4)
and the expression of the angiogenic molecule, VEGF, in SCs in
vitro (Fig. 2F). Numerous studies have indicated that VEGF
plays a pivotal role in promoting angiogenesis during tissue
regeneration. VEGF promotes the migration and proliferation of
vascular endothelial cells [63]. Recently, HGF has also been
reported to promote angiogenesis [64]. Moreover, a combina-
tion of VEGF and HGF induces a more robust angiogenic re-
sponse [65]. Our results demonstrated that paracrine factors
released from SHEDs not only promoted angiogenesis directly
but also enhanced the potential for angiogenesis in SCs. ECM
consists of collagens, adhesive glycoproteins, and proteogly-
cans produced by resident cells in tissues or organs [66]. Cell
adhesion to ECM enhances survival, differentiation, and mi-
gration [67]. ECM plays a prominent role in maintaining an
advantageous microenvironment for tissue regeneration and
providing a guide for axonal outgrowth toward the correct target
[68]. In this study, the expression of laminin, fibronectin, and
collagen type IV mRNA was significantly upregulated in SCs
cultured in SHED-CM relative to those cultured in DMEM (-)
(Fig. 2G–I). These results indicate that ECM derived from SCs
in SHED-CM may enhance axonal outgrowth. In addition,
multiple factors secreted from SHED may not only lead directly
to peripheral nerve regeneration but might also influence SCs.
Moreover, SHED-CM could provide an advantageous micro-
environment for peripheral nerve regeneration.

In summary, we showed that SHED-CM could promote
axonal regeneration and functional recovery in a sciatic
nerve defect rat model. SHED-CM enhanced axon growth,
peripheral nerve tissue angiogenesis, SC migration, prolif-
eration, and activation, and neuron survival. Therefore,
SHED-CM promotes peripheral nerve regeneration through
various processes, leading to functional recovery. Our re-
sults suggest that SHED-CM is a potential promising strat-
egy for clinical PNI treatment.
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