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Abstract

Bone marrow-derived mesenchymal stem cells (BMSCs) have been shown to promote the regeneration
of injured peripheral nerves. Pulsed electromagnetic field (PEMF) reportedly promotes the proliferation
and neuronal differentiation of BMSCs. Low-frequency PEMF can induce the neuronal differentiation of
BMSCs in the absence of nerve growth factors. This study was designed to investigate the effects of low-fre-
quency PEMF pretreatment on the proliferation and function of BMSCs and the effects of low-frequency
PEMEF pre-treated BMSCs on the regeneration of injured peripheral nerve using in vitro and in vivo experi-
ments. In in vitro experiments, quantitative DNA analysis was performed to determine the proliferation of
BMSCs, and reverse transcription-polymerase chain reaction was performed to detect S100 (Schwann cell
marker), glial fibrillary acidic protein (astrocyte marker), and brain-derived neurotrophic factor and nerve
growth factor (neurotrophic factors) mRNA expression. In the in vivo experiments, rat models of crush-in-
jured mental nerve established using clamp method were randomly injected with low-frequency PEMF
pretreated BMSCs, unpretreated BMSCs or PBS at the injury site (1 x 10° cells). Dil-labeled BMSCs inject-
ed at the injury site were counted under the fluorescence microscope to determine cell survival. One or two
weeks after cell injection, functional recovery of the injured nerve was assessed using the sensory test with
von Frey filaments. Two weeks after cell injection, axonal regeneration was evaluated using histomorpho-
metric analysis and retrograde labeling of trigeminal ganglion neurons. In vitro experiment results revealed
that low-frequency PEMF pretreated BMSCs proliferated faster and had greater mRNA expression of
growth factors than unpretreated BMSCs. In vivo experiment results revealed that compared with injection
of unpretreated BMSCs, injection of low-frequency PEMF pretreated BMSCs led to higher myelinated
axon count and axon density and more Dil-labeled neurons in the trigeminal ganglia, contributing to rapider
functional recovery of injured mental nerve. These findings suggest that low-frequency PEMF pretreatment
is a promising approach to enhance the efficacy of cell therapy for peripheral nerve injury repair.
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Introduction
Peripheral nerve damage can result in severe dysesthesia, per-
sistent paresthesia, and/or post-traumatic pain (Li et al., 2012a).
Injured peripheral nerves may regenerate in time, but the re-
generation is often not complete, and the process takes a long
time. Patients may benefit from surgical interventions such as
neuroplasty, neurorrhaphy, or nerve grafting, these are delicate
procedures that have a risk of no improvement or worsening
of the condition, particularly in case of severe injury (Lee and
Wolfe, 2000). Benefits of cell therapy (Kilmer and Carlsen,
1987) and electromagnetic stimulation (Aebischer et al., 1987)
on the recovery of injured peripheral nerve have been reported.
Schwann cells (SCs) produce a large variety of neuro-
trophic factors and cytokines, and also express cell adhesion
molecules and extracellular molecules known to support
axonal regeneration (Ide, 1996; Fu and Gordon, 1997; Cher-
nousov and Carey, 2000; Goldberg and Barres, 2000; Lonze
et al., 2002; Mimura et al., 2004). Following transection, SCs
provide structural support as well as neurotrophic guidance

to the regenerating axons (Bunge, 1994; Scherer, 1997). SCs
were shown to assist in nerve regeneration when injected
into an injured peripheral nerve (Mosahebi et al., 2001; Ko-
bayashi et al., 2012). Despite these advantages, clinical ap-
plication of SCs is limited due to their lengthy and complex
culture process. Moreover, this technique requires sacrifice
of another peripheral nerve for auto-transplantation (Mo-
sahebi et al., 2002; Mimura et al., 2004; Dai et al., 2013). An
alternate choice for cellular therapy is the mesenchymal stem
cells (MSCs). MSCs are a well-established entity with wide
application possibilities in regenerative medicine for their
availability and capability of multi-lineage differentiation
(Parekkadan and Milwid, 2010; Koh et al., 2012). Due to these
positive attributes, MSCs have been used in the clinical trial
as a treatment option for injured nerves (Tohill et al., 2004;
Sung et al., 2012; Cooney et al., 2016). Numerous studies
have shown that low-frequency electromagnetic field therapy
has a positive effect on the recovery of damaged nerves (Al-
rashdan et al,, 2010; Kim et al., 2015; Hei et al., 2016). Pulsed
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electromagnetic field (PEMF) has been reported to accelerate
proliferation of BMSCs (Sun et al., 2009) and the differentiation
of BMSCs into neuron-like cells under certain conditions (Kim
et al., 2012). Low-frequency electromagnetic fields influences
the actions of intracellular proteins and membrane proteins
including ion channels (Lacy-Hulbert et al., 1998). Application
of low-frequency PEMF has been shown to induce neural dif-
ferentiation of BMSCs in an environment without nerve growth
factors (Cho et al., 2012). Hence, nerve regeneration potential
of MSCs may be further enhanced with application of PEMF.

The present study aimed to evaluate the effects of low-fre-
quency PEMF on the proliferation and growth factor release
of BMSCs, and to evaluate the effects of PEMF pre-treated
BMSCs (PMSCs) on peripheral nerve regeneration.

Materials and Methods

In vitro experiment

Isolation and culture of BMSCs

BMSCs were isolated following a previously described meth-
od (Deng et al., 2003, 2004). Five 5-day-old Sprague-Daw-
ley (SD) male rats, weighing 220-250 g, were scarified with
carbon dioxide (CO,). Their hind limbs were harvested and
washed in 70% ethanol and 1x phosphate-buffered saline (PBS).
Using a 10-mL syringe with 26-gauge needle, the DMEM solu-
tion was injected into the spongy bone (cancellous bone), and
the leakage was collected in a 50-mL conical tube. The collect-
ed medium was filtered using a 70-pum nylon mesh (Falcon,
Franklin Lake, NJ, USA) to remove bone debris and muscle
fibers. The filtered medium was centrifuged at 800 r/min for 5
minutes, and the supernatant was removed through aspira-
tion. Cells collected through centrifugation were suspended
in MSC growth medium consisting of a low glucose DMEM
containing 10% MSC Qualified Fetal Bovine Serum (Thermo
Fisher Scientific, Waltham, MA, USA), and 10 mg/mL of gen-
tamicin (Thermo Fisher Scientific). The suspended cells were
then seeded into a 100-mm cell culture dish and incubated
at 37°C, 95% humidity, and 5% CO, until adhesion. When
cell confluency reached 85%, subculture was proceeded using
0.05% trypsin (assigned as passage 1), and the BMSCs were
cultivated in this manner for the main experiment.

Characterization of BMSCs

The cultivated BMSCs were used in this experiment until pas-
sage 5 and were placed in culture slides. Immunocytochemical
analysis was performed on untreated PC12 cells which were
used as negative control. Markers for MSCs CD29 (Biolegend,
San Diego, CA, USA) and CD105 (Abcam Inc., Cambridge,
UK) primary antibodies (diluted 1:100) were used, and the
cells were stored at 4°C overnight (Boxall and Jones, 2012). A
secondary antibody, FITC (diluted 1:200) was applied for 30
minutes at room temperature. The culture slides were mount-
ed with DAPI for investigation under a fluorescent microscope
(CLSM, LSM700, Carl Zeiss, Oberkochen, Germany).

PEMF exposure on BMSCs

A PEMF device was constructed with help from Professor
Soochan Kim of Signal Processing Applications Lab (Graduate
School of Bio & Information Technology, Hankyong National
University, Korea). The device consisted of a Helmholtz coils
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made of two enamel copper wire coils (AWG #25, 0.5 mm diam-
eter) with 1,000 turns per coil. The inner diameter of the device
was 30 cm, with a width of each coil was 7 cm, and the distance
between the two coils was 15 cm. The PEMF conditions were 50
Hz, 1 mT, 1 hour/day (Sert et al., 2002; Feng et al., 2011; Li et al,,
2012b; Bai et al., 2013; Hei et al., 2016). Cell culture dishes were
placed in the center between the coils of the PEMF device under
the condition of 50 Hz, 1 mT for 1 hour (Figure 1).

Cell proliferation assay

To determine the effect of PEMF pre-treatment on cell prolif-
eration, a quantitative DNA assay was performed (Lee et al.,
2009). BMSCs and PMSCs were seeded into 96-well plates at a
density of 1 x 10° cells/well. Culture medium was removed on
the 5% 7", and 10" days. After PBS washes, 10 uL of EZ-Cytox
solution (Daeil Lab Service Co. Std., Seoul, South Korea) was
added to each well, and the plate was placed in a CO, incubator
(Thermo Fisher Scientific) for 4 hours. DNA was quantified
with a microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA) with a light absorbance wavelength of 450 nm.

Detection of mRNA expression by RT-PCR

To decide the duration of PEMF, BMSCs were seeded and
harvested on days 5, 7, and 10 to compare the gene expression
(six dishes each group, a total of 18 dishes). On the day of the
experiment, BMSCs were harvested into 1.5-mL centrifuge
tubes. Next, 200 pL of chloroform was added, the solution was
mixed by shaking, and the tubes were incubated for 12 minutes.
The mixture was centrifuged for 10 minutes at 12,000 x g at
4°C. Following centrifugation, the top layer of the liquid was
transferred to a new tube containing 500 pL of isopropyl al-
cohol and was incubated for 10 minutes. Then, the tube was
centrifuged for another 10 minutes at 12,000 x g at 4°C. The
supernatant was removed, and the mixture was washed with 1
mL of 75 % ethanol. The mixture was then centrifuged again
for 5 minutes at 7,500 x g and then air-dried at room tem-
perature. It was subsequently dissolved into diethylpyrocar-
bonate-treated water and incubated for 20 minutes at 50°C.
RNA was quantified using an ultraviolet spectrophotometer
at 260 nm and 280 nm. Reverse transcription (RT)-polymerase
chain reaction (PCR) was performed as previously described
(Kashani et al,, 2011). Using an RT reagent kit (Thermo Fish-
er Scientific), total RNA was synthesized into cDNA. PCR
was performed using primers for S100, glial fibrillary acidic
protein (GFAP), nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Kashani et al., 2011; Jiang et al.,
2012; Baij et al., 2013). The PCR products were analyzed using
2% agarose gel electrophoresis using Quantity One software
(version 4.3.1, BIO-RAD, Munich, Germany). The bands were
graphically presented using Image]J software (NIH, Bethesda,
MD, USA). Additional experiments were performed in which
BMSCs were pre-treated with PEMF for 10 days.

Effect of PEMF pre-treated BMSCs (PMSCs) on the
regeneration of crush-injured mental nerve in rats (in vivo
experiment)

Animal crush injury model

Sprague-Dawley (SD) rats, aged 5 weeks, weighing 200-250 g,
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Figure 1 A pulsed electromagnetic field (PEMF) device.

Two Helmholtz coils of 30-cm diameter, 7-cm width, and 15-cm distance
apart. The PEMF device was placed in a CO, incubator. Cell culture dish-
es were placed at the center between the coils for 5, 7, or 10 days.

A PC12 Primary cultured BMSCs B

DAPI
DAPI

CD29
CD105

Merge
Merge

were obtained from Orient Bio Inc. (Seongnam, Korea). Rats
were randomly divided into four groups with six animals per
group: sham surgery group, injury group (5 pL PBS was in-
jected after mental nerve crush injury), BMSCs group (BMSCs
were injected), and PMSCs group (BMSCs that were pre-treat-
ed with PEMF for 10 days were injected) (Figure 2A). After
anesthesia with chloropent (1 mL/100 g), rat left mental nerve
was exposed, and crush injury was induced using a needle
holder with a beak width of 3 mm (Fine Science Tools Inc.,
North Vancouver, British Columbia, Canada, No. 12503-15)
that was locked to the second ratchet (Figure 2B). All animal
experiment procedures were performed in accordance with
the guidance of the Laboratory of Animal Resources of Seoul
National University, South Korea (SNU-130201-2).

Tracking of Dil-labeled BMSCs and PMSCs

In order to evaluate cell viability in vivo after injection,
BMSCs and PMSCs were labeled with 1,1'-dioctade-
cyl-3,3,3",3"-tetramethylindocarbocyanineperchlorate (Dil
solution, Molecular Probes Inc., Eugene, OR, USA) accord-
ing to the manufacturer’s instructions: BMSCs and PMSCs
suspensions (1 x 10° cells) were mixed with 5 uL Dil solution
by gentle pipetting. The mixtures were incubated for 15 min-
utes at 37°C in a CO, incubator. The Dil-labeled BMSCs and
PMSCs were injected into the injured nerve using a 26-gauge
Hamilton syringe (Hamilton Company, Reno, NV, USA) 3
mm proximal to the injury site. The mental nerves were har-

PC12

Figure 2 A rat model of mental nerve crush injury.

(A) PMSCs and BMSCs injection using Hamilton syringe (arrowhead)
after mental nerve crush injury (round shape). (B) The mental nerve
with a 3-mm-long crush injury (arrowhead) created by a needle holder
(flat shape). BMSCs: Bone marrow-derived mesenchymal stem cells;
PMSCs: pulsed electromagnetic field-pretreated BMSCs.

Primary cultured BMSCs

Figure 3 Immunostaining of
primary cultured BMSCs with
CD29 and CD105.

Primary cultured passage 5 BMSCs
expressed positive (green) CD29
(A) and CD105 (B). However,
PC12 cells showed no expression.
Nuclei were stained with DAPI
(blue). Scale bars: 50 pm. BMSCs:
Bone marrow-derived mesenchy-
mal stem cells; DAPI: 4',6-diamidi-
no-2-phenylindole.

vested at 1 and 2 weeks after injection, and 18 pm-thick nerve
sections were obtained using a cryocut microtome (CM3050
S, Leica, Nussloch, Germany). Sections were observed un-
der a fluorescence microscope (CLSM, LSM700, Carl Zeiss,
Oberkochen, Germany).

BMSCs and PMSCs injection

The site of injury was tagged with single 9/0 nylon suture
(Ethicon, Ethicon Inc., Somerville, NJ, USA) on the outer as-
pect of the nerve for recognition. BMSCs and PMSCs (1 x 10°
cells/5 pL PBS) were injected immediately after injury using
a 26-gauge Hamilton syringe 3 mm proximal to the injury
site. Immediately after the injection, the surgical access was
repositioned and sutured with a 4/0 nylon suture (Dafilon,
B-BraunVetCare SA, Barcelona, Spain). Cell injection in
crush-injured mental nerve was shown in Figure 2A.

Sensory function

A sensory test was performed using von Frey filaments
(Semmes-Weinstein Monofilaments, North Coast Medical,
Inc., Arcata, CA, USA), and scores were calculated using the
method of Seino et al. (2009). To objectively assess sensory
nerve function, a blind test was performed with the rats in all
groups. A pre-test of sensory function was performed before
crush injury, and the test was performed one and two weeks
after surgery. When the ipsilateral lip area (a), ipsilateral men-
tal area (b), and contralateral area (d) were stimulated with
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the filament, the act of only raising the forefoot was set as
positive reaction, and this was recorded numerically. Statisti-
cal comparisons of differences in the mean scores at post-op-
erative 1 week and 2 weeks within each group were recorded.
The result was used to assess the behavioral response to me-
chanical stimulation. The difference score was defined as the
difference between the mechanical touch thresholds (grams)
of the ipsilateral and contralateral sides of the injury and was
calculated as the value of the ipsilateral mental area (b) minus
the value of the contralateral area (d). The gap score was de-
fined as the difference between the mechanical touch thresh-
olds of the proximal and distal parts of the mental nerve and
was calculated as the value of the ipsilateral lip area (a) minus
the value in the vicinity of the mental foramen (b). By defini-
tion, a higher score means poorer recovery. As the damaged
nerve recovers functionally, the scores approach “score zero”.

Histomorphometric analysis

After the end of two-week experimental period, all six rats from
each group were anesthetized, surgical access was reopened
and left mental nerves were exposed. Then, 7 mm segments of
mental nerve including the crush-injury site were harvested.
To fix the specimens, harvested segments were immediately
placed in 2.5% glutaraldehyde in PBS (pH 7.4) at 4°C and were
allowed to sit for one day. The specimens were then post-fixed
with 2% osmium tetroxide for two days. Following primary
and secondary fixation, the specimens were washed with PBS
(pH 7.4), routinely processed, and embedded in Epon812 (Nis-
shin EM, Tokyo, Japan). Serial transverse micro-thin sections
of 0.45-um thickness were cut with an ultra-microtome (RMC
Boeckeler, Tucson, AZ, USA) and stained with 1% toluidine
blue for light microscopy examination. Images were captured
using SPOT RTTM-KE color mosaic system (Diagnostic In-
struments, Inc., Sterling Heights, MI, USA) and digitized by
SPOT software (Ver.4.6). To estimate the number of axons,
the total cross-sectional area of the nerve was measured at 40x
magnification, and three sampling fields were then randomly
selected at 200x magnification. Mean fiber density was calcu-
lated by dividing the total number of nerve fibers within the
sampling field by its area (n/mm’). The counts of myelinated
fibers were estimated by multiplying the mean fiber density by
the entire cross-sectional area of the nerve, assuming a uni-
form distribution of nerve fibers across the whole section. The
sections were analyzed using a transmission electron micro-
scope (Olympus, BX41, TF, Japan).

Retrograde labeling of trigeminal ganglion (TG) neurons

TG neurons were retrograde-labeled with a fluorescent dye
Dil (Molecular Probes, Eugene, OR, USA). At the end of the
two-week experimental period, the surfaces of the exposed
mental nerves were soaked in a generous amount of 5 pL Dil
(Hei et al., 2016). Five days later, the animals were anesthetized
and perfused with 4% paraformaldehyde (PFA) solution. Fol-
lowing craniotomy, TG were harvested and fixed overnight in
4% PFA. The fixed TG were immersed in a 20% sucrose solu-
tion for four days, embedded in Tissue Tek” specimen matrix
(Sakura Finetek USA Inc., Torrance, CA, USA), and frozen in
liquid nitrogen. Serial 18-pm longitudinal sections were made
at —20°C in a cryostat microtome (Leica CM 3050, Milano, It-
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aly). Sections were observed under a confocal fluorescence la-
ser-scanning fluorescence microscope (CLSM, LSM700, Carl
Zeiss) and the number of Dil-labeled axons was compared
among specimens. Only Dil-labeled axons with rounded
shape were counted.

Statistical analysis

Proliferation assay and mRNA expression data were analyzed
using an independent samples t-test while analysis of variance
(ANOVA) was done for the sensory test, histomorphomet-
ric analysis, and retrograde-labeled TG data using StatView
software (version 5.0.1, SAS Institute, Cary, NC, USA). The
Mann-Whitney U test was used for nonparametric analysis.
Test results are expressed as the mean * standard deviation,
and statistical significance was given to values with P < 0.05.

Results

BMSCs characterization

From the study with the fluorescent dye using CD29 and
CD105 antibodies, expression was not observed in the negative
control (PC12); however, in primary cultured passage 5 MSCs,
CD29 and CD105 expression was observed (Figure 3).

Effect of PEMF on cell proliferation

The absorbance value at a wavelength of 450 nm indicates
that PMSCs had a slightly, but not significantly, greater pro-
liferation tendency than untreated BMSCs on days 5, 7 and
10 of culture (Figure 4).

Effect of PEMF on mRNA expression level

mRNA expression levels of BMSCs and PMSCs were com-
pared on days 5, 7, and 10 of culture (Figure 5A), and the
results were graphically presented (Figure 5B). S100, GFAP,
and NGF mRNA expression levels were higher in PMSCs
than in BMSCs on days 5, 7 and 10 of culture (P < 0.001). On
day 10 of culture, BDNF expression level in PMSCs was sig-
nificantly higher than in BMSCs (P < 0.001). Accordingly, an
additional experiment was performed in which BMSCs were
pre-treated with PEMF for 10 days without interruption.
Effect of PEMF on the regeneration of crush-injured

- PMSCs
—O-BMSCs

3.9 4
3.7 A
3.5
3.3
3.1
2.9 1

Absorbance (450 nm)

2.7 4

2.5

o

7 10
Days

Figure 4 Effect of PEMF pre-treatment on BMSCs proliferation by
quantitative DNA assay.

Cell proliferation was measured at 450 nm. PMSCs exhibited a slightly,
but not significantly, greater proliferation tendency than untreated
BMSCs on days 5, 7 and 10 of treatment. n = 6/group. Data are pre-
sented as the mean + SEM. PEMF: Pulsed electromagnetic field; BM-
SCs: bone marrow-derived mesenchymal stem cells; PMSCs: BMSCs
pretreated with PEMF.
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mental nerve in rats

The viability of BMSCs in the mental nerve

Dil-labeled BMSCs and PMSCs were visible under a fluores-
cence microscope (Figure 6A); however, they were not visible
in PBS-injected negative control group. Dil-labeled BMSCs
and PMSCs were observed at both weeks 1 and 2. Week 2
specimens showed decreased labeling in both BMSCs and
PMSCs compared to week 1 specimen (Figure 6B).

Recovery of sensory function after PMSCs treatment

All of the groups exhibited decreased gap score at 1 week with
the exception of the sham group. All groups showed some de-
gree of sensory recovery at 2 weeks, and the recovery of sensory
function in the PMSCs group was faster than in the BMSCs and
PBS groups. The difference score result followed a similar trend
as the gap score result. At 1 week, the least increased difference
score was observed in the PMSCs group and the greatest in-
creased difference score in the PBS group. At 2 weeks, greater
recovery was observed in the PMSCs group than in the BMSCs
and PBS groups. However, there was no significant difference
in either gap or difference score (Figure 7).

Axonal regeneration

Histomorphological sections (Figure 8) were processed for
myelinated axon counts and axon density, and the results are
presented in Figure 9. In processing the number of myelinated
axons, only axons with round cross-sections were included and
counted. The PMSCs group showed a greater number of myelin-
ated axon counts than the PBS group (P < 0.001) or the BMSCs
group (P < 0.01). The BMSCs group showed a greater number
of myelinated axon counts than the PBS group (P < 0.01). Axon
density in the PMSCs group was also significantly higher than
that in the PBS group or BMSCs group (P < 0.001 or P < 0.01).

Retrograde labeling of trigeminal ganglion

Following retrograde Dil-labeling of TG, only the neurons
with round cross-sections were counted. Dil-labeled sections
in all groups (Figure 10) were processed, and the results are
presented in Figure 11. The PMSCs group showed a signifi-
cantly greater number of stained TG neurons than the PBS
and BMSC groups (P < 0.01 or P < 0.05).

Discussion

MSCs have been shown to enhance injury recovery and
improve tissue regeneration through the release of growth
factors, cytokines, and adhesion molecules (Pittenger et al.,
1999; Bhagavati and Xu, 2004). Although statistically signif-
icant difference in sensory recovery was not observed in the
present study, the groups injected with MSCs, no matter pre-
treated with PEMF or not, exhibited faster recovery than the
PBS group after mental nerve crush injury.

According to histomorphometric assay, the BMSCs group
exhibited a significantly higher myelinated axon count than
the PBS group. Regarding axon density, although statistical
significance was not observed, a tendency for higher axon
density was observed in the BMSCs group than in the PBS
group. These in vivo results support that BMSCs promoted
the regeneration of injured mental nerves.

PEMF pretreatment of cells reportedly leads to a significant
increase in cell number (Sun et al., 2009), induces secretion of
RA (Pirozzoli et al., 2003), FSK (Cain et al., 1987), bFGF (Hop-
per et al., 2009), and PDGF (Dimitriou et al., 2011), increases
NGF secretion (Longo et al., 1999), enhances the proliferation
of MSCs (Sun et al., 2009; Luo et al., 2012), and promotes neu-
rite outgrowth (Zhang et al., 2006; Lekhraj et al., 2014).

S100 is a calcium-binding protein that stimulates cell pro-
liferation. PEMF affects calcium ion channels in cell mem-
branes (Zienowicz et al., 1991; Grant et al., 1994; Shah et al,,
2001) and enhances BDNF expression through an L-type
voltage-gated calcium channel and Erk-dependent signaling
pathways in neonatal rat DRG neurons (Li et al., 2014). The
present study was designed to investigate the effects of PEMF
on BMSC proliferation and growth factor release, and eval-
uate the effects of PMSCs on nerve regeneration of injured
mental nerve. Hei et al. (2016) reported that PEMF treat-
ment significantly increased cell proliferation and S100 and
BDNF expression. A large number of studies regarding MSCs
reported that cell proliferation and growth factor release in-
creased after application of 50 Hz PEMF to cells (Sert et al.,
2002; Feng et al.,, 2011; Li et al., 2012b; Bai et al., 2013). In
the present study, PEMF was applied for 5, 7, or 10 days, and
highest increases in BMSC proliferation and mRNA expres-
sion were observed in the 10-day group, so 10-day PEMF ap-
plication was chosen. The in vitro results of the present study
showed that PMSCs not only promoted cell proliferation and
increased S100 and GFAP expression, but also increased the
release of growth factors such as NGF and BDNF compared to
untreated BMSCs. Studies have reported that the magnitude of
effects of PEMF on cell survival, propagation, and peripheral
nerve regeneration depend on intensity, time interval, and
frequency of PEMF (Sun et al., 2009; Kim et al., 2012). The
PEMF device used in the present study could be set at various
frequencies (50, 60, 100, or 150 Hz) and binary time settings of
1 or 12 hours. However, the intensity was constant at 1 mT. In
order to further optimize PEMF settings for peripheral nerve
regeneration, a device with different intensity modes and time
settings may help. To further confirm the positive effect of 10-
day PEMF treatment on BMSCs, additional evaluations such as
western blotting or neurite length measurement may be con-
sidered in future studies. After injecting PMSCs into injured
mental nerve in rats, a sensory function test and an axonal re-
generation assessment were performed. A mental nerve senso-
ry test was performed according to the method reported by Sei-
no et al. (2009). Numerous studies have reported that injured
nerves recover between 1 and 2 weeks after injury (Hildebrand
et al., 1995; Naftel et al., 1999; Kim et al., 2015; Hei et al., 2016).
All of the experimental groups except the sham group showed
significantly diminished sensory function of the mental nerve
at 1 week post-injury and some degree of recovery at 2 weeks
post-injury. The PMSCs group showed faster sensory function
recovery than the BMSCs or PBS group; however, the differ-
ence was not statistically significant. In the sensory function
test using filaments, experimenter bias could not be entirely
eliminated as the reaction of the animal is determined by the
experimenter’s subjective judgment. Moreover, as the test was
performed while the experimenter was holding the filaments
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Figure 6 Tracking of Dil-labeled BMSCs and PMSCs at 1 and 2 weeks postoperatively.

(A) Dil-labeled (a) BMSCs and (b) PMSCs were observed. Scale bars: 50 pm. (B) Dil-labeled BMSCs (c, d) and PMSCs (e, f) in vivo with negative
control PBS injection (a, b) harvested one week (a, ¢, e) and two weeks after injection (b, d, f). Dil labeling: red; DAPI: blue. Scale bars: 200 pum.
Boxed area in the right image was enlarged. Scale bars: 50 pm. Dil: 1,1'-Dioctadecyl-3,3,3",3"-tetramethylindocarbocyanineperchlorate; BMSCs:
bone marrow-derived mesenchymal stem cells; PEMF: pulsed electromagnetic field; PMSCs: BMSCs that were pre-treated with PEMF; DAPL:
4',6-diamidino-2-phenylindole.
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The gap score values in all groups decreased in response to the crush injury at one week and began to recover at two weeks. (B) The difference
scores of all groups increased due to the crush injury at one week and subsequently decreased at two weeks. The recovery rate was highest in the
PMSCs group. But there was no statistical significance in recovery rate between groups (n = 6/group. Data are presented as the mean + SEM). The
difference score was defined as the difference between the mechanical touch thresholds (grams) of the ipsilateral and contralateral sides of the inju-
ry and was calculated as the value of the ipsilateral mental area minus the value of the contralateral area. The gap score was defined as the difference
between the mechanical touch thresholds of the proximal and distal parts of the mental nerve and was calculated as the value of the ipsilateral lip
area minus the value in the vicinity of the mental foramen. By definition, a higher score means poorer recovery. PBS: Phosphate buffered saline;
BMSCs: bone marrow-derived mesenchymal stem cells; PMSCs: BMSCs that were pre-treated with pulsed electromagnetic field.

Figure 8 Photomicrographs
of histological features in
semi-thin sections of the
mental nerve at 2 weeks
postoperatively.

(arrows) number and density in the PMSCs group were higher than in the PBS and BMSCs groups. Scale bars: 200 um. PBS: Phosphate buffered
saline; BMSCs: bone marrow-derived mesenchymal stem cells; PMSCs: BMSCs that were pre-treated with pulsed electromagnetic field.
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(A) Myelinated axon counts and (B) axon density (+1+P < 0.001, vs. PBS group; P < 0.01, vs. BMSCs group; $$P < 0.01, vs. PBS group) were sig-
nificantly higher in the PMSCs group than in the BMSCs and PBS groups (n = 6/group). Axon count and density were analyzed using analysis of
variance. Data are presented as the mean + SEM. PBS: Phosphate buffered saline; BMSCs: bone marrow-derived mesenchymal stem cells; PMSCs:
BMSC:s that were pre-treated with pulsed electromagnetic field.

. .
(A) Sham, (B) PBS, (C) BMSCs, and (D) PMSCs groups. The PMSCs group showed more positive trigeminal ganglion neurons (red) than the BM-

SCs and PBS groups. Scale bars: 200 pm. Dil: 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanineperchlorate; PBS: phosphate buffered saline;
BMSCs: bone marrow-derived mesenchymal stem cells; PMSCs: BMSCs that were pre-treated with pulsed electromagnetic field.

Figure 10 Retrograde trigeminal
ganglion labeling with Dil at 2
weeks postoperatively.
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Figure 11 Effects of PMSCs on Dil-labeled neurons in trigeminal
ganglion of rats at 2 weeks postoperatively.

There were significantly more Dil-labeled neurons in the PMSCs group
than in the BMSCs and PBS groups (1P < 0.01, vs. PBS group; *P <
0.05, vs. BMSCs group) (n = 6/group). The number of retrograde-labeled
trigeminal ganglion neurons was analyzed using analysis of variance.
Data are presented as the mean + SEM. Dil: 1,1'-Dioctadecyl-3,3,3",3"-te-
tramethylindocarbocyanineperchlorate; PBS: phosphate buffered saline;
BMSCs: bone marrow-derived mesenchymal stem cells; PMSCs: BMSCs
that were pre-treated with pulsed electromagnetic field.

with their hands, there could have been variations in the uni-
formity of the pressure that was delivered. In order to mini-
mize bias and error, alternative methods to test sensory nerve
function such as electronic von Frey measurements, should be
considered. According to histological analysis of other studies,
increases in total axon number and axon density are suggestive
of axonal nerve regeneration (Hubbard, 1972; Vasconcelos and
Gay-Escoda, 2000).

Retrograde labeling with a dye is a well-established meth-
od by which sensory neurons can be distinguished from
motor neurons. Retrograde nerve labeling also explores the
relationship between the spinal cord and peripheral nerves
(Yu et al,, 2015). To obtain functional recovery after injury,
injured peripheral nerve fibers must grow into the correct
target organ (Hayashi et al., 2007; Yu et al., 2015). Myelinated
axon count and axon density in all experimental groups were
lower than those in the sham group. Both PMSCs and BMSC
groups showed significantly higher myelinated axon count and
axon density compared to PBS group, and the PMSCs group
showed significantly higher values than the BMSCs group.
Some studies have shown that nerve fiber diameter is the only
most reliable parameter for assessing sensory nerve recovery
(Fernand and Young, 1951; Donovan, 1967), axonal diameter
and the width and length of the myelin sheath are the most
relevant histological findings regarding nerve recovery (May
and Schaitkin, 2000). Hence, measurement of axon diameter,
width, and length of the myelin sheath may be incorporated in
future studies for a more thorough evaluation of sensory nerve
recovery. In the retrograde Dil labeling of TG, the PMSCs
group exhibited significantly higher retrograde tracing com-
pared to the BMSCs and PBS groups.

To conclude, PEMF application in vitro increased not only
the growth rate of BMSCs, but also the expression of nerve
growth factors. Moreover, when these PMSCs were injected
into an injured mental nerve, they were more effective at pro-
moting nerve regeneration than unpretreated BMSCs. This
suggests that PEMF pretreatment of BMSCs can be used as an
enhanced strategic tool in cell therapy for recovery of injured
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