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Abstract 

 

The Effect of Pulsed Electromagnetic Field (PEMF) 

Pre-treated Mesenchymal Stem Cells on the 

Regeneration of Crush - Injured Rat Mental Nerve 

 
서나리(NaRi Seo) 

치의과학과 신경생물학전공 

(Department of Neuroscience, School of Dentistry) 
The Graduate School 

Seoul National University 
 

1. Purpose 

Peripheral nerve injury is often encountered in clinical situations, and cell 

therapy is a promising regeneration technique. For this purpose, cells must be 

rapidly expandable, easily harvestable, and immunologically tolerable. 

Mesenchymal Stem Cells (MSCs), which satisfy these conditions, are a new tool in 

the regeneration of damaged peripheral nerves. Another non-cellular approach for 

the injured peripheral nerve regeneration, Pulsed Electromagnetic Field (PEMF), 

has been suggested. Past in vitro application of PEMF to MSCs increased cell 

proliferation and growth factor release, and it specifically induced MSC 

differentiation into Schwann-like cells. Also, PEMF in vivo helps in the 

regeneration of damaged peripheral nerve, motor, and sensory neurons. 

The aim of present study was to evaluate the effect of PEMF on the proliferation 



 ii

and growth factor release of MSCs and to evaluate the effect pf PEMF pre-treated 

MSCs (PMSCs) on peripheral nerve regeneration. 

 

2. Methods  

MSCs were harvested from the long bones of five-week-old Sprague Dawley 

rats (200 - 250g) and primary cultured. The effect of PEMF pre-treatment (50 Hz, 

0.1 mT, 1 hour/day) on MSCs was evaluated by cell proliferation assay and the 

change of S100, GFAP, BDNF, and NGF mRNA expression. Cell survival was 

observed for two weeks by injecting the DiI-labeled MSCs into the injured nerve. 

Animal surgery was carried out in four groups: Sham, PBS, the MSC-injected 

group, and the PEMF pre-treated MSCs (PMSCs) -injected group. Crush injury 

was performed on the left mental nerve using a needle holder with a width of 3 

mm for one minute. MSCs and PEMF pre-treated MSCs (PMSCs) (1x106) were 

suspended in 5 μL PBS and injected into the injury-induced nerve using a 

Hamilton syringe. Functional recovery of the nerve was carried out by measuring 

the gap and difference scores at pre-surgery and 1 and 2 weeks post-surgery. 

Axonal regeneration was evaluated with histomorphometric analysis and 

retrograde labeling of the trigeminal ganglion (TG).  

 

3. Results 

The PEMF pre-treated MSCs (PMSCs) group showed higher cell proliferation 

and growth factor expression than the MSC group. In the mental nerve sensory test, 

the PMSC injection group showed faster recovery than the untreated MSC 

injection group. Also, the PEMF pre-treated MSCs (PMSCs) exhibited 

significantly higher myelinated axon count and density than the MSC and PBS 
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groups. Furthermore, using TG retrograde labeling, a greater number of dyed 

neurons was counted in the PEMF pre-treated MSCs (PMSCs) group compared to 

the MSC group.  

 

4. Conclusion  

PEMF pretreatment on MSCs (PMSCs) in vitro increased not only the growth 

rate of the cells, but also the expression of nerve growth factors. Moreover, when 

these PEMF pre-treated MSCs (PMSCs) were injected into an injured nerve, they 

were more effective in regeneration than untreated MSCs. This suggests that PEMF 

pre-treated MSCs (PMSCs) are an enhanced strategic tool in cell therapy for 

recovery of injured nerves. 
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Ⅰ. Introduction 
 

Peripheral nerve damage is not uncommon and can result in severe dysesthesia, 

persistent paresthesia, and post-traumatic pain (1). Injured peripheral nerves can 

regenerate in time, but the regeneration is sometimes not complete or takes a long 

time. Patients might benefit from surgical interventions such as nerve grafting; 

however, these are delicate procedures and sometimes ineffective in cases of severe 

injury (2). For promoting regeneration of an injured peripheral nerve, benefits of 

cell therapy (3) and electromagnetic stimulation (4) have been reported.  

Schwann Cells (SCs) produce a large variety of neurotrophic factors and 

cytokines. They also express cell adhesion molecules and extracellular molecules 

that are known to support axonal regeneration (5-10). Following transection, SCs 

provide structural support as well as neurotrophic guidance to regenerating axons 

(11, 12). When SCs are injected into an injured peripheral nerve, they assist nerve 

regeneration using these characteristics (13, 14). Despite the advantages, there is 

limitation in the application of SCs because it is difficult to culture a large amount 

of cells, culture time is lengthy, and the technique is technically complex. 

Moreover, this technique requires sacrifice of another peripheral nerve to culture 

SCs for auto-transplantation (10, 15, 16). Considering the problems listed above, 

the ideal ‘transplantable cell’ should be easily accessible, capable of rapid 

expansion in culture, immunologically tolerable, capable of long-term survival, and 

capable of integration in the host tissue (17). Mesenchymal Stem Cells (MSCs) 

have great translational potential in regenerative medicine given their availability 

and potential for multi-lineage differentiation into bone, cartilage, muscle, fat, and 

tendon (18, 19). Due to these attractive characteristics of MSCs, they are currently 

being attempted as a treatment option in injured nerve regeneration studies (20-22). 
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Many studies have shown the effect of an electromagnetic field with low frequency 

on cells. Pulsed Electromagnetic Field (PEMF) has been reported to help MSC 

proliferation (23) and to differentiate bone marrow MSCs into neuron-like cells in 

some induced conditions (24). Low-frequency electromagnetic fields affect actions 

in intracellular and membrane proteins, including ion channels (25). PEMF of low 

frequency application can induce neural differentiation of MSCs without nerve 

growth factors (26). Hence, nerve regeneration might be promoted even more when 

PEMF is used with MSCs rather than using MSCs alone.  

The aim of the present study was to evaluate the effects of PEMF on the 

proliferation and growth factor release of MSCs and to evaluate the effect of PEMF 

pre-treated MSCs (PMSCs) on peripheral nerve regeneration. 
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Ⅱ. Materials & Methods 

 

1. Isolation of MSCs and culture 

 

MSCs were isolated as described previously (27, 28). Shortly, five-week-old 

Sprague Dawley (SD) male rats (220 - 250g) were sacrificed with carbon dioxide 

(CO2). Their hind limbs were harvested and washed in 70 % ethanol and 1 X 

phosphate-buffered saline (PBS). The bones without soft tissue were then stored in 

pure Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies Co., Grand 

Island, NY, USA) on ice. Using a 10-mL syringe with a 26-gauge needle, the 

DMEM solution was introduced in the spongy bone, and the leakage was collected 

in a 50 mL conical tube. The collected culture medium was filtered to remove bone 

and muscle using a 70-µm nylon mesh (Falcon, Franklin Lake, NJ, USA). The cells 

were centrifuged at 800 rpm for 5 minutes, and the supernatant liquid was removed 

through aspiration. The centrifuged cells were resuspended in MSC growth media, 

a low glucose DMEM containing 10 % MSC fetal bovine serum (Life 

Technologies Co.), and 10 mg / mL of gentamicin (Life Technologies Co.). The 

suspended cells were seeded into a 100-mm cell culture dish and were incubated at 

37 °C, 95 % humidity, and 5 % CO2 until adhesion. After the adhered MSCs were 

grown to 85 % confluency, subculture was performed using 0.05 % trypsin 

(assigned as Passage 1), and the MSCs of the rat were further cultivated for the 

main experiment. 

 

1-1. Characterization of MSCs  

 

The cultivated MSCs were used in this experiment until passage 5 and were 
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placed in culture slides. For the negative control, immunocytochemical analysis 

was performed using PC12 cells. The cells were fixed for 30 minutes using 4 % 

paraformaldehyde (PFA; Merck, Daramstadt, Germany) and then washed three 

times with PBS. They were processed with Proteinase K (DAKO, Carpinteria, CA, 

USA) for 10 minutes and washed three times with PBS. They were then treated 

with peroxidase block (DAKO) for 30 minutes and washed three times with PBS. 

The cells were treated with 5 % horse serum (Vector, Burlingame, CA, USA) for 

30 minutes. Then, without washing, the primary antibodies CD 29 (Biolegend, San 

Diego, CA, USA) and CD 105 (Abcam Inc., Cambridge, UK), diluted 1:100, were 

applied, and the cells were stored at 4 °C overnight. A secondary antibody, FITC, 

was diluted 1:200. The culture slides were mounted with DAPI for observation 

under a fluorescent microscope (CLSM, LSM700, Carl Zeiss, Oberkochen, 

Germany). 

 

2. Pulsed Electromagnetic Field (PEMF) treatment 

 

The PEMF device used was made with the help of Professor Soochan Kim’s 

Signal Processing Lab (Graduate School of Bio & Information Technology, 

Hankyong National University, Korea). The device consisted of Helmholtz coils 

that were coiled with 1,000 turns of enamel copper wire (AWG #25, 0.5 mm 

diameter). The coil’s inner diameter was 30 cm, with a width of 7 cm and a 15-cm 

distance between two coils. The PEMF conditions were 50 Hz, 1 mT, 1 hour / day 

(29-33). Cell culture dishes were placed in the center between the coils (Figure 1). 

 

2-1. Cell proliferation assay 
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To determine the effect of PEMF pre-treatment on cell proliferation, a 

quantitative DNA assay was performed with the PEMF pre-treated MSCs (PMSCs) 

and the MSCs. MSCs were seeded into plates at a density of 1x103 cells / well. 

Culture medium was removed on the 5th, 7th, and 10th days. After washing with 

PBS, 10 μL of EZ - Cytox solution (Daeil Lab Service Co. Std, Seoul, Korea) was 

added to each well, and the plate was incubated for 4 hours in a CO2 incubator. 

DNA was quantified with a microplate reader (BioTek Instruments, Inc., Winooski, 

VT, USA) by reading the absorbance at a wavelength of 450 nm. 

 

2-2. mRNA expression level by RT-PCR 

 

To decide the duration of PEMF for the PEMF pre-treated MSCs (PMSCs), 

MSCs were seeded, and cells were harvested at 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, the cell was washed twice with PBS, and 1 mL of TRIzol was added to 

the dishes. The cells were harvested into 1.5-mL centrifuge tubes. Next, 200 μL of 

chloroform was added, the well was mixed by shaking, and the tubes were 

incubated for 12 minutes. The mixture was centrifuged for 10 minutes at 12,000 g 

and 4 °C. During centrifugation, a new tube containing 500 μL isopropyl alcohol 

was prepared. When the centrifuge stopped, the tube was handled carefull, and the 

top layer of liquid was moved to the new tube and incubated for 10 minutes. Then, 

the tube was centrifuged for another 10 minutes at 12,000 g at 4 °C. The 

supernatant was removed, and the mixture was washed with 1 mL of 75 % ethanol. 

Then, the mixture was centrifuged again for 5 minutes at 7,500 g and then air-dried 

at room temperature. It was subsequently dissolved into diethylpyrocarbonate-

treated water and incubated for 20 minutes at 50 °C. RNA was quantified with an 
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ultraviolet spectrophotometer at 260 and 280 nm. Reverse transcription (RT) 

polymerase chain reaction (PCR) was performed essentially as described 

previously (34). Using an RT reagent kit, the total RNA was synthesized into 

cDNA. PCR was performed using primers for S100, GFAP, NGF, and BDNF (33-

35). The PCR products were analyzed using 2 % agarose gel electrophoresis. 

 

3. The effect of PMSCs on the regeneration of the mental nerve 

from a crush injury in rats 

 

3-1. Animal crush injury model 

Five-week-old male SD rats (200 – 250 g) were used in the present experiment. 

SD rats were anesthetized with Chloropent (1 cc / 100 g). The mental nerve on the 

left was exposed, and crush injury was induced using a needle holder (Fine Science 

Tools Inc., No. 12503-15, North Vancouver, British Columbia, Canada) with a 3-

mm width that was clipped up to the second ratchet (Figure 2A). All animal 

experimental procedures were carried out in accordance with the guidance of the 

Laboratory of Animal Resources of Seoul National University, Korea (SNU-

130201-2). 

 

3-2. Cell tracking with DiI-labeled MSCs and PMSCs 

According to the manufacturer’s instructions, MSCs and PEMF pre-treated 

MSCs (PMSCs) were labeled using 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate (DiI solution, Molecular Probes Inc., 

Eugene, OR, USA) in order to confirm cell viability after injection. MSCs and 

PEMF pre-treated MSCs (PMSCs) suspension (1x106 cells) with 5 μL DiI solution 
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was mixed by gentle pipetting and incubated for 15 minutes at 37 °C in CO2 

incubator. DiI-labeled MSCs and PEMF pre-treated MSCs (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 

harvested at 1 and 2 weeks after injection, and 18 μm-thick nerve sections were 

obtained with a cryocut microtome (CM3050 S, Leica, Nussloch, Germany). 

Sections were observed under a fluorescence microscope (CLSM, LSM700, Carl 

Zeiss, Oberkochen, Germany). 

 

3-3. Evaluation of PMSCs in the animal model 

Each group was subdivided into four groups with six rats in each group: the 

sham group; the group that was injected with PBS after mental nerve crush injury; 

the group that had MSCs injected in the nerve; and the group that had PEMF pre-

treated MSCs (PMSCs) injected in the nerve (Figure 2B). The site of injury was 

marked with a 9/0 nylon suture (Ethicon, Ethicon Inc., Somerville, NJ, USA) on 

the outer part of the nerve for recognition. MSCs and PEMF pre-treated MSCs 

(PMSCs) (1x106 cells/5 μL PBS) were injected immediately after injury using a 

26-gauge Hamilton syringe 3 mm proximal to the injury site. Immediately after the 

injection, the injured site was sutured with a 4/0 nylon suture (Dafilon, B-Braun 

VetCare SA, Barcelona, Spain).  

 

3-3-1. Sensory function  

A sensory test was performed, and scores were calculated using the method of 

Seino et al. (36). The result was used to assess the behavioral response to 

mechanical stimulation. The difference score was defined as the difference 
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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 defined as the 

difference between the mechanical touch thresholds of the medial 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 definition, a higher 

score means poorer recovery. As the damaged nerve recovers functionally, the 

scores approach “score zero.” Series of von Frey filaments were used to determine 

pain sensitivity to mechanical stimulation. A sensory test was performed using von 

Frey filaments (Semmes-Weinstein Monofilaments, North Coast Medical, Inc., 

Arcata, CA, USA). Filaments (bending force; 0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 

1.0, 1.4, 2.0, 4.0, and 6.0 g) were applied from above to the center of the whisker 

pad. Head withdrawal, touching, or scratching the facial region upon von Frey 

filament application was considered a positive pain response. A negative response 

was defined as a lack of two sequential withdrawal responses elicited by three 

sequential stimulations. Statistical comparisons of differences in the mean scores at 

post-operative 1 week and 2 weeks within each group were recorded. 

 

3-3-2. Histomorphometric analysis 

After the two-week experimental period, six rats from each group were 

anesthetized under the same conditions of animal surgery. The mental nerve was 

exposed again, and the nerve segment including the crush-injury site was harvested. 

The nerves were immediately immersed into a fixation solution containing 2.5 % 

glutaraldehyde in PBS (pH 7.4) at 4 °C for one day. The nerve segment was then 

post-fixed with 2 % osmium tetroxide for two days. It was subsequently washed 
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with PBS (pH 7.4) solution and then routinely processed and embedded in Epon. 

Serial transverse micro-thin sections of 0.45 µm 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 a specialized 

system, SPOT RTTM-KE color mosaic, and digitized by SPOT software (Ver. 4.6). 

For the sake of simplifying axon counting, the total cross-sectional area of the 

nerve was measured at 40 X magnification, and three sampling fields were then 

randomly selected at 200 X magnification using a protocol previously reported. 

Mean fiber density was calculated by dividing the total number of nerve fibers 

within the sampling field by its area (N / mm2). Myelinated fibers counts were then 

estimated by multiplying the mean fiber density by the total cross-sectional area of 

the whole nerve cross section assuming a uniform distribution of nerve fibers 

across the entire section. The sections were analyzed using a transmission electron 

microscope. 

 

3-3-3. TG retrograde labeling 

Trigeminal ganglion (TG) neurons were retrograde-labeled with a fluorescent 

dye: DiI (Molecular Probes, Eugene, OR, USA). Two weeks after crush injury, the 

mental nerves were re-exposed, and the surfaces of the exposed nerves were 

soaked in a generous amount of dil. Five days later, the animals were anesthetized 

and perfused with 4 % PFA solution. After craniotomy, TG neurons were harvested 

and post-fixed overnight with the same solution of 4 % PFA. The TG neurons were 

immersed in a 20 % sucrose solution for four days, then embedded in Tissue Tek 

(Sakura Finetek USA Inc., Torrance, CA, USA) and frozen in liquid nitrogen. 

Serial 18 μm longitudinal sections were made at -20 °C in a cryostat microtome 
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(Leica CM 3050, Milano, Italy). Sections were observed under a fluorescence 

microscope (CLSM, LSM700, Carl Zeiss) for the number of axons labeled with DiI, 

and these data were compared between the control group and the experimental 

groups.  

 

4. Statistical analysis 

An ANOVA was performed using StatView software (version 5.0.1, SAS 

Institute, Cary, NC, USA). Proliferation assay and mRNA expression data were 

analyzed using a one-group t-test, and the sensory test, histomorphometric analysis, 

and retrograde labeling data were analyzed with ANOVA. The Mann-Whitney U 

test was used for nonparametric analysis. The test results are expressed as mean ± 

standard deviation, and statistical significance was set as p < 0.05. 

  



 - 11 -

Ⅲ. Results 

 

1. MSC Characterization 

From the study of fluorescent dye using CD 29 and CD 105 antibodies, 

expression was not observed in the negative control; however, it was observed in 

the passage of primary cultured MSCs (Figure 3).  

 

2. PEMF treatment 

 

2-1. The effect of PEMF on cell proliferation 

 

The absorbance value at a wavelength of 450 nm showed that PEMF pre-treated 

MSCs (PMSCs) had a higher tendency than untreated MSCs during all 5, 7, and 10 

days. However, there was no statistical significance (Figure 4).  

 

2-2. The effect of PEMF on mRNA expression level 

mRNA expression levels were compared between MSCs and PEMF pre-treated 

MSCs (PMSCs) on days 5, 7, and 10 (Figure 5) and were graphically presented 

using Image J software (NIH, Bethesda, MD, USA) (Figure 6). S100, GFAP, and 

NGF expression levels were higher in PEMF pre-treated MSCs (PMSCs) pre-

treated for 5, 7 and 10 days than in the MSCs. Specifically, the BDNF expression 

level of PEMF pre-treated MSCs (PMSCs) on the 10th day was statistically 

significantly higher (*** p < 0.001; PMSCs vs. MSCs). Accordingly, an additional 

experiment was performed in which MSC cells were pre-treated with PEMF for 10 

days. As a result, S100, GFAP, NGF, and BDNF expression (Figure 7) was again 
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observed to be statistically significantly higher for PEMF pre-treated MSCs 

(PMSCs) compared to MSCs (Figure 8; * p < 0.05, ** p < 0.01; PMSCs vs. MSCs). 

 

3. The effect of PEMF on the regeneration of the nerve after a rat 

mental crush injury 

 

3-1. The viability of MSCs in the mental nerve  

DiI labeled MSCs and PEMF pre-treated MSCs (PMSCs) were observed. 

(Figure 9A). When PBS was injected in vivo as a negative control, DiI labeling 

was not observed within the nerve (Figure 9B a, b). DiI-labeled MSCs and PEMF 

pre-treated MSCs (PMSCs) were observed in the mental nerve at first and second 

week. Second week showed decreased labeling in both MSCs and PEMF pre-

treated MSCs (PMSCs) compared to first week (Figure 9B).  

 

3-2. Recovery of sensory function after cell therapy 

All of the groups exhibited a decreased gap score at week 1 after the crush injury 

except the sham group. All groups seemed to recover at two weeks, and the 

recovery speed of the PEMF pre-treated MSCs (PMSCs) group tended to be faster 

than the PBS and MSC groups. Also, the difference score result was similar to the 

gap score result. The difference score for the PEMF pre-treated MSCs (PMSCs) 

group tended to increase less than that in the PBS and MSC groups. All groups 

tended to recover at different speeds as well as in regard to the difference score at 

two weeks; the PEMF pre-treated MSCs (PMSCs) group recovered fastest. 

However, statistical significance was not observed in either gap or difference score 

(Figure 10). 
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3-3. Histomorphometric analysis of axonal regeneration 

Histomorphological sections of all groups (Figure 11) are graphically presented 

as myelinated axon counts and axon density (Figure 12). In myelinated axon 

counting, the only shape that was counted was the circle type. In the graph of 

myelinated axon count by group, the PEMF pre-treated MSCs (PMSCs) group was 

higher at a statistically significant level compared to the PBS group (+++ p < 0.001; 

PMSCs vs. PBS) and the MSC group (** p < 0.01; PMSCs vs. MSCs). The MSC 

group showed a higher value than the PBS group, and this difference was also 

statistically significant ($$ p < 0.01; MSCs vs. PBS). The axon density of the 

PEMF pre-treated MSCs (PMSCs) group was also statistically significantly higher 

than that of the PBS group (+++ p < 0.001; PMSCs vs. PBS, ** p < 0.01; PMSCs 

vs. PBS).  

 

3-4. TG retrograde labeling 

As for the myelinated axon, only circle-shaped DiI-labeled neurons were 

counted for TG retrograde labeling. DiI-positive neurons in TG of all groups 

(Figure 13) are graphically presented (Figure 14). The PEMF pre-treated MSCs 

(PMSCs) group showed a statistically significantly greater number of TG neurons 

compared to the PBS and MSC groups (++ p < 0.01; PMSCs vs. PBS, * p < 0.05; 

PMSCs vs. MSCs).  
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Ⅳ. Discussion 

 

Many studies have reported the ability of MSCs to improve injury recovery and 

improve regeneration via growth factors, cytokines, and adhesion molecules (37, 

38). In the present study, in the sensory function test, statistical significance was 

not observed; however, the group injected with MSCs tended to recover faster than 

those injected with PBS. As a result, using a histomorphometric assay, the MSC 

group exhibited a statistically significantly greater myelinated axon count 

compared to the PBS group. Statistical significance was not observed in axon 

density, but a higher tendency was observed. These in vivo results show that MSCs 

promoted the regeneration of injured nerves.  

PEMF pre-treatment on cells leads to a significant increase in cell number (23); 

induces secretion of RA (39), FSK (40), b-FGF (41), and PDGF (42); increases 

nerve growth factor (NGF) secretion (43); improves MSC proliferation (23, 44); 

and promotes neurite outgrowth (45, 46). S100 is a calcium-binding protein that 

stimulates cell proliferation, and PEMF affects calcium ion channels in cell 

membranes (47-49). Also, PEMF enhances BDNF expression through an L-type 

voltage-gated calcium channel and Erk-dependent signaling pathways in neonatal 

rat DRG neurons (50). Based on these findings, the present study attempted to 

investigate the effect of PEMF application on MSC proliferation and growth factor 

release. Moreover, the present study aimed to evaluate the effect of nerve 

regeneration when PEMF pre-treated MSCs (PMSCs) were injected into an injured 

mental nerve. In our previous study, we showed that PEMF statistically 

significantly increased cell proliferation, S100, and BDNF release (29). Also, from 

other studies concerning MSCs, cell proliferation and growth factor release have 
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increased when PEMF was applied on the cell at 50 Hz (30-33). In the present 

study, when PEMF was applied for 5, 7, or 10 days, MSC proliferation and mRNA 

expression showed the highest increase after 10 days of PEMF, so 10 days was set 

as the duration for subsequent experiments. Also, the in vitro PEMF condition used 

in the present study was set at 50 Hz for 1 hour. The in vitro results of the present 

study confirmed that PEMF pre-treated MSCs (PMSCs) not only promoted cell 

proliferation, S100 levels, and GFAP levels, but also increased the release of NGF 

and BDNF growth factors compared to MSCs. Some papers reported that PEMF 

affects cell survival, propagation, and peripheral nerve regeneration in regard to the 

intensity, time interval, and frequency (23, 24). To summarize these results, PEMF 

application on MSCs increases cell proliferation, which induces more growth 

factor release and conclusively helps regeneration of injured nerves. The PEMF 

device used in the present study could be set at various frequencies (50, 60, 100, or 

150 Hz) and times (1 or 12 hours); however, the intensity could only be set to 1 mT. 

Therefore, to further optimize PEMF for peripheral nerve regeneration, a PEMF 

device is needed that can be set to various frequencies, intensities, and times. To 

confirm a positive effect of 10-day PEMF on MSCs, additional evaluations such as 

Western blot and neurite length measurement should be performed in future studies. 

After injecting PEMF pre-treated MSCs (PMSCs) in vivo for 10 days into the 

injured rat mental nerve, a sensory function test and an axonal regeneration 

assessment were performed. A mental nerve sensory test of crush-injured rats was 

performed using the method by Seino et al (36). Several studies have reported that 

injured nerve recovery is observed between one to two weeks (29, 51-53). To 

assess the sensory nerve function objectively in this study, 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 post-surgery. 
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When the ipsilateral lip area (a), ipsilateral mental area (b), and contralateral area 

(d) were stimulated with the filament, the act of only raising the forefoot was set as 

positive reaction, and this was recorded numerically. Regarding both gap score and 

difference score, all of the experimental groups except the sham group showed 

damage in the sensory function of the mental nerve one week post-surgery. All of 

the experiment groups seemed to have started to recover at two weeks. The present 

results agree with the literature mentioned above. Among the experimental groups, 

the sensory function recovery rate of the PEMF pre-treated MSCs (PMSCs) group 

was faster than that of the MSC and PBS groups. However, a statistically 

significant difference was not seen. In the sensory function test using filaments, 

subjectivity could not be entirely eliminated as the reaction of the animal is 

determined by the experimenter's subjective judgement. Moreover, because the test 

was carried out while the experimenter was holding filaments with their hands, 

there could have been variations in the uniformity of the pressure that was 

delivered. So, there is a need for alternative methods to confirm sensory nerve 

function recovery. 

According to histological analysis of published studies, total axon number and 

axon density are crucial in observing axonal nerve regeneration (54, 55). 

Retrograde labeling with dye is an important method by which to distinguish motor 

neurons from sensory neurons and to explore the relationship between the spinal 

cord and peripheral nerves (56). To obtain functional recovery after injury, injured 

peripheral nerve fibers must grow into the correct target organ (56, 57). In regard to 

myelinated axon count and density, all experiment groups in the present study 

showed lower values compared to the sham group. Both PEMF pre-treated MSCs 

(PMSCs) and MSC groups showed a tendency for higher myelinated axons and a 

greater density compared to the PBS group; among the experimental groups, the 
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PEMF pre-treated MSCs (PMSCs) group was observed to be statistically 

significantly higher than the other groups. However, other studies reported that 

nerve fiber diameter is the most reliable parameter to compare experimental groups 

and individuals within the same group (58, 59). Another study determined that 

axonal diameter and the width and length of the myelin sheath are the most 

relevant factors regarding histologic nerve recovery (60). Hence, measurement of 

axon diameter, width, and length of the myelin sheath are required in further study. 

In retrograde labeling results, all experimental groups showed lower values 

compared to the sham group. The PEMF pre-treated MSCs (PMSCs) group 

exhibited significantly higher retrograde tracing compared to the MSC and PBS 

groups. Although statistical significance was not observed, the MSC group showed 

a higher tendency compared to the PBS group. In conclusion, PEMF pre-treatment 

of MSCs promoted nerve regeneration, as observed in a proliferation assay, via 

mRNA expression level, and in a sensory test. 
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Ⅴ. Conclusion 

 

PEMF application in vitro increased not only the growth rate of MSCs, but also 

the expression of nerve growth factors. Moreover, when these PEMF pre-treated 

MSCs (PMSCs) were injected into an injured nerve, they were observed to be more 

effective at promoting nerve regeneration than untreated MSCs. This suggests 

PEMF pre-treatment of MSCs as an enhanced strategic tool in cell therapy for 

recovery of injured nerves. 
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Figure 1. 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 CO2 incubator. Cell culture dishes were placed at the center between the 

coils for 5, 7, or 10 days. 
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Figure 2. Mental nerve crush injury model. (A) The mental nerve with a 3-

mm crush injury using a needle holder. The black arrow indicates the site of PEMF 

pre-treated MSCs (PMSCs) or MSC injection using a Hamilton syringe after the 

mental nerve crush injury. 
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Figure 3. Immunostaining of primary cultured MSCs with CD 29 and CD 

105. Primary cultured passage 5 MSCs expressed positive (A) CD 29 and (B) CD 

105. However, PC12 cells did not. Nuclei were stained with DAPI (blue). Scale 

bars = 50 μm.  
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Figure 4. The effect of PEMF pre-treatment on MSC proliferation. Cell 

proliferation was measured at a wavelength of 450 nm. PEMF pre-treated MSCs 

(PMSCs) were higher than MSCs on the 5th, 7th, and 10th days. (n=6 / group. Data 

are presented as mean ± SEM.)  
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Figure 5. mRNA expression. mRNA levels of (A) S100, (B) GFAP, (C) NGF, 

and (D) BDNF were higher for PEMF pre-treated MSCs (PMSCs) than MSCs on 

the 5th, 7th, and 10th days. 
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Figure 6. Graphs of each primer numerically expressed using ImageJ. 

mRNA expression levels of (A) S100, (B) GFAP, and (C) NGF were higher in 

PEMF pre-treated MSCs (PMSCs) than MSCs. mRNA expression level of (D) 

BDNF was significantly higher in the PEMF pre-treated MSCs (PMSCs) than in 

the MSCs (*** p < 0.001). PEMF pre-treated MSCs (PMSCs) was highest on the 

10th day. (n=6 / group. Data are presented as mean ± SEM.) 
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Figure 7. mRNA expression in MSCs pre-treated with PEMF for 10 days. 

mRNA expression levels of (A) S100, (B) GFAP, (C) NGF, and (D) BDNF were 

higher in PEMF pre-treated MSCs (PMSCs) than untreated MSCs.   
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Figure 8. Graphs of each primer numerically expressed using ImageJ. (A) 

S100, (B) GFAP, (C) NGF, and (D) BDNF expression levels were higher for 

PEMF pre-treated MSCs (PMSCs) than MSCs at a statistically significant level.  

* p < 0.05; vs. MSCs, ** p < 0.01; vs. MSCs. (n=6 / group. Data are presented as 

mean ± SEM.) 
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Figure 9. Cell tracking with DiI-labeled MSCs, PMSCs. A. DiI-labeled (a) 

MSCs and (b) PEMF pre-treated MSCs (PMSCs) were observed, Scale bars = 50 

μm. B. DiI-labeled MSCs (c, d) and PMSCs (e, f) in vivo with negative control 

PBS injection (a, b) harvested after one week after injection (a, c, e) and two weeks 

after injection (b, d, f). DiI labeling; red, DAPI; blue. Scale bars = 200 μm. Boxed 

area in right image were enlarged, scale bars = 50 μm. 
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Figure 10. Results of the mental nerve sensory test for all groups. (A) The 

gap score values for all groups decreased in response to the crush injury at 1 week 

and began to recover at 2 weeks. (B) The difference scores of all groups increased 

due to the crush injury at 1 week and subsequently decreased at 2 weeks. The 

recovery rate was highest for the PEMF pre-treated MSC (PMSC) group. (n=6 / 

group. Data are presented as mean ± SEM.) 
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Figure 11. Photomicrographs of histologic features in semi-thin sections of 

the nerve. The mental nerve of the (A) Sham, (B) PBS, (C) MSCs, and (D) PEMF 

pre-treated MSCs (PMSCs) groups was harvested at two weeks post-injury. Scale 

bars = 200 μm. 
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Figure 12. Comparison of axon regeneration in all groups. (A) Myelinated 

axon count (+++ p < 0.001; PMSCs vs. PBS, ** p < 0.01; PMSCs vs. MSCs, $$ p 

< 0.01; MSCs vs. PBS) and (B) axon density (+++ p < 0.001; PMSCs vs. PBS, ** 

p < 0.05; PMSCs vs. MSCs) were significantly higher for PEMF pre-treated MSCs 

(PMSCs) than for MSCs and PBS. (n=6 / group. Data are presented as mean ± 

SEM.) 
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Figure 13. Retrograde TG labeling with DiI. (A) Sham, (B) PBS, (C) MSCs, 

and (D) PEMF pre-treated MSCs (PMSCs). PMSCs showed more positive TG 

neurons than those in the MSC and PBS groups. Scale bars = 200 μm. 
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Figure 14. Comparison of DiI-labeled neurons between groups. There were 

significantly more DiI-labeled neurons in the PEMF pre-treated MSCs (PMSCs) 

group compared to the MSC and PBS groups (++ p < 0.01; PMSCs vs. PBS, * p < 

0.05; PMSCs vs. MSCs). (n=6 / group. Data are presented as mean ± SEM.) 

  



 - 40 -

국문초록 

 

전자기장 전처리  
중간엽줄기세포를 이용한  

백서 아랫턱신경 압박 손상 재생 연구 
 

서울대학교 대학원 치의과학과 신경생물학 전공 

(지도교수: 이 종 호) 

서 나 리  

 

1. 목 적 

말초신경손상은 치과임상에서 종종 접하게 된다. 손상된 말초신경을 

재생시키기 위한 많은 방법 중 세포치료법이 시도되고 있는데, 이러한 

목적으로 사용되는 세포는 채취와 중식이 용이하고 그리고 면역학적으로 

안정적이어야 한다. 중간엽줄기세포는 이러한 면에서 손상된 말초 

신경의 재생을 도모하는 새로운 방법으로서 제시되고 있다. 전자기장 

또한 손상된 신경을 재생에 도움이 된다고 알려져 있다. 전자기장의 

체외실험에서의 적용은 세포의 증식 속도와 신경성장인자의 배출을 

증가시켜 주며 특히 Schwann like cell 로서의 분화를 유도함이 보고되었다. 

체내실험에서 전자기장은 손상된 말초신경, 운동, 감각 뉴런의 재생을 

향상 시켜준다. 
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본 연구에서는 체외실험에서 전자기장의 적용이 중간엽줄기세포의 

증식과 신경성장인자 발현 정도에서 어떠한 차이를 보이는지 관찰하고자 

하였으며, 체내실험으로 아랫턱신경 압박 손상을 가한 백서에 전자기장 

전처리 중간엽줄기세포를 주입하였을 때 나타나는 말초 신경의 재생 

효과를 관찰하고자 하였다. 

 

2. 방 법  

본 연구에서는 5 주령 백서의 (200-250g) 정강이, 넙다리 뼈에서 유래된 

중간엽줄기세포를 사용하였으며, CD29 와 CD105 항체로 면역 형광 

염색을 실시하였다. 전자기장이 (50 Hz, 1 hour/day, 1 mT) 

중간엽줄기세포에 미치는 영향을 관찰 하기 위하여 중간엽줄기세포의 

증식 반응과, S100, GFAP, BDNF 와 NGF 의 mRNA 발현을 관찰하였다. 

체내 실험은 Sham, PBS, 중간엽줄기세포 주입군, 전자기장 전처리 

중간엽줄기세포 주입군 등 총 4 그룹으로 진행하였다. 5 주령 백서를 

복강 마취하여 좌측 턱 신경을 노출 시킨 후 지침기를 이용하여 3 mm 

폭의 압박 손상을 1 분간 가하였다. 손상 유발된 신경에 

중간엽줄기세포와 전자기장 전처리 중간엽줄기세포 (1x106 개)는 5 ㎕의 

PBS 에 현탁 한 뒤, 해밀턴실린지를 이용하여 주입하였다. 주입된 

중간엽줄기세포의 생존을 확인하기 위하여 GFP 표지 한 뒤, 2 주간 

관찰하였다. 아랫턱신경 기능 변화를 관찰 하기 위하여 술 전과 술 후 1 

주, 2 주에 필라멘트를 이용하여 감각 검사를 실시하였다. 축삭 재생을 

평가하기 위하여 술 후 2 주에 신경 손상 정중부를 횡절단하고 두께 

0.45 ㎛ 시편을 만들어 toluidine blue 염색을 한 후, 축삭 수와 밀도를 
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측정하였다. 2 주 후 턱 좌측 신경을 노출시켜 DiI 를  흡수 시키고 5 일 

후, 삼차신경절을 채취하여 역행성 축삭 수송기능을 관찰하였다.  

 

3. 결 과 

전자기장 전처리 중간엽줄기세포 군은 전처리 하지 않은 군에 비하여 

세포 증식 속도뿐만 아니라, 신경성장인자 발현 정도 또한 더 높은 것을 

관찰되었다. 턱 신경 감각검사에서는 전자기장 전처리 중간엽줄기세포 

주입군이 전처리 하지 않은 중간엽줄기세포 주입군보다 더 빠른 회복을 

보이는 것을 관찰하였다. 전체 축삭 수 및 밀도에서는 전자기장 전처리 

중간엽줄기세포 주입군이 다른 군과 비교하였을 때 축삭 밀도가 더 높은 

것으로 보아, 축삭의 재생과 기능적 회복이 촉진되었음을 관찰하였다. 

또한 역행성 축삭 수송기능 평가에서 전자기장 전처리 중간엽줄기세포 

주입군이 다른 군에 비하여 염색된 뉴런 계수가 더 높음을 관찰되었다. 

 

4. 결론  

체외실험에서 전자기장의 적용은 세포의 증식 속도는 물론 

신경성장인자 발현도 증가시켰다. 또한 전자기장 전처리 

중간엽줄기세포를 손상된 신경에 주입하였을 때, 전처리 하지 않은 

중간엽줄기세포보다 재생에 더 효과적임을 관찰 할 수 있었다. 이러한 

결과는 전자기장 전처리 중간엽줄기세포가 손상된 신경의 회복을 위한 

세포실험법에서 보다 향상된 치료기법으로서 가능성을 보여주었다. 
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