
Original Research

Non-thermal plasma application enhances the recovery of

transected sciatic nerves in rats

Sung-Tak Lee1 , Yoon-Seo Jang2, Uk-Kyu Kim2, Hyung-Joon Kim3, Mi-Heon Ryu4,
Gyoo-Cheon Kim5 and Dae-Seok Hwang2

1Department of Oral and Maxillofacial Surgery, School of Dentistry, Kyungpook National University, Daegu 41940, Republic of Korea;
2Department of Oral and Maxillofacial Surgery, School of Dentistry, Pusan National University, Gyeongnam 50612, Republic of Korea;
3Department of Oral Physiology, BK21 Plus Project and Institute of Translational Dental Sciences, School of Dentistry, Pusan National

University, Gyeongnam 50612, Republic of Korea; 4Department of Oral Pathology, BK21 Plus Project, School of Dentistry, Pusan National

University, Gyeongnam 50612, Republic of Korea; 5Department of Dental Anatomy, BK21 Plus Project, School of Dentistry, Pusan

National University, Gyeongnam 50612, Republic of Korea

Corresponding author: Dae-Seok Hwang. Email: dshwang@pusan.ac.kr

Abstract
This experimental research aimed to investigate the effects of non-thermal plasma on nerve

regeneration after transected nerve damage using the sciatic nerve in Wistar albino (A) rats.

The experiments were performed on 27 Wistar A rats. The rats underwent surgery for right

sciatic nerve exposure and were divided into three groups (each group, n¼ 9) according to

sciatic nerve transected injury (SNTI) and non-thermal plasma application: a non-nerve

damage (non-ND) group, a only nerve damage without non-thermal plasma application

(ND) group, and a nerve damage with non-thermal plasma application (NDþNTP) group.

Subsequent to SNTI and immediate suture, non-thermal plasma was administered three

times per week for eightweeks. Evaluation for functional recovery was performed using the

static sciatic index measured over the full treatment period of eightweeks. The sciatic nerve

specimens were obtained after euthanasia and third day from the last non-thermal plasma

application. The sciatic nerve tissues were subjected to histological analysis. Behavior

analysis presented that the NDþNTP group showed improved static sciatic index com-

pared with the nerve damage group. Histopathological findings demonstrated that the

NDþNTP group had more dense Schwann cells and well-established continuity of nerve

fibers, greater than the nerve damage group. Immunohistochemistry showed that the

NDþNTP group had increased levels of markers for microtubule-associated protein 2

(MAP2), tau, S100 calcium-binding protein B, and neurofilament-200 and regulated the overexpression of CD68 and MAP2.

These results indicated that non-thermal plasma enhanced the motor function and restored the neuronal structure by accelerating

myelination and axonal regeneration. Additionally, non-thermal plasma was confirmed to have a positive effect on the recovery of

SNTI in rats.
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Introduction

Peripheral nerve injury (PNI) usually results from trauma,
iatrogenic surgical injury, or diseases such as tumors, cystic
lesions, or inflammation. PNI can lead to demyelination

and axonal degeneration of the peripheral nerves.
A complete regeneration of a damaged peripheral nerve
is rare.1,2 Hence, there is impairment of the associated
motor, sensory, and autonomic functions of affected
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nerve. Moreover, the resultant pain, altered sensations, and
muscle paralysis can compromise the patient’s quality of
life.3,4 Currently, researches are being conducted to develop
treatment methods to aid recovery of posttraumatic nerve
damage and reduce iatrogenic surgical nerve damage, but
there are few satisfactory results thus far. The effectiveness
of different treatment modalities using laser, electricity,
ultrasound, and various pharmacological agents, such as
steroids, vitamin B, alpha lipoic acid, nimodipine, to pro-
vide functional recovery from PNI before or after surgery
has been studied, but have failed to provide promising
results.5–7 Thus, direct surgical suture, autologous nerve
graft, and nerve bridging remain the clinical standards of
treatment for addressing nerve damage. However, these are
microsurgical procedures requiring expert microsurgeons
and dedicated operating rooms, and hence cannot be per-
formed in general clinics. Moreover, surgical outcomes
from the above-mentioned procedures are poor and
include the risks of painful complications, such as loss of
function, sensory disturbances, neuralgia, or neuroma for-
mation, at the site of nerve harvest.8,9 Therefore, there is an
urgent need for a treatment that would enable functional
and histological recovery of the damaged nerve without
donor site complications.

Plasma is defined as “the fourth phase of matter” along
with solids, liquids, and gases. In the 1850s, plasma was
first used to make ozone and has been used in biomedical,
environmental, agricultural, and other domains since the
mid-1990s.10–13 The application of low-temperature atmo-
spheric-pressure plasma has been used as bactericidal.
Medically used plasma is referred as cold plasma or non-
thermal atmospheric-pressure plasma (NTP) because it
stays at room temperature, as compared to other plasma
which requires temperatures of 3000�C or higher. The
mechanism of action of NTP can be described by the bio-
logical effect of reactive oxygen and nitrogen species on the
cells and tissues produced by NTP.14,15 Recently, there have
been wide applications of NTP, including sterilization, dis-
infection, wound healing, oncology, pharmacology, and
enhanced biocompatibility of implants.16–18 The beneficial
effects of NTP on cutaneous wounds and muscle regener-
ation have been reported; however, its effects on the phys-
ically injured nerves are yet to be studied. As NTP has been
demonstrated to affect not only the surface but also the
deep tissues,19,20 it would be reasonable to assume that
NTP could also affect the thinly distributed peripheral
branches of nerves.

In a previous study, which was the first experiment to
investigate the therapeutic effects of NTP on peripheral
nerve injuries, axonotmesis was reproduced by administer-
ing a crush injury to the sciatic nerve (SN) of rats, yielding a
physiological response similar to that in human peripheral
nerves following this type of injury.21 The study revealed
that plasma treatment enhances functional recovery and
neuronal regeneration. In addition, treatment with NTP
also accelerates muscle healing.

This experimental study aims to investigate the effects of
NTP on nerve recovery after neurotmesis in a rat model
with sciatic nerve transected injury (SNTI). We explored
the application of NTP to treat nerve damage as a possible

therapeutic method using the static sciatic index (SSI), his-
tological analysis, and immunofluorescence (IF) analysis.
This is only the second study to investigate the effect of
NTP on regeneration of injured peripheral nerve, and the
first to do so using a rat model of SNTI.

Materials and methods

NTP generating device

NTP was generated using equipment produced by the
Feagle Corporation (Yangsan-si, Gyeonsangnam-do,
Republic of Korea) for the treatment of nerve injury
(Figure 1(a)). A plasma jet generating module in this equip-
ment was a coaxial dielectric barrier discharge (DBD)-type,
and had two electrodes and one dielectric. A single,
medium gas-based NTP ejecting module generates a
plasma flow within the electrodes. The target temperature
of the flow at the end of the electrodes was 35�C for 10min,
and ultraviolet emissions were not detectable.

Type of medium gas and the time of application

In order to select the plasma-generating medium gas to be
used in this experiment, optical emission spectroscopy
(OES) to find out the gas composition and an in vitro exper-
iment to compare the differentiation ability of the SH-SY5Y
neuroblastoma cell line into neurons were performed using
helium and argon gas. OES was performed under the con-
dition of the same gas pressure and voltage. The majority of
the beneficial active species in the argon-based NTP were
generated much more than the helium-based NTP. In an in
vitro experiment in which NTP was applied to SH-SY5Y
cells at various times, it was confirmed that while helium-
based NTP further inhibited the growth of normal cells, the
cell length promoting effect that appeared during cell dif-
ferentiation was remarkably effective in argon-based NTP.

Based on these results, it was set as the basic condition to
treat the argon-based NTP for 5min. This condition was
also applied to the previous study with sciatic nerve
crush injury (SNCI) model and had good recovery
effect.21 Additional information regarding the NTP-
generating device and details of the NTP application pro-
tocol have been provided in previous studies.22–24

Animal model setup and NTP treatment

Twenty-seven male Wistar A rats (eightweeks old; 250–
300 g weight roughly) were obtained from Samtako Bio
(Osan-si, Gyeonggi-do, Republic of Korea). Wistar A rats
are ideal for behavioral analyses as they are more active
and less aggressive than other breeds, and they have
large feet and well-defined toes.24 The distance between
the nerves and skin is less in the rat, so NTP can be applied
without re-incision. We used young male rats to investigate
the effects of NTP in order to minimize the effects of sex-
related hormone differences on peripheral nerve regenera-
tion.25 All experiments adhered to the ethical guidelines of
the Pusan National University Institutional Animal Care
and Use Committee (South Korea) and regulations set out
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by the International Association for Study of Pain in
Animals (ED-PNU2017-0183).

An intraperitoneal injection of a cocktail of 100mg/kg of
ketamine (Yuhan, Seoul, South Korea) and 10mg/kg of
xylazine (Rompun; Bayer Korea Ltd, Seoul, South Korea)
was administered to anesthetize the animals. Local anes-
thesia in the surgical field was provided via a subcutaneous
injection of 0.3mL of a solution containing 1:100,000 epi-
nephrine and 2% lidocaine hydrochloride (Huons, Seoul,
South Korea). Cefazolin (50mg/kg intramuscular; Yuhan,
Seoul, South Korea) was injected prior to surgery as a pre-
ventive antibiotic. After confirmation of complete anesthe-
sia, the limbs of the rats were tied up in a prone position on
a sterilized surgical plate. The surgical field on the right
limb of the rat was shaved with electrical clipper and
scrubbed with povidone-iodine solution for disinfection.

Experiments were carried out in three groups (each
group, n¼ 9): non-nerve damage (non-ND), nerve
damage (ND), and nerve damage with NTP treatment
(NDþNTP). The non-ND group served as a placebo
group and received a sham operation in which a fake sur-
gical procedure was performed conducted with the same
steps as the real procedure but without ND. This group
served as a means to evaluate the extent to which skin
and muscle damage can affect functional impairment and
recovery. In the ND group, an identical surgical procedure

was performed along with the SN transection and imme-
diate anastomosis with 8–0 nylon 2-point epineural suture.
The NTP treatment was not given to this group. The
NDþNTP group underwent the same surgical procedure
as the ND group, but additionally received NTP to the skin
overlying the damaged SN (Table 1). With the rats anesthe-
tized, NTP was irradiated 0.5 cm away from the skin
overlying the SN for 5min. Considering the general
anesthesia of experimental animal for NTP application,
NTP was irradiated three times a week for eightweeks
(Figure 1(b) and (c)).

Functional analysis and SSI scoring

Functional data were recorded before surgery to check rat
activity and to acclimatize them to the customized trans-
parent box. Functional analysis was conducted once a week
for eightweeks. The customized box composed of a trans-
parent acrylic plate 25� 16� 12 cm in size (Figure 2(a)).
A cellular phone camera (i-Phone 6S Plus; Apple Inc.,
Cupertino, CA) was placed 25 cm from the bottom of the
box. Video recordings were made three days after the SNTI
operation (Friday) in the first week and then every
Wednesday for eightweeks. Rats were placed into the box
gently and free to move independently in the clear acrylic
box. Video clips were recorded for 1min to obtain natural
foot shape after more than 5min to get used to a new

Figure 1. (a) Shows the NTP (argon-based coaxial-DBD plasma)-generating device used in this study. NTP application was done for 5min and 5mm away from the

surgical wound. (b) Surgical field for anastomosis of the transected sciatic nerve (right hind limb). The surgical procedure was performed through the ventral approach

according to the preference of a single operator, considering the operability of the instrument and the accessibility of the surgery during anastomosis. The technique

was as follows: Transection of sciatic nerve with metzenbaum scissor, followed by two epineural sutures with 8–0 nylon. (c) Experiment schedule of NTP application,

nerve damage, and behavior animation records for the static sciatic index (SSI), sacrifice for histological and immunological evaluations. (A color version of this figure is

available in the online journal.)
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circumstance before recording. It was recorded only during
daytime in a quiet and independent room with not too
bright light.

The SSI with a static video record analysis proposed by
Bervar was used as a for functional recovery analysis.26

Measurements for SSI were taken from prints of captured
images (Figure 1(d)).

SSI formula¼ 108.44�TSxFþ 31.85� ITxF� 5.49
TS: Total toe spread, 1st–5th toe spread distance (mm)
IT: Intermediary toe spread, 2nd–4th toe spread distance

(mm)
F¼ 563.357 is a constant value
The relative SSI values were estimated with the SSI

values of both sides (no surgical and surgical side) of
hind limbs to evaluate the degree of recovery of the nerve
function after the SNTI procedure.

Histopathological findings

All rats were sacrificed oneday after their last NTP appli-
cation. Specimens from the SN of the experimental surgical
field were extracted. All specimens were treated with 4%

paraformaldehyde for one day to fix and then paraffin-
embedding and transected into 5 lm slices followed by
hematoxylin and eosin (H&E) stain. Histopathological
evaluation of nerve tissues was conducted by examining
pictures taken with an iCM 9.0 digital camera system
(IMT i-Solution Inc., Rochester, NY) under light microscopy
(CX31; Olympus, Tokyo, Japan).

IF analysis

IF staining was conducted using antibodies of various
markers to evaluate the recovery of transected SN after
SNTI. The 5-lm nerve tissue sections were dealt with anti-
bodies against myelin basic protein (MBP) (1:100; Santa
Cruz Biotechnology/sc-271524, Santa Cruz, CA) and
neurofilament 200 (NF-200) (1:100; Abcam/ab8135,
Cambridge, MA) for 2 h at 37�C. Samples were then
washed four times with phosphate-buffered saline and
dealt with anti-mouse Alexa Fluor-488 and anti-rabbit
Alexa Fluor-594 dyes (1:100; Thermo Fisher Scientific,
Rockford, IL) for 1 h at 37�C. Then, 40,6-diamidino-2-phe-
nylindole (DAPI) counterstaining to visualize cell nuclei
was followed. MBP as a myelin sheath marker, NF-200 as
a marker for large myelinated A-fiber neurons, and DAPI
as a marker for the number of nuclei were observed in the
captured images. All tissue sections were also treated with
antibodies against CD68 (1:100; Santa Cruz Biotechnology/
sc-20060, Santa Cruz, CA), growth-associated protein-43
(GAP-43) (1:500; Abcam/ab75810, Cambridge, United
Kingdom), microtubule-associated protein 2 (MAP2)
(1:100, Santa Cruz Biotechnology/sc-74421, Santa Cruz,
CA), S100 calcium-binding protein B (S100B) (1:100,
Abcam/ab868, Cambridge, United Kingdom), tau protein
(tau) (2 ug/mL; Abcam/ab80579, Cambridge, United
Kingdom). CD68 was used as a phagocytic marker for

Table 1. Experimental and control groups, the criteria that determine

them.

Exposure of

sciatic nerve

Transected

injury of

sciatic nerve

NTP

Applying

Number

of rats

Non-ND O X X 9

ND O O X 9

ND-NTP O O O 9

Non-ND: non-nerve damage with sham operation; ND: transected injury and

2point epineural suture without NTP treatment; NDþNTP: transected injury and

2point epineural suture with NTP treatment.

Figure 2. The effect of NTP on sciatic nerve transected injury recovery. (a) Experimental setup of animal, smart phone camera (white arrow), and transparent box for

the animation video recording. Captured image for SSI calculation; IT (intermediary toe spread): 2nd-4th toe spread distance, yellow and solid line, TS (total toe

spread): 1st–5th toe spread distance, red and dotted line. (b) Captured images using smartphone video recording of animal free movement for SSI analysis after sciatic

nerve transected injury procedure. Note the circle of injured right hind limb. (c) Statistically significant improvement of injured-to-normal ratio to date (SSI results) was

observed in NTP-treated groups at the last day of the study period. Data shown are representative of each group (n¼ 9), **P< 0.01, ***P< 0.001 (two-way ANOVA for

repeated measures followed by Bonferroni post hoc test), #P<0.05 when compare with ND group. (A color version of this figure is available in the online journal.)
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monocytes and macrophage. GAP43 was used as a marker
for growth and regenerating neurons and was associated
with the regulation of axonal growth and plasticity. MAP2
was used as a marker on neuronal cells, their perikaryal,
and neuronal dendrites. Tau was used as a marker on neu-
ronal axons. S100B was used as a marker for assessing the
proliferation of Schwann cells.

The fluorescence image of the tissue section in each
group (n¼ 9) was obtained under a Carl Zeiss LSM 780
confocal laser microscope. Acquired image was analyzed
using ImageJ program (NIH- https://rsb.info.nih.gov/ij/).
The basic functions of ImageJ software were used, and no
additional plug-in was used. The intensity of fluorescence
in the suture area was measured, and the non-ND group
was set as 100%, and a relative value was determined as the
fluorescence intensity of ND and NDþNTP group.

Data analysis and statistics

To evaluate the reproducibility of the SSI, the measure-
ments of two observers who were not previously trained
were compared with the measurement taken by the princi-
pal observer. The evaluation was repeated with collected
measurements from five footprints within a two-week
interval.

Experimental results are recorded as the mean� SEM
for every group. Data analysis was accessed with SPSS soft-
ware (version 12.0; SPSS Inc., Chicago, IL). Functional anal-
yses were conducted with two-way analysis of variance
(ANOVA) for repeated measures followed by post hoc test
with Bonferroni method for pairwise comparisons to find
out the influence of time and treatments, and time point
comparisons were carried out by the least significant dif-
ference. Immunofluorescence staining measurement of the
ND and NDþNTP groups was analyzed statistically with
Mann–Whitney U test. A P value under 0.05(*) was decided
to have a statistically significant difference.

Results

NTP promoted the functional improvement of the
injured nerve after SNTI

Foot print analysis was evaluated to address functional
recovery after SNTI (Table 2). In the non-ND group, the
right hind limb function (SNTI-operated side) was virtually
fully recovered within oneweek. However, only little dif-
ference appeared until twoweeks after the operation in the
ND and NDþNTP groups (Figure 2(b)). SSI differences
between the ND and NDþNTP groups were observed
since week 4. After eightweeks, the NDþNTP group was

able to spread the toes more clearly compared with the ND
group. And, the function of NDþNTP group was restored
to almost 60%, whereas that of ND group was only at 47%
based on SSI scores (Figure 2(c)). Although the SN function
of the NDþNTP group was not showed to be restored
completely until eightweeks, the overall recovery tendency
of the sciatic function was statistically different with the
ND group (Figure 2(c)). Application of NTP promoted
functional recovery over time.

NTP was helpful in the recovery of damaged SN tissue
after SNTI and the restoration of the continuity of the
transected SN

The difference in recovery from SNTI between the three
groups after eightweeks is shown in Figure 3(a). After
SNTI, the anastomosis site was observed under a light
microscope using 40� magnification image of the stained
samples. SN tissues that appeared eosinophilic in H&E
stain represented an axon and myelin sheath.27 In the
non-ND group, which underwent only skin and muscle
incision and nerve exposure without SNTI, no specific
damage to SN tissues was observed, and the arrangement
and continuity of SN fiber was well maintained. When
observed at low magnification (40�), there was a slight
defect in the anastomosis site after SNTI in the NDþNTP
group, but a continuity of SN tissue was restored, as in the
non-ND group. A continuity of SN tissue was not observed
in the ND group (Figure 3(b)). The number and density of
SN fibers in the anastomosis site after SNTI were presented
similarly in the NDþNTP group and non-ND group.
When observed under high magnification (200�), the SN
cell nuclei were presented between the nerve fibers. The
nerve fiber in the NDþNTP group was restored with
intact continuity, and arranged densely. However, the
nuclei of SN cell in ND group were not well observed.
The nerve fiber of the ND group was relatively short, and
arranged loosely. The differences in arrangement of nerve
fibers were also clearly visible. In the NDþNTP group, the
arrangement of neurons was more regular and well-
structured, whereas in the ND group, it was irregular and
edematous. The whole tissue (n¼ 9) was examined, and
histological continuity was confirmed in seven of the
NDþNTP group, and continuity was confirmed in two
of the ND group.

In the merged images taken after the last NTP treatment,
the nerves in the NDþNTP group that had been transected
were restored structurally, appeared similar to the non-
injured nerves in the non-ND group, and were significantly
more restored than in the ND group (Figures 4 and 5).
When observed at a low magnification, the transected
area in the NDþNTP group was continuously immune-
stained. In the ND group, however, no conspicuous conti-
nuity was detected, as in NDþNTP group.

NTP can enhance the axonal and myelin sheath
regeneration of damaged SN by regulating the
expression of factors related to nerve regeneration

To investigate the functional restoration of the SNs after
SNTI at the molecular level, the SN tissues were observed

Table 2. RM ANOVA for effect of NTP treatment and time on SFI.

Type III SS Df MS F sig.

NTP treatment 0.881 2 0.19 404.523 0.000

Time 0.971 4.114 0.236 78.736 0.000

Interaction 0.211 8.228 0.026 8.544 0.000

RM ANOVA: repeated measures analysis of variance; SS: sum of squares;

df: degrees of freedom; MS: mean squares, based on Greenhouse–Geisser

correction.
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after IF staining against MBP,28,29 NF-200,29,30 S100B31 as
markers of axon filament and myelination of Schwann
cells, and tau protein which maintains the stability of the
microtubule and modulates Schwann cell proliferation,
migration, differentiation, and axonal regeneration after
PNI.32,33

The MBP expression of the NDþNTP group was
observed to be similar to that in the non-ND group
(Figure 4), but was not well recognized in the ND group.

The expression of NF-200 was also manifested more dis-
tinctly in the NDþNTP group and was similar to the
expression of NF-200 in the no-injury non-ND group.
NF-200 expression was difficult to observe in the ND
group. MAP and NF-200 were expressed significantly
more in the NDþNTP group than the ND group. S100B
was expressed less in the ND group than both the non-ND
and NDþNTP groups. However, S100B was expressed
more significantly in the NDþNTP group than the ND

Figure 3. (a) SN tissues with hematoxylin and eosin (H&E) staining were presented. (b) NTP effectively recovered the tissue density. The photographs were taken using

optical microscopy at 40� and 200�magnification. Data shown are representative of each group (n¼9). (c) The continuity of the transected sciatic nerve was restored

in NDþNTP group more than ND group. (A color version of this figure is available in the online journal.)

Figure 4. Immunofluorescence in the neural tissue in three groups: MBP, NF-200, and DAPI. IF assay of SN tissue with anti- NF-200 and MBP antibodies was done to

identify the recovery of neuronal axon and myelin sheath. The white box indicates the transected site. The representative photographs of each group (n¼ 9) were taken

using confocal microscopy. Scale bars at the bottom of each figure indicate 50 lm (white solid line), 20 lm (white line) (*, P< 0.05; ***, P< 0.001, Mann–Whitney U test,

n¼ 9 in each groups). (A color version of this figure is available in the online journal.)
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group. Tau protein was expressed at a comparable level
with the non-ND group in the NDþNTP group and sig-
nificantly more than the ND group (Figure 5). This suggests
that NTP promotes the recovery of structure and function
of injured SN.

NTP regulated the structural overgrowth of the
somatodendritic and axonal regions

The overexpression of CD68 and MAP2 might be implicat-
ed in the formation of neuroma,34–36 and GAP43 might lead
to aberrant axonal sprouting. CD68 and MAP2 were signif-
icantly overexpressed in the ND group in comparison with
the non-ND group, but were expressed in the NDþNTP
group at a level similar to the non-ND group. Although IF
staining of GAP43 was not noticeable in all three groups,
quantitative analysis confirmed that it was significantly
reduced in the NDþNTP group in comparison with the
ND group (Figure 4). This suggests that NTP prevents the
formation of neuroma after SNTI.

NTP application prevented the accumulation of CD68
positive macrophage

To investigate the effect of NTP on inflammatory macro-
phages after the SNTI, the SN tissues were observed under
IF staining with antibodies against CD68. Although macro-
phages play a pivotal role in neural recovery, overexpres-
sion slows the recovery of nerves, causes chronic nerve
inflammation, and is associated with fibroblast forma-
tion.32,37 CD68-positive macrophages increased at the
SNTI site of the ND group (Figure 5), which indicate that

NTP reduced the macrophage-mediated destruction of the
damaged SN and the scar formation.

Discussion

Plasma occurs in nature and can be created in the labora-
tory by applying high voltage to gas. Artificial plasma is
further divided into two types, thermal and non-thermal.
Although thermal plasma can damage tissue owing to its
high temperature, NTP can maintain the gas close to room
temperature and prevent adverse effects on adjacent tissue,
rendering it suitable for medical use.24,38,39 Several studies
have shown that NTP can interact with biological cells and
induce biological outcomes, leading to an increase in
the study of biomedical applications of NTP in recent
years.40–42 Furthermore, plasma therapy has been used clin-
ically in various medical departments.43–45

The mechanism of action of NTP is explained by the
effect of reactive oxygen and nitrogen species generated
by NTP on cells and tissues,14,15 and it has been shown to
affect not only the surface but also the deep tissues such as
muscle and nerve tissue.19,20 It is thus reasonable to assume
that NTP can also affect the thinly distributed peripheral
branches of nerves. Therefore, we studied the effect of NTP
application after SNCI in rats by reproducing PNI in a pre-
vious study, which was the first study that used NTP in
PNI.21 A microvascular clamp was compressed for 60 s to
inflict crush injury, and NTP was applied similarly as in the
current study. The results showed that nerve function was
completely restored in the NDþNTP group after
threeweeks, whereas only 60% of the nerve function was

Figure 5. Immunofluorescence in the neural tissue in three groups (�400): CD68, MAP2, GAP43, S100B, and tau. The representative photographs of each group

(n¼ 9) were taken using confocal microscopy. Scale bars (white line) at the bottom of each figure indicate 20 lm (*, P< 0.05; **, P<0.01, Mann–Whitney U test, n¼ 9 in

each groups). (A color version of this figure is available in the online journal.)
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restored in the ND group without NTP application. In the
NDþNTP group, reduced macrophage accumulation was
observed, and the damaged axon fibers and myelin sheaths
were regenerated overall. These results showed that NTP
application could be helpful in the restoration of damaged
peripheral nerves. PNI is classified as neuropraxia, axo-
notmesis, or neurotmesis depending on the extent of
injury. In the current study, we administered SNTI to repro-
duce neurotmesis, which is the total transection of the
entire nerve structure.46,47 This experimental report is the
first to investigate the therapeutic effects of NTP on
the regeneration of SNTI in rats, and it investigated the
recovery of function, as well as histological and immuno-
logical features.

Meanwhile, in our previous study, a histological analysis
was also conducted on the effect of NTP on the skin and
muscle tissue located above the SNCI site where the same
application was applied.21,22 Histological examination
demonstrated the possibility of promoting wound healing.
The muscle tissue of the non-ND and ND groups had a
significant decrease in density of muscle tissue and accu-
mulation of mononuclear cells around the nerve repair site.
On the contrary, the NDþNTP group had an increase in
the diameter of the muscle fibers and a significant decrease
in the number of mononuclear cells around the muscle
fibers. Choi et al. revealed that nitrogen gas-based NTP
treatment promotes damaged muscle healing by accelerat-
ing proliferation and differentiation of satellite cell simul-
taneously with skin wound regeneration in rat model.20

The result of the previous study might also be due to the
NTP-mediated satellite cell activation. Furthermore, the
result of IF staining for CD68 and type I collagen in our
previous study showed significantly increased type I colla-
gen and reduced macrophages in the muscle tissue around
the sutured site.21,22 Therefore, NTP might prevent a chron-
ic inflammatory reaction on the damaged muscle tissue.

As our previous study had confirmed the effect of NTP
on the muscle, this study did not perform histological
examination of the injured muscle above the SNTI site,
but instead focused on the analyzing effect of NTP appli-
cation on the SNTI-treated nerve tissue.

The SSI, introduced by Bervar in 2000, was used to inves-
tigate the functional motor recovery of the SN26. The SSI
method is convenient for footprint analysis after peripheral
ND in rats. In the past, complex equipment and video cam-
eras were required for the analysis; however, this experi-
ment was conducted using the video function of a cellular
phone owing to the improved technological functions, such
as storage, capture, and image transfer, among others.
Using a cellular phone rendered the process easier and
more convenient in terms of data acquisition for SSI.48,49

The result of our functional analysis reveals that SNTI
leads to about an 80% decrease in motor function one and
twoweeks after SNTI. The non-ND group, which received a
sham operation, had reduced SN function only to 20% in
oneweek and almost recovered at the end of week 2. This
20% loss is likely the result of damage to the skin and
muscle tissues. Interestingly, there was approximately
20% to 30% restoration of movement function after transec-
tion by anastomosis of the SN alone. In the ND group, the

SN function was reduced for the first threeweeks after
injury, with full function restored after threeweeks. The
NDþNTP group recovered with the improved rate of func-
tional recovery higher than that of the ND group after the
application of NTP.

According to the results of histopathological and immu-
nofluorescence analysis, the application of NTP had a pos-
itive effect in promoting the recovery of the structure of
SNTI. The application of NTP leads to an increase in
MBP, NF-200, S100B, and tau, which are involved in
axonal regeneration. NTP also leads to a decrease of
CD68, MAP2, and GAP43, which have negative effects on
regeneration. In the functional analysis, the SSI of the NTP-
treated rats is recovered to 60% of normal by eightweeks,
and NTP is found to promote the regeneration of SNTI.

However, there are some limitations in this study.
Additional study is needed to observe inflammatory indi-
cator such as TNFa, IL-1a, IL-1b, etc. in order to confirm the
capability of NTP to reduce chronic inflammation. Because
the number of experimental subjects was relatively small,
future experiments should be conducted on more individ-
uals. Studies on larger animals in stages should also be
conducted. In addition, because the human peripheral
nerve has a more complicated histological structure than
rodents and recovers more slowly after surgical treatment,
this should also be considered. Additionally, hematoma
and scar formation after surgery should also be considered.
Moreover, the current study was conducted in the situation
of direct anastomosis. However, in accidents resulting in
human ND, segmental loss may occur, and treatment in
this situation would be performed with artificial nerve
growth conduit or nerve graft. Therefore, in the future fur-
ther studies to investigate the influence of NTP application
on the functional and structural restoration of nerves in
these various treatment situations is warranted. Thus,
patients with peripheral ND can be treated more conserva-
tively if further studies on PNI are performed with due
consideration given to the above-mentioned limitations.
Further, we can hope to apply NTP treatment in the era
of invasive treatments, such as nerve transplantation,
with reduced donor site complications and better function-
al outcomes.

Finally, the present study revealed that the use of NTP
can have a significant positive effect on nerve regeneration
after PNI. The current results combined with the results of
our previous study for an SNCI model show that NTP
application can be an alternative in the treatment of nerve
injury.
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