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Abstract—The aim of this study was to determine that low-intensity pulsed ultrasound (LIPUS) at an intensity of
140 mW/cm? promotes functional and histologic improvements in sciatic nerve crush injury in a rat model and
to investigate changes over time in relevant growth factors and receptors, exploring the mechanism of LIPUS in
the recovery process after injury. Toe angle in the toe-off phase, regenerative axonal length, myelinated nerve
fiber density, diameter of myelinated nerve fiber, axon diameter and myelin sheath thickness were significantly
higher in the LIPUS group than in the sham group. Gene and protein expression of brain-derived neurotrophic
factor (BDNF) was upregulated in the LIPUS group. In conclusion, LIPUS contributed to rapid functional and
histologic improvement and upregulated BDNF expression after sciatic nerve crush injury in rats. (E-mail: ito.
akira.4dm@kyoto-u.ac.jp) © 2021 World Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Peripheral nerve injury occurs in daily life because of
mechanical damage resulting from bone fracture, muscle
strains and prolonged sitting or lying with local pressure
(Sun et al. 2009; Ni et al. 2017). Fortunately, these
nerves can spontaneously repair through intrinsic regen-
erative capabilities (Gu et al. 2011); they undergo Wal-
lerian degeneration, axonal regrowth, remyelination,
axonal enlargement and functional re-innervation to
achieve recovery (Menorca et al. 2013). Meanwhile,
multiple growth factors and relevant receptors accompa-
nied by proliferation and differentiation of participant
cells, including Schwann cells, fibroblasts and macro-
phages, cause various regulated changes in gene or pro-
tein expression over time (Caillaud et al. 2019) and play
a great role in the recovery of peripheral nerves after
injury. However, the process of nerve regeneration is too
slow for injured nerves to recover in a timely manner,
which may cause temporary or long-term neuronal
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dysfunction, ultimately resulting in a deteriorating qual-
ity of life and a vast economic and social burden
(Guetal. 2011; Ni et al. 2017). Therefore, effective ther-
apeutic measures to promote the process of peripheral
nerve regeneration are necessary.

In recent years, various therapeutic methods have
been used to improve peripheral nerve recovery using
lasers (de Oliveira Rosso et al. 2018), electricity (Will-
and et al. 2016), shock waves (Schuh et al. 2016) and
ultrasound (Sato et al. 2016). Low-intensity pulsed ultra-
sound (LIPUS) has been recognized as an efficient physi-
cal stimulus. Compared with common therapeutic
ultrasound or other physical agents, it is low cost and
non-invasive and does not cause any pain or discomfort
during the treatment. LIPUS was first introduced to
improve bone healing and soft tissues such as tendons
and ligaments (Handolin et al. 2002; Warden 2003;
Khanna et al. 2009). Recent in vivo and in vitro studies
have revealed that LIPUS accelerates the process of
peripheral nerve regeneration (Crisci and Ferreira 2002;
Chang et al. 2005; Zhang et al. 2009; Jiang et al. 2016;
[to et al. 2020). The intensity varied among numerous
studies; although each was considered definitely
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effective (Zhang et al. 2009; Jiang et al. 2016; Sato
et al. 2016; Zhao et al. 2016; Xia et al. 2019), the optimal
intensity of LIPUS remains unclear. Moreover, the effect
of LIPUS stimulation on changes over time in gene or
protein expression of growth factors remains unrevealed.

Our previous study reported that compared with that
at an intensity of 30 or 250 mW/cmz, LIPUS stimulation,
at an intensity (spatial average temporal average, SATA)
of 140 mW/cm® maximally promoted nerve regeneration
in a rat model of sciatic nerve crush injury (Ito et al. 2020).
Nevertheless, according to the results of functional assess-
ments using the sciatic functional index (SFI) (Ito
et al. 2020), obvious functional improvements were not
detected, and the results of histologic analyses were
required to supplement and firmly support the conclusion.

Therefore, the aim of this study was to determine
that LIPUS at an intensity of 140 mW/cm? promotes
both functional and histologic improvements in a rat
model of sciatic nerve crush injury. We also wanted to
investigate changes in gene and protein expression of
relevant growth factors and receptors markedly affected
by LIPUS, to reveal the mechanism underlying the
recovery process after sciatic nerve injury.

METHODS

Twelve-week-old male Lewis rats (weight:
280—310 g) were housed in groups of three per cage on
a 12-h light-dark cycle and fed commercial rat food and
tap water ad libitum. The rats (n=18) were randomly
and equally assigned to two groups: sham (n=9) and
LIPUS (n=9). Functional evaluations and histomorpho-
metric analyses were performed 20 and 30 d after sur-
gery, respectively. In addition, three normal rats housed
only for functional evaluations constituted the intact
group. On the other hand, another array of rats was
divided into four groups based on different time points
after surgery: 3, 7, 14 and 30 d (n=18 for each group).
The rats in each group were subdivided into the sham
(n=9) and LIPUS (n=9) groups as well; real-time poly-
merase chain reaction (PCR) (n=6 for each subdivided
group) and immunofluorescence staining (n=3 for each
subdivided group) were performed in each group at vari-
ous time points. This study was approved by the Animal
Experimentation Committee of Kyoto University, and
all experiments were performed in accordance with the
Guidelines of the Animal Experimentation Committee,
Kyoto University (Approval No. MedKyo020027).

Surgery

A crush injury was created in the left sciatic nerve
according to a previously described protocol
(Wang et al. 2018) while the rat was anesthetized using
an intraperitoneal injection of a combination anesthetic

prepared with 0.15 mg/kg medetomidine hydrochloride,
2 mg/kg midazolam and 2.5 mg/kg butorphanol tartrate.
Briefly, the sciatic nerve was exposed with a lateral lon-
gitudinal straight incision from the greater trochanter to
midthigh, and a 2-mm-long crush injury was created at
the site directly below the gluteal tuberosity using a stan-
dard surgical hemostat. The proximal end of the injury
was marked using a stereomicroscope (Leica, Heidel-
berg, Germany) with a single 9-O nylon (BEAR Medical
Inc., Tokyo, Japan) epineural stitch. The muscle and
skin were then closed with 4-O nylon sutures.

LIPUS protocol

LIPUS treatment was implemented on the first day
after surgery, modifying a previously reported study
(Jiang et al. 2016). All rats were anesthetized with 2% iso-
flurane inhalation solution and placed in the right lateral
position. The LIPUS transmission gel was applied before
placing the transducer on the injury site of the skin. Stimu-
lation was performed using a portable ultrasonic treatment
apparatus and an affiliated circular ultrasonic probe with an
effective radiation area of 0.9 cm? and a 2.9 beam non-uni-
formity ratio (UST-770, ITO Physiotherapy & Rehabilita-
tion, Tokyo, Japan). The LIPUS parameters were as
follows: 1-MHz acoustic frequency, 1-kHz pulsed repeat-
ing frequency, 20% duty cycle, and 5 min/d duration; inten-
sities were 0 and 140 mW/cm? (SATA) for rats in the sham
and LIPUS groups, respectively. The rats received LIPUS
treatment daily until the 14th day the surgery and then
5 d/wk until death.

Kinematic analysis

To evaluate functional recovery, a 3-D motion cap-
ture apparatus consisting of a treadmill, four 120-Hz
charged coupled device cameras and data processing
software (Kinema Tracer System, Kissei Comtec,
Nagano, Japan) was used. Before walking on the tread-
mill, rats were equipped with markers under anesthesia
according to our previously described procedure
(Wang et al. 2020). Colored hemispheric markers were
bilaterally adhered to five landmarks: the anterior supe-
rior iliac spine, greater trochanter, knee joint, lateral mal-
leolus and fifth metatarsophalangeal joint. The tip of the
fourth toe was marked with pink ink (paint marker, Nip-
pon Paint Co., Ltd, Tokyo, Japan). After a calibration
process, hindlimb motions were recorded with charged
coupled device cameras while the rats were walking on
the treadmill. For subsequent analysis, 10 consecutive
steps were recorded from each rat, and the affiliated soft-
ware automatically built 3-D kinematic models and proc-
essed data based on tracing markers attached to the
landmarks (Wang et al. 2018). In this study, two joint
angles were measured. The ankle angle was the angle
formed by a line connecting the knee joint and lateral
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malleolus and another line connecting the lateral malleo-
lus and the fifth metatarsophalangeal joint. The toe angle
was formed by a line connecting the fifth metatarsopha-
langeal joint and the tip of the fourth toe and another
extension line from the lateral malleolus to the fifth
metatarsophalangeal joint. The degree of toe angle at
dorsiflexion was denoted as plus, and that at plantarflex-
ion was conversely denoted as minus. Moreover, joint
angles in the toe-off phase were measured by referring to
our previous study (Wang et al. 2018). The joint angle of
each rat was the mean angle recorded from 10 recorded
walking steps. The joint trajectory was the mean curve
composed of the joint angles in the normalized step cycle
of all the rats in a group, and the joint angle in the toe-off
phase was the mean angle composed of the joint angles
in the toe-off phase of all the rats in a group.

Histomorphometric analysis

Thirty days after surgery, after animal euthanasia, a
5-mm-long sciatic nerve specimen was dissected from
the epineural stitch and then immersed in a fixative con-
taining 1.44% paraformaldehyde and 1% glutaraldehyde
in 0.036 M phosphate buffer (pH 6.8) at 4°C overnight.
Subsequently, according to our previously described pro-
tocol (Wang et al. 2018), the specimen was fixed with
1% osmium tetroxide in 0.1 M phosphate buffer for
120 min and then dehydrated through graded ethanol
aqueous solutions and finally in 100% ethanol. After-
ward, the dehydrated specimen was embedded in EPON
(Luveak, Nacalai Teque, Kyoto, Japan). Transverse sec-
tions (1 um thick) were prepared and stained with tolui-
dine blue solution, then images were captured at
200 x magnification using a light microscope (ECLIPSE
80 1, Nikon, Tokyo, Japan). The myelinated nerve fibers
were counted in random areas of 90,000 xm?, account-
ing for not less than 30% of the total area of an image
using ImageJ (National Institutes of Health, Bethesda,
MD, USA). The result was denoted as myelinated nerve
fiber density, representing the mean number of myelin-
ated nerve fibers in three of the above-mentioned areas.

Ultrathin transverse sections of the same tissue
stained with uranyl acetate and lead citrate were also
examined under a transmission electron microscope
(Model H-7000, Hitachi High-Technologies, Tokyo,
Japan). Ten pictures representing random areas of the
section were obtained at 2000 x magnification, and the
shortest diameter of myelinated nerve fiber («) and axon
diameter (B) of each myelinated nerve fiber was mea-
sured. The myelin sheath thickness of each myelinated
nerve fiber was calculated according to the formula (o —
B)/2. Averages of these three parameters from all mye-
linated nerve fibers were regarded as the mean diameter
of myelinated nerve fiber, mean axon diameter and mean
thickness of the myelin sheath, respectively.

Volume 47, Number 6, 2021

Quantitative real-time PCR

A 10-mm-long sciatic nerve was dissected from the
epineural stitch of each rat, and four normal sciatic
nerves on the contralateral side, as long as the one on the
injured side, were likewise dissected as an intact group.
Total RNA was extracted from the sciatic nerve speci-
mens using the RNeasy Plus Universal Mini Kit (Qiagen,
Valencia, CA, USA) and then tested for purity using the
NanoDrop2000 (Thermo Fisher Scientific, Wilmington,
DE, USA). The A,4¢/455¢ ratios for all specimens were
>2. Next, 1 pg of total RNA was reverse-transcribed
into complementary DNA, and TagMan gene expression
assays were used for brain-derived neurotrophic factor
(BDNF), nerve growth factor (NGF), low-affinity NGF
receptor (NGFR) and vascular endothelial growth factor
A (VEGFA). Quantitative real-time PCR was then per-
formed using an Applied Biosystems 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA,
USA). Standard enzyme and cycling conditions for the
7500 Real-Time PCR System were utilized, and glycer-
aldehyde 3-phosphate dehydrogenase was used as the
endogenous reference gene because of its high stability
under these study conditions.

The data obtained were analyzed using the compar-
ative threshold cycle method. The amount of target gene
was normalized to that of glyceraldehyde 3-phosphate
dehydrogenase. The value of the calibration specimens
(specimens in the intact group) was set to 1, and the val-
ues of specimens in the sham and LIPUS groups at dif-
ferent time points after surgery were represented relative
to that of the calibration specimens (Ito et al. 2020).

Immunohistochemistry

An approximately 8-mm-long sciatic nerve was dis-
sected from the epineural stitch of each rat. After fixation
with 4% paraformaldehyde and cryoprotection with 30%
sucrose, 10-pum-thick cryostat longitudinal sections were
prepared. Next, after rinsing with phosphate-buffered
saline (PBS), blocking buffer containing 5% goat serum
was added to the slides for an hour-long incubation at
room temperature. Rabbit anti-BDNF primary antibody
(1:200, Bioss Inc., Woburn, MA, USA) was then
applied, and the slides were incubated overnight at 4°C.
The slides were then rinsed with PBS and Alexa Fluor
488 goat anti-rabbit IgG (1:200, Thermo Fisher Scien-
tific, Waltham, MA, USA), and a secondary antibody
was applied for 2 h at room temperature. After rinsing
with PBS, the same blocking solution was applied fol-
lowed by rabbit anti-Neurofilament-L antibody (Alexa
Fluor 594 conjugate, 1:200, Cell Signaling Technology,
Danvers, MA, USA) for 24 h at 4°C. After final PBS
washes, coverslips were mounted on all slides using an
aqueous mounting medium. For sections labeled for
Neurofilament-L, images of axonal outgrowth were
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captured using a macro zoom microscope (MVXIO0,
Olympus, Shinjuko, Japan). The regenerative axonal
length was measured using ImagelJ. For the BDNF sec-
tions, images of the crush injury site (crush site) and the
site 5 mm distal to the epineural stitch (distal) were
obtained with a confocal laser scanning microscope
(FV10 i, Olympus).

Statistical analysis

Data are expressed as the mean + standard devia-
tion. Student’s ¢-test was used for comparisons between
sham and LIPUS groups, and Dunnett’s test was used for
comparison between each group and the intact group.
Statistical significance was indicated by a p value <0.05.

RESULTS

LIPUS accelerated sciatic functional improvement

Compared with the intact group, the results indi-
cated that the joint trajectory of neither the sham nor the
LIPUS group returned to normal. The joint trajectory of
the sham group, in the step cycle period, had a striking
similarity to that of the LIPUS group, in the ankle and
toe angle. The ankle trajectory of the sham group was
lower than that of the LIPUS group, but the gap between
them was small, especially in the swing phase (Fig. 1a).
Nevertheless, not only was the toe trajectory of the sham
group much lower, but it also extended the gap between
the groups (Fig. 1b). To compare the joint angles
between both groups, the joint angles in the toe-off phase
were calculated. The results revealed that although there
was no significant difference between the sham and
LIPUS groups in the ankle angle, the toe angle of the
LIPUS group was significantly higher than that of the
sham group (Fig. 1c).

LIPUS promoted nerve regeneration

Axonal outgrowths were not found 3 and 7 d after sur-
gery (Fig. 2a, 2b). However, prominent axonal outgrowths
were found at 14 d (Fig. 2c), and their length further
increased 30 d after surgery (Fig. 2d), in both sham and
LIPUS groups. Quantitative analysis revealed that
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regenerative axonal length was significantly higher in the
LIPUS group than in the sham group 14 d after surgery
(Fig. 2e). Regenerative axonal lengths 30 d after surgery in
both groups were beyond the range of measurement.
Representative images of the transected sciatic nerve
processed with toluidine blue staining are provided in
Figure 3a. Quantitative analysis indicated that the myelin-
ated nerve fiber density significantly increased in the
LIPUS group compared with the sham group (Fig. 3b).
Representative images of the transected sciatic
nerve obtained by transmission electron microscopy are
provided as well. Thin and thick myelinated nerve fibers
coexisted in the sham group, while myelinated nerve
fibers in the LIPUS group presented uniform amplifica-
tion (Fig. 4a). Quantitative analysis also proved that
myelinated nerve fiber diameter, axon diameter or mye-
lin sheath thickness was significantly greater in the
LIPUS group than in the sham group (Fig. 4b, 4d).

LIPUS regulated gene expression of relevant growth
factors and receptor

Compared with that of the intact group, mRNA
expression of BDNF in the LIPUS group was significantly
upregulated 14 and 30 d after surgery, although that in the
sham group was only upregulated 14 d after surgery
(Fig. 5a). mRNA NGF was significantly overexpressed in
both groups 7 d after surgery (Fig. 5b). mRNA NGFR
expression was significantly upregulated at 3 and 7 d, in
both groups, but decreased to an insignificant level 14 d
after surgery in the LIPUS group (Fig. 5¢). mRNA expres-
sion of VEGFA was significantly upregulated only in the
sham group 7 d after surgery (Fig. 5d). However, there was
no difference in gene expression between sham and LIPUS
groups at any time point.

LIPUS elevated protein expression of BDNF

Protein expression of BDNF reached a peak 7 d after
surgery, rapidly decreased on the crush injury site, and no
evident or minute expression was found in the distal part of
the sham group. Protein expression of BDNF rapidly
reached a peak at 3 d and maintained a fairly high level
until 30 d after injury on the crush injury site in the LIPUS
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Fig. 1. Time course trajectories of joint angles. (a) Changes in ankle angle in a step cycle. (b) Changes in toe angle in a
step cycle. (c) Ankle and toe angles in the toe-off phase. *p < 0.01, compared with the sham group. LIPUS = low-inten-
sity pulsed ultrasound.
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Fig. 2. Immunohistochemistry of sciatic nerve (a) 3, (b) 7, (c) 14 and (d) 30 d after surgery. Longitudinal sections of sci-

atic nerves were labeled for Neurofilament-L (red) (scale bars =500 pum). Axons were not detected at 3 and 7 d, and

regenerative axons were observed 14 and 30 d after injury. (e) Regenerative axonal length 14 d after surgery. *p < 0 .05,
compared with the sham group. LIPUS = low-intensity pulsed ultrasound.
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Fig. 3. Myelinated nerve fiber density. (a) Representative images of transected sciatic nerve stained with toluidine blue
(scale bars=100 um). (b) Mean myelinated nerve fiber density. *p < 0.01, compared with the sham group.
LIPUS = low-intensity pulsed ultrasound.

group. Moreover, noteworthy protein expression of BDNF
was also detected in the distal part from 7 to 30 d after
injury, although it slowly decreased (Fig. 6).

DISCUSSION

In this study, we investigated the effect of LIPUS
on functional recovery and regeneration of the rat sciatic
nerve after a crush injury. Moreover, we explored the
changes in gene expression of relevant growth factors
and receptor and protein expression of BDNF, as well as
axonal outgrowth, at multiple time points after injury, to
clarify  the  mechanism  underlying  LIPUS.
Jiang et al. (2016) found that although LIPUS at 500 or
750 mW/cm? was able to induce nerve regeneration, 250
mW/cm? significantly induced the most rapid regenera-
tion. In contrast, several studies have reported that the
intensity of ultrasound should be regulated below 500
mW/cm?, and high-intensity (>500 mW/cm?) ultrasound

may cause cell injury and impede tissue recovery
(Ahmadi et al. 2012; Zhong et al. 2013; Lee et al. 2014).
Moreover, low-intensity ultrasound (30—50 mW/cm?)
has been verified to be sufficiently effective in enhancing
nerve growth and accelerating nerve regeneration (Sato
et al. 2016; Zhao et al. 2016). Therefore, choosing an
optimal intensity of LIPUS is the primary element in this
study. Our previous study determined that LIPUS at an
intensity of 140 mW/cm?® might be an optimum option
because it is considered moderate and harmless to the
sciatic nerve and propelled axonal regrowth and remyeli-
nation more than LIPUS at an intensity of 30 or 250
mW/cm? (Ito et al. 2020). Other parameters of LIPUS,
except intensity, were set based on the most effective
scheme introduced by Akhlaghi et al. (2012).

We conducted a kinematic analysis with a 3-D motion
capture apparatus to evaluate sciatic functional recovery
instead of the traditional SFI (Ito et al. 2019). In addition to
the SFI with its intrinsic shortcomings (Walker et al. 1994),
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Fig. 4. Transmission electron micrographs of transected sciatic nerve. (a) Representative transmission electron micro-
graphs of transected sciatic nerve (scale bars =2 um). (b) Mean myelinated nerve fiber diameter, (c) axon diameter and
(d) myelin sheath thickness. *p < 0.01, compared with the sham group. LIPUS = low-intensity pulsed ultrasound.

kinematic analysis is also recognized as a sensitive and
accurate method for functional evaluation (de Ruiter
et al. 2007). Although there was no obvious difference in
the ankle angle between the sham and LIPUS groups, the
toe angle in the LIPUS group quickly improved compared
with that in the sham group. This result indicated that
marked functional reinnervation resulted from LIPUS stim-
ulation because our previous study had verified that the toe
angle is a reliable and an accurate parameter in the kine-
matic analysis (Wang et al. 2018), and the toe angle had
greater sensitivity than the ankle angle, which corresponds
to the conclusions of previous studies (Tajino et al. 2018;
Wang et al. 2018). With respect to histomorphometric
results, we found that myelinated nerve fiber density, the
diameter of myelinated nerve fiber, axon diameter and
myelin sheath thickness were higher in the LIPUS group
than in the sham group. In addition, immunohistochemistry
results revealed that regenerative axonal length was signifi-
cantly longer in the LIPUS group than in the sham group
14 d after injury. Regenerative axonal lengths 30 d after
surgery in both groups exceeded the length of dissected sci-
atic nerves, and the regenerative axons had already inner-
vated end-organs 30 d after surgery (Wang et al. 2018);
thus, regenerative axonal lengths were beyond the range of
measurement. These results indicated that LIPUS stimula-
tion not only accelerated axonal regrowth but also pro-
moted remyelination and axonal enlargement to induce
more mature myelinated nerve fibers.

Application of LIPUS to peripheral nerve regenera-
tion revealed mechanical effects resulting from acoustic
pressure waves, accompanied by extremely low heating
effects (Khanna et al. 2009). A previous review also
reported that the micromechanical stimulation induced
by LIPUS played an important role
(Romano et al. 2009). Micromechanical stimulation may
whet enzyme activity and modify cell metabolism, sub-
sequently promoting the synthesis of relevant cytokines
and growth factors, while guiding multiple cellular
responses, including cellular migration, proliferation and
differentiation (Dunn and Olmedo 2016). In the periph-
eral nervous system, micromechanical stimulation
derived from LIPUS transmits signals via integrin acting
as a mechanoreceptor on the cell membrane, and focal
adhesion kinase is then phosphorylated to initiate signal
transduction via the phosphatidylinositol 3-OH kinase
/Akt or glycogen synthase kinase 38 (GSK-3g)/B-cate-
nin pathway. On the other hand, micromechanical stress
may activate the stretch-activated ion channels on the
cell membrane, triggering the downstream extracellular
signal-regulated protein kinase (ERK1/2)/cyclic adeno-
sine monophosphate-regulated enhancer B (CREB) path-
way (Zhao et al. 2016; Ren et al. 2018; Peng et al. 2020).
Ultimately, a series of intracellular reactions are acti-
vated, thereby elevating the expression of neurotrophic
factors and receptors, including BDNF, NGF, VEGFA
and NGFR, and promoting Schwann cell proliferation,
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Fig. 5. Gene expression analysis 3, 7, 14 and 30 d after surgery. Gene expression of (a) BDNF, (b) NGF, (¢) NGFR and
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VEGFA = vascular endothelial growth factor A.

cell survival and neurite outgrowth (Su et al. 2017;
Peng et al. 2020; Shindo and Shimokawa 2020).
Neurotrophic factors are essential for controlling the
survival, proliferation and differentiation of neural and non-
neural cells involved in nerve regeneration (Hausner and
Nogradi 2013). BDNF is well known to promote axonal
sprouting and myelinogenesis (Chan et al. 2001; Gor-
don 2009). Removal of BDNF not only impedes the
increase in nerve fibers, especially medullated fibers, but
also inhibits myelination in vitro and in vivo
(Cosgaya et al. 2002). Hence, BDNF is an exceedingly
important neurotrophic factor and plays an indispensable
role in peripheral nerve recovery after injury. Our study
indicated that gene expression of BDNF in the sham group
arose at 7 d, notably increased by 14 d and subsequently
decreased 30 d after injury. This process was roughly con-
sistent with a previous finding (Pan et al. 2017). However,
the gene expression of BDNF in the LIPUS group was
maintained at a high level until 30 d, in the wake of signifi-
cant upregulation 14 d after injury. This finding suggested
that gene expression of BDNF was intensely affected by
LIPUS and thereby was maintained for a longer time after

upregulation. On the other hand, immunohistochemistry
results indicated much stronger protein expression of
BDNF at the crush and distal sites in the LIPUS group, sug-
gesting that the mechanical stimulation generated by LIPUS
resulted in the upregulation and maintenance of BDNF pro-
tein expression. It is worth mentioning that not only at the
crush injury site, protein expression also exhibited intense
upregulation and persistence without precedent on the distal
part of the rat sciatic nerve stimulated by LIPUS.

NGFR is expressed mainly in the distal part of the
nerve after injury, and its induction has been proposed as a
mechanism to concentrate neurotrophic factors, including
NGF and BDNF, recruit the ligand and thereby promote
nerve regeneration (Johnson et al. 1988). VEGFA plays a
crucial role in local angiogenesis, triggering peripheral nerve
regeneration in the very early stages after nerve injury
(Nishida et al. 2018). Our study found that mRNA expres-
sion of NGFR was significantly overexpressed from 3 to 14
d and peaked 7 d after injury, and that of VEGFA was signif-
icantly overexpressed only at 7 d after injury during the
spontaneous nerve recovery process, while immunohis-
tochemistry analysis implied that the Wallerian degeneration
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Fig. 6. Immunohistochemistry of sciatic nerve 3, 7, 14 and 30 d after surgery. Longitudinal sections of sciatic nerves
were labeled for brain-derived neurotrophic factor (green) (scale bars =100 pm).

persisted without any axonal outgrowth at least until 7 d after
injury in both groups. These findings indicated that mRNA
expression of NGFR and VEGFA was upregulated during
Wallerian generation and gradually downregulated after axo-
nal outgrowth. Therefore, with respect to the mechanism
underlying LIPUS, a reasonable explanation is that LIPUS
stimulation perhaps accelerated the process of Wallerian
degeneration, thereby resulting in no noteworthy gene
expression of NGFR and VEGFA 14 and 7 d after injury,
respectively. In addition, NGF promotes the proliferation
and differentiation of neurons and repairs injured nerves
(Petruska and Mendell 2004; Unezaki et al. 2009). A previ-
ous study reported that upregulated NGF results in Schwann
cell differentiation and proliferation in anticipation of the
arrival of axonal outgrowth (Campbell 2008), as observed in
our findings on significant overexpression of NGF in both
the sham and LIPUS groups 7 d after injury. Nevertheless,
there was no obvious expression in either group 3, 14 or 30
d after injury, indicating that gene expression of NGF was

not regulated by LIPUS, and overexpression of NGF
appeared only in the middle and terminal phases of Waller-
ian degeneration.

Several limitations cannot be overlooked in this
study. The small sample size in the real-time PCR analy-
sis might have resulted in the detection of no significant
difference between sham and LIPUS groups. The sciatic
nerve is a mixed nerve composed of motor and sensory
fibers, and to realize functional and efficient movements,
feedback from sensory fibers is necessary; however, the
effects of LIPUS on regenerated sensory fibers and sen-
sory function were not investigated. Although mechani-
cal stimulation is the greatest effect of LIPUS, the low
heating effect might still cause tiny variations in several
temperature-sensitive enzyme activities, thereby elicit-
ing unknown effects on peripheral nerve recovery after
injury (Khanna et al. 2009). Moreover, protein expres-
sion of NGFR and VEGFA was not investigated,
because gene expression of NGFR and VEGFR was not
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markedly affected by LIPUS. Investigating their protein
expression would help to justify our assumption: LIPUS
stimulation shortens the process of Wallerian degenera-
tion, thereby accelerating nerve generation. Multiple
other neurotrophic factors and receptors participate in
Wallerian degeneration and nerve regeneration as well,
but changes in their gene or protein expression over time
have not yet been discovered. Further studies are
expected to solve these problems, thus sufficiently and
thoroughly increasing the understanding of the mecha-
nisms underlying LIPUS in the recovery process after
peripheral nerve injury.

Nevertheless, LIPUS is still expected to be a useful
therapeutic method for repair of damaged peripheral
nerve tissues in future clinical applications. Moreover,
given its non-invasiveness, biological tolerability and
positive effects on Schwann cells, LIPUS may be a semi-
nal therapeutic option in rehabilitation after peripheral
nerve reconstruction, microsurgery and even transplanta-
tion with Schwann cells. We believe that LIPUS can
exhibit extraordinary abilities in the emerging field of
regenerative rehabilitation (Willett et al. 2020), in the
wake of more clinical research focusing on LIPUS.

In conclusion, both gene and protein expression of
BDNF was upregulated by LIPUS, and the particularly
notable elevated expression of BDNF at the site distal to
the injury might play a greater role in rapidly promoting
both functional and histologic improvements after sciatic
nerve crush injury in rats.
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