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Introduction
Peripheral nerve injury causes motor and sensory disturbances 
depending on the damaged nerve, which interfere with various 
daily activities. Peripheral nerves are capable of self-regenera-
tion; however, if regeneration is delayed, motor dysfunction is 
likely to persist.1,2 To prevent residual motor dysfunction, nerve 
tissue regeneration should be promoted as early as possible 
after peripheral nerve injury. Nerve suturing and autologous 
nerve transplantation are used to repair damaged peripheral 
nerves and promote regeneration. However, these effects are 
sometimes inadequate and do not lead to a complete functional 
recovery. One reason is that treatment of the peripheral nerve 
alone is insufficient for recovery from peripheral nerve injury. It 
has been reported that both the regeneration of nerve axons at 
the site of injury and reinnervation at the neuromuscular junc-
tion (NMJ) are important,3 as the regeneration of nerve axons 
alone does not lead to recovery of motor function, even if the 
regenerated axons reach the innervating muscles.4 Therefore, 
to restore motor function after peripheral nerve injury, a com-
prehensive approach to the NMJ and distal muscles, in addi-
tion to the nerve cell bodies and axons that make up the 
peripheral nervous system, is needed.5

An NMJ is the interface between motor nerve endings and 
skeletal muscles, and consists of motor nerve endings, motor 

endplates, and terminal Schwann cells (tSCs). Acetylcholine 
receptors (AChRs) are receptors for acetylcholine, which are 
released from motor nerve endings and innervated to cause 
muscle contraction. tSCs surround the motor nerve endings of 
NMJs and are involved in their formation and maintenance.6

NMJs are essential for maintaining motor function and 
muscle strength, and their morphology and number have been 
reported to contribute to efficient neuromuscular transmis-
sion.7,8 After peripheral nerve injury, degeneration and changes 
in the number of endplates occur.9 Normal endplates have a 
complex, pretzel-like morphology with numerous grooves in 
the postsynaptic membrane.10 After peripheral nerve injury, 
they degenerate from the mature normal type to an immature 
fragmented type.9 Additionally, endplates increased until the 
second week after transection and started to decrease from the 
fourth week in the tibialis anterior (TA) muscle of mice with 
transected peroneal nerve.9 Furthermore, in rats with an injured 
sciatic nerve, the morphology of NMJs was maintained when 
the regenerated axons reached NMJs for a short period, even-
tually leading to motor function recovery. However, when the 
period was extended, NMJs degenerated, and motor function 
recovery was not achieved.4 Therefore, inhibiting the degener-
ation and reduction of endplates after peripheral nerve injury, 
as described above, may be a means to restore motor function 
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before peripheral nerves regenerate and reach the NMJs. 
However, few studies have focused on the degeneration and 
reduction of endplates after peripheral nerve injury and few 
attempts have been made to suppress them.

To inhibit degeneration and decrease of endplates, we 
implemented ultrasound (US) stimulation in this study. It has 
been reported that US stimulation promotes the proliferation 
and survival of Schwann cells in culture.11 In addition, several 
research groups, including ours, have reported the effect of US 
stimulation on the promotion of peripheral nerve regeneration, 
especially on the thickening of the myelin sheath.12,13 We 
hypothesized that US stimulation would promote the survival 
and proliferation of tSCs and inhibit the degeneration and 
reduction of the endplates after peripheral nerve injury. In 
experiments using mutant mice, removal of tSCs and Schwann 
cells before, during, and after NMJ development and matura-
tion impaired the formation and maintenance functions of 
NMJs at each stage.6 Additionally, the number of Schwann 
cells in the TA muscle decreased after peroneal nerve transec-
tion. At the same time, degeneration and reduction of NMJs 
have been observed.9 Therefore, maintaining the number of 
tSCs in endplates after peripheral nerve injury may prevent 
endplate degeneration and reduction. This study aimed to 
determine the effects of US stimulation on the degeneration 
and reduction of the endplates after peripheral nerve injury.

Materials and Methods
Animals

Adult male Wistar rats (11-week-old) were placed in standard-
ized cages (2 animals per cage) under a 12 hours light/dark cycle 
at 25°C on sawdust bedding and acclimatized for 1 week. The rats 
were allowed to move freely in their cages and were provided free 
access to food and water. They were randomly divided into 3 
groups: intact (intact group, n = 2), sham stimulation (sham group, 
n = 8), and US stimulation (US group, n = 8). The sample size was 
determined according to a previous study.12 No adverse events 
were observed, and all rats were included in the study.

Surgical procedure for peroneal nerve transection

The left peroneal nerve was transected in the US and sham 
groups according to a previously reported protocol.9 Briefly, the 
rats were anesthetized with 5% isoflurane and 3 types of mixed 
anesthetic agents (0.1 mg/kg of medetomidine, 2.0 mg/kg of 
midazolam, and 2.5 mg/kg of butorphanol). The left peroneal 
nerve was exposed at the head of the fibula and transected 
approximately 3 mm from the TA. After transection, the distal 
nerve ending was reversed and sutured below the skin using 6-0 
nylon sutures to prevent the nerve terminal from reinnervating 
the NMJ. The surgical incision was closed using 4-0 nylon 
sutures. Discontinuity of the peroneal nerve was confirmed dur-
ing sacrifice (Supplemental Figure 1). All procedures were 
approved by the Institutional Animal Care and Use Committee 
of Kyoto University (approval number: Med Kyo 20027).

Ultrasound stimulation

All rats were anesthetized with 1% to 2% isoflurane. A US 
transducer was placed on the skin above the corresponding TA 
muscle after application of US transmission gel. US stimula-
tion was started 1 day after the transection and performed 
every day using a portable ultrasonic treatment apparatus with 
an unfocused circular probe with an effective radiation area of 
0.9 cm2 and a 2.9 beam non-uniformity ratio (UST-770, ITO 
CO., LTD, Japan). The radiation parameters were as fol-
lows:140 mW/cm2 intensity (spatial average and temporal 
average [SATA]), 1 MHz frequency, 1 kHz repeating frequency, 
20% duty cycle, and 5 min/day treatment duration.13 For the 
sham group, the power of the apparatus was turned off, and 
sham stimulation was performed. Four weeks after transection, 
the rats were sacrificed using an overdose of the 3 types of 
mixed anesthetic agents. The rats in the intact group did not 
receive US stimulation or surgery.

Tissue preparation for TA muscle

After overdose sacrifice, the rats were transcardially perfused 
with 0.9% saline wash until the liver was cleared of blood, and 
then perfused with 4% paraformaldehyde (PFA). After 
30 minutes of rest, the left TA muscle was excised from the 
hind limb, post-fixed in 4% PFA for 24 hours, and dehydrated 
in 30% sucrose for 48 hours at 4°C. The muscles were then 
embedded in tragacanth gum on corks and frozen in liquid 
nitrogen-cooled 2-methylbutane. The muscles were stored at 
−80°C until use.

Immunohistochemistry

The collected TA muscle was sliced in the longitudinal direc-
tion, and frozen sections (20 μm thickness) were prepared every 
300 μm. To evaluate endplates (AChR clusters) in NMJs, fro-
zen sections were incubated with alpha-bungarotoxin, Alexa 
Fluor™ 647 conjugated (α-BTX, 1:1000; B35450, Invitrogen, 
USA) for 1 hour at room temperature. α-BTX binds specifi-
cally to AChRs in the postsynaptic membrane. The frozen sec-
tions were warm-bathed in antigen activation solution 
(HistoVT One, 06380-05, Nacalai Tesque, Japan) at 70°C for 
20 minutes, blocked at room temperature for 1 hour (Blocking 
One Histo, 06349-64, Nacalai Tesque, Japan), and incubated 
overnight at 4°C in polyclonal rabbit Anti-S100 ready-to-use 
(S100, IR504, DAKO, Denmark) to evaluate the tSCs in 
NMJs. S100 is expressed in the cytoplasm of Schwann cells in 
the peripheral nervous system, and can be used to label 
Schwann cells. The sections were then incubated with second-
ary antibodies Alexa Fluor 594 goat anti-rabbit IgG (1:200; 
853501, Invitrogen, USA), α-BTX (1:500), and Cellstain 
DAPI solution (1:5000; 340-07971, FUJIFILM Wako, Japan) 
for 1 hour at room temperature. After staining, all sections were 
mounted using the PermaFluor™ aqueous mounting medium 
(TA-030-FM, Thermo Scientific, USA).
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Quantitative analyses

Three frozen sections were randomly selected from the superfi-
cial, intermediate, and deep regions of the thin-sectioned TA 
muscle in the longitudinal direction. Immunohistological stain-
ing was performed on these sections, and images of the α-BTX-
positive AChR clusters were obtained using a confocal laser 
scanning microscope (FLUOVIEW FV10i-O, OLYMPUS, 
Japan). The images were analyzed using NIH ImageJ (https://
imagej.nih.gov/ij/).14,15 To evaluate the number of endplates, α-
BTX-positive AChR clusters were counted, and the mean value 
per unit area was calculated. More than 100 endplates per TA 
sample were randomly selected for analysis to evaluate the end-
plate morphology. Following previous studies,16 α-BTX-positive 
AChR clusters were classified into 3 types: normal (consisting of 
less than 5 fragments and multiple perforations), partially frag-
mented (consisting of 5 or more fragments or a single fragment 
and no perforation), and fully fragmented (consisting of granular 
and mottled fragments) (Supplemental Figure 2A), and the per-
centage of each type in the total number of α-BTX-positive 
AChR clusters was calculated. More than 50 endplates per TA 
sample were analyzed to evaluate tSCs. The number of tSCs per 
endplate and percentage of endplates with tSCs (tSC retention 
percentage) were calculated. The number of tSCs was assessed 
based on the number of DAPI-positive nuclei matched to α-
BTX-positive AChR clusters and S100-positive Schwann cells 
(Supplemental Figure 2B).16 All quantitative analyses were con-
firmed by 2 trained evaluators (AI and YA), without blinding.

Statistical analyses

Data are presented as mean ± standard error. All data were 
assessed for normal distribution using the Shapiro–Wilk nor-
mality test and for homoscedasticity using Levene’s test. 
Statistically significant differences between the US and sham 
groups were detected using Student’s t-test or Wilcoxon rank-
sum test if the data were not normally distributed. The signifi-
cance level was set to 5%. All statistical analyses were performed 
using JMP Pro 15 software (SAS Institute, USA).

Results
Number of endplates

Representative α-BTX-positive AChR cluster images are 
shown in Figure 1A. There was no significant difference in the 
number of endplates between the US and sham groups 
(21.3 ± 1.62 in the US group and 20.7 ± 1.78 in the sham 
group, P = .81) (Figure 1B). In addition, there appeared to be 
more endplates in both groups than in the intact group 
(12.1 ± 0.81) 4 weeks after transection.

Endplate morphology

Representative morphologies of the endplates in each group 
are shown in Figure 2A. After peroneal nerve transection, the 
morphology of endplates degenerated in both the US and 
sham groups. Compared to the intact group, both the US and 
sham groups showed a trend toward a decrease in the normal 
type and an increase in the partially and fully fragmented types 
(Figure 2B-D). The US group had significantly more normal-
type endplates than the sham group (52.2% in the US group 
versus 46.0% in the sham group, P = .02) (Figure 2B). 
Additionally, the US group had significantly fewer fully frag-
mented endplates than the sham group (11.1% in the US group 
versus 16.4% in the sham group, P = .02) (Figure 2D). There 
was no significant difference between the US and sham groups 
in the partially fragmented type (36.5% in the US group versus 
38.0% in the sham group, P = .62) (Figure 2C). These results 
indicate suppression of the normal type decrease and a fully 
fragmented type increase in the US group.

Number of tSCs and tSC retention percentage

After peroneal nerve transection, both the US and sham groups 
showed a decreasing trend in tSC number and retention per-
centage compared with the intact group. However, there was no 
significant difference between the US and sham groups (tSC 
number: 2.7 ± 0.01 in the intact group, 1.1 ± 0.15 in the sham 
group, and 1.4 ± 0.25 in the US group, P = .43; tSC retention 

Figure 1.  Number of motor endplates: (A) representative endplates (α-BTX, red) 4 weeks after the peroneal nerve transection in intact, sham (denervation 

with sham stimulation), and US (denervation with US stimulation) groups. Scale bar: 100 µm and (B) mean number of endplates per mm2. Intact group 

(n = 2), sham group (n = 8), US group (n = 8). Error bars indicate standard error.

https://imagej.nih.gov/ij/
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percentage: 98.0% in the intact group, 51.3% in the sham group, 
and 62.5% in the US group, P = .25) (Figure 3A and B). For a 
further detailed examination, the number of tSCs and retention 
percentage in the normal-type endplates were analyzed, and no 
significant differences were found between the 2 groups (num-
ber of tSCs: 1.1 ± 0.19 in the sham group versus 1.6 ± 0.33 in 

the US group, P = .43; tSC retention percentage: 50.9% in the 
sham group versus 63.2% in the US group, P = .26) (Supplemental 
Figure 3A and B).

Discussion
The present study demonstrated the effects of US stimulation 
in an attempt to inhibit changes that occur in the endplate after 
peripheral nerve injury. Our results revealed that the percent-
age of endplate degeneration was significantly lower in the US 
group than in the sham group, confirming that degeneration 
was suppressed by US stimulation, although tSC number and 
retention percentage were not significantly different between 
the US and sham groups.

In the present study, the number of endplates 4 weeks after 
peroneal nerve transection was higher in both the US and sham 
groups than in the intact group. Li et al reported that the num-
ber of endplates temporarily increased 2 weeks after mouse 
peroneal nerve transection and decreased after 4 weeks.9 
Similarly, a marked increase in the number of AChRs in the 
plasma membrane has been reported within 3 days after nerve 
injury.17 There is a possibility that the 4 weeks after transection 
evaluated in this study was the time when endplates temporarily 
increased before beginning to decrease. Hence, changes in the 
number of endplates should be investigated over a longer period.

Furthermore, no significant difference in the number of 
endplates between the US and sham groups was observed. This 
result suggests that US stimulation does not affect the number 
of endplates. Various proteins are involved in the formation of 
NMJs and the accumulation of AChRs. For example, Agrin, 
secreted from motor nerve endings, binds to its receptor Lrp4, 
activates MuSK, and forms AChRs in the NMJ.18-20 The rela-
tionship between these proteins and US stimulation has not 
been reported and requires further investigation.

In this study, degeneration of the endplate of the TA mus-
cle was observed 4 weeks after peroneal nerve transection. 
Compared to the intact group, the number of mature end-
plates (normal type) decreased and the number of immature 
endplates (partially and fully fragmented type) increased in 
both the US and sham groups. Furthermore, compared to the 
sham group, the US group showed an inhibition of the 
decrease in normal endplates and an inhibition of the increase 
in fully fragmented endplates. These results suggest that the 
endplate of the TA muscle degenerates due to peroneal nerve 
transection and that US stimulation may inhibit this degen-
eration. We hypothesized that US stimulation would promote 
the proliferation and morphological maintenance of tSCs, 
which in turn would maintain the morphology of the end-
plates. However, the number and retention percentage of 
tSCs did not differ significantly between the US and sham 
groups. In addition, no significant differences were found in 
the endplates of the normal type, whose degeneration was 
suppressed in the US group. These results suggest that factors 
other than the tSC number and retention percentage may 
have maintained the endplate morphology in the US group. 

Figure 2.  Morphology of motor endplates. (A) representative endplate 

morphology 4 weeks after the peroneal nerve transection in intact, sham 

(denervation with sham stimulation), and US (denervation with US 

stimulation) groups. Scale bar: 20 μm. (B-D) Proportion of normal, 

partially fragmented, and fully fragmented types in the total number of 

endplates. Intact group (n = 2), sham group (n = 8), US group (n = 8). Error 

bars indicate standard error.
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US stimulation has been reported to promote the expression 
of various growth factors, including fibroblast growth factors 
(FGF).21 In particular, Ito et al reported that FGF18, a mem-
ber of the FGF family, is involved in the maintenance of 
NMJs. In mice lacking FGF18, the NMJ groove in the dia-
phragm was reduced, and a simple structure of the NMJ was 
formed.22 The relationship between US stimulation and the 
molecular mechanisms involved in NMJ morphology has 
been less well reported and requires further investigation.

Many previous studies have shown that US stimulation 
affects Schwann cells,11,12,21 which differs from our finding that 
US stimulation did not affect the tSC number and retention. 
One possible cause is the influence of US stimulation condi-
tions such as stimulation intensity. Chang and Hsu reported 
that Schwann cells in artificial nerve conduits were activated at 
an intensity of 40 mW/cm2 (SATA).12 However, there are no 
reports on the optimal US stimulation intensity for tSCs in 
endplates, and further investigation is needed.

This study had some limitations. Firstly, due to the limited 
sample size in the intact group, no meaningful statistical com-
parisons could be made between the intact and experimental 
groups. Although such comparisons were not the primary 
objective of this study, the reader should take this into account 
when interpreting the results. Second, the study did not eluci-
date the molecular mechanism by which US stimulation sup-
presses endplate degeneration. Future studies should not only 
evaluate tSCs but also examine the effects of US stimulation 
on growth factor expression and mechanotransduction. Third, 
the results of this study did not reveal changes in the end-
plates caused by US stimulation over time. Lastly, even if 
regenerating axons reach the NMJ while inhibiting its degen-
eration, it is not clear whether motor function would be 
improved in the US group compared to the sham group. 
Experiments using old mice have reported that age-related 
degeneration of the NMJ cannot be an indicator of impaired 

neuromuscular transmission,23,24 and the correlation between 
NMJ degeneration and motor function remains controver-
sial. However, it has not been tested whether suppressing 
endplate degeneration after peripheral nerve injury facili-
tates better motor function recovery and muscle reinnerva-
tion. Therefore, it is desirable to evaluate the relationship 
between changes in the endplates over time, motor function, 
and nerve reinnervation.

Conclusion
In this study, we examined the effects of US stimulation on 
the motor endplates following peripheral nerve injury. US 
stimulation was found to inhibit endplate degeneration. In 
contrast, under the stimulation conditions of the present 
study, US stimulation did not affect the number of endplates 
or tSCs and their retention 4 weeks after peroneal nerve 
transection.
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