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ABSTRACT

(©) 2018 The Authors. This is an open access
article under the CC-By-NC license. :

Background: Ultrasonic therapy is used locally to repair damaged peripheral nerves.
Objectives: This study was designed to examine the effect of low-intensity remote ultrasound on
peripheral nerve regeneration.

Materials & Methods: In the present study, 24 male rats were randomly divided into three groups:
Sham surgery (SS: No sciatic crush injury, no ultrasonic treatment, n=8), control (C: Sciatic
crush injury, without ultrasonic treatment, n=8), and remote ultrasound (RU: Sciatic crush injury,
ultrasonic treatment, n=8). To induce nerve crush, the sciatic nerve was clamped 1 cm above the
bifurcation site for 30 seconds. In the RU group, the opposite leg was treated with low-intensity
ultrasound for 10 minutes, 3 times a week for 4 weeks (1.1 MHz frequency with an intensity of 0.5
W/cm?). Neurological evaluation was done by examining the sciatic nerve index (SFI) on days 7,
21,28, 35, 49, and 56 after surgery. The samples were evaluated histologically, biochemically, and
immunohistologically on days 28 and 56 after surgery.

Results: The mean SFI, transverse diameter of muscle fibers, and the number of myelinated axons
in the RU group were higher than those in the control group (P<0.05). Also, the mean plasma
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« The histological, biochemical, immunohistological, and neurological evaluations show the beneficial effect of low-
intensity remote ultrasound in treating peripheral nerve damage.

Introduction

eripheral nerve injuries are a group of dis-

orders usually caused by accidents, falls,

and penetrating injuries [1], which often

result in significant functional impairment

and permanent disability [2]. Treatment
methods for peripheral nerve injuries depend on the ana-
tomical location, degree, and level of injury [3].

When a nerve is crushed, several non-surgical meth-
ods, including pharmacological [4], electrical [5], and
laser therapies, have been employed to activate myelina-
tion and improve nerve function after peripheral nerve

injury [6].

Previous studies show that for therapeutic purposes,
ultrasound is effective in skeletal muscle [7], tendon,
ligament, bone, and soft tissue regeneration [8]. Low-in-
tensity ultrasound is a non-invasive therapeutic approach
that facilitates peripheral nerve regeneration following
nerve injury [9].

Since ultrasound is done through the contact of a prop
(the head of the ultrasound device) with the skin, in case
of serious damage to the skin, it is not possible to use ultra-
sound therapy for deeply damaged tissues. Our previous
study showed that remote ischemic preconditioning in the
contralateral limb may reduce the complications of reper-
fusion ischemia in other body organs and tissues [10].

We emitted low-intensity ultrasound waves on the
healthy lower limb (remote ultrasound) to examine their
effect on the function, tissue, and biochemical param-
eters of the damaged sciatic nerve. The literature review
shows that the present study is the first to investigate re-
mote ultrasound to treat sciatic nerve injury.

Materials and Methods
Animals

Twenty-four Sprague-Dawley male rats (200-220 g)
were divided into 3 groups: Sham surgery, control (sciat-
ic crush injury, without ultrasonic treatment), and remote
ultrasound (sciatic crush injury, effective ultrasound ra-

diation in the opposite hind limb). The rats had free ac-
cess food and water under standard conditions (22+2°C;
12 hours of light and 12 hours of darkness).

Surgery procedure

The rats were subjected to general anesthesia by intra-
peritoneal injection (ketamine 100 and xylazine 15 mg/
kg of body weight). The left sciatic nerve was exposed
after cutting the posterolateral area of the thigh, followed
by blunt dissection between the gluteus maximus and
quadriceps muscles. The left sciatic nerve was exposed
without crushing the nerve (sham surgery group). In the
control and ultrasound groups, the sciatic nerve (on the
left) was crushed with the help of fine forceps (30 s), 1
cm proximal to the bifurcation of the nerve, and the in-
jury site was marked with a 6-0 nylon suture. At the end
of the surgery, the muscle and skin were sutured [11].

Remote ultrasound irradiation

In the remote ultrasound group (after crushing the
sciatic nerve), the right hind limb was shaved. Then it
was treated with low-intensity ultrasound using aqua-
sonic gel (probe diameter: 2 cm; duration of irradiation:
10 minutes, 3 times a week for 4 weeks; frequency: 1.1
MHz; intensity: 0.5 W/cm?) [12].

Functional tests

In all animals, the sciatic functional test (SFI) was elevat-
ed one day before the operation until the eighth week (days
7,21,28, 35, and 56). So that the soles of the animals’ hind
limbs were covered with black ink. The rats were allowed
to walk on the track and leave their hind limb footprints on
the white paper, and the SFI was calculated according to
the according to the Bain's formula [13].

Biochemical analysis

Before the surgery, the animals were anesthetized (ket-
amine 100 mg/kg), then blood samples were taken directly
from the heart. To prepare plasma, blood samples were
centrifuged following the cold cycle (3500 rpm; 4°C; 10
min). The plasma samples were kept in a freezer (-80°C)
until biochemical analysis. The plasma levels of the total
antioxidant capacity (TAC) and malondialdehyde (MDA)
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were evaluated using calorimetric assay kits (Elabscience,
Wuhan, China). Using the FRAP (fluorescence recovery
after photobleaching) method, the plasma level of TAC was
measured at a wavelength of 520 nm. Thiobarbituric acid
(TBA) reagent dyed plasma MDA pink and was measured
at 532 nm wavelength. The HSP70 of plasma was evalu-
ated by immunoassay (HSP70 high sensitivity EIA kit,
ADI-EKS-715, Enzo Life Sciences, Inc.) 4.5 hours after
isolation. The absorbance is read at 450 nm [14]. Plasma
interleukin-6 (IL-6) was tested by immunoassay (Rat IL-6
EIA kit, ab 100772, Abcam) within 4.5 hours after isola-
tion. The solution’s color changes from blue to yellow, and
the absorbance is read at 450 nm [15].

Histological evaluation

On the 28" and 56" days after the operation, the third
part of the sciatic nerve (in the place where the nerve was
crushed) and also the middle part of the gastrocnemius
muscle were removed in all groups. The tissues were fixed
in formalin 10%, and transverse sections with a thickness
of 5 um were prepared after the preparation of paraffin
blocks. The nerve sections were stained with toluidine blue
1%, and the myelinated axons were counted. By randomly
selecting 4 fields from each section, the myelinated fiber’s
diameter and the myelin sheath’s thickness were measured
with a calibrated eyepiece [16]. In addition, the muscle sec-
tions were stained with hematoxylin and eosin (H&E), and
4 microscopic fields from the sections were randomly se-
lected. Then, with a calibrated eyepiece, the diameter of the
muscle fibers was measured [17].

Figure 1. The sciatic functional index (Mean+SEM)
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Immunohistochemistry

To count the S-100 positive Schwann cells under
a light microscope, transverse sections (4 pum) were
initially prepared from the nerve tissues. Then, anti-
S-100 (Dako, 1:200 dilution) was used as a marker for
Schwann cells. After blocking non-specific immunore-
actions (according to S-100 staining kit instructions),
samples were incubated in S-100 protein antibody so-
lution, then horseradish peroxidase-labeled secondary
antibody solution for 15-20 minutes, and finally washed
with phosphate-buffered saline [18].

Statistical analysis

The SPSS software, version 16 was used for statistical
data analysis (Chicago, IL, USA). After determining the
Mean+SEM, the obtained data were analyzed by one-
way ANOVA and Tukey’s post hoc test. The significant
difference was set at P<0.05.

Results

The mean SFI decreased significantly 7 days af-
ter operation in the experimental groups. On the 35%,
49t and 56" postoperative days, the Meant=SEM
SFI values for the remote ultrasound group were
-18.06+2.3,-12.92+1.87,-11.95£2.91; and -36.61+£3.24,
-33.5743.91, -33.42+4.79 for the control group, respec-
tively (P<0.01). No significant difference (P>0.05) was
observed between the ultrasound and sham surgery
groups in the average SFI on days 35, 49, and 56 after

surgery (Figure 1).

“Significant differences among remote ultrasound with the control groups, 35, 49, and 56 days after surgery (P<0.01).

Nosratiyan M, et al. Remote Ultrasound and Sciatic Nerve Regeneration. Caspian J Neurol Sci. 2024; 10(1):57-67.
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Figure 2. The mean plasma level of malondialdehyde at 28 and 56 days after surgery
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" A significant difference between remote ultrasound and control groups (P<0.01).

The Mean+SEM plasma levels of MDA on days 28
and 56 after surgery in the remote ultrasound group
(84.46+4.25 and 60.29+4.56 nmol/L, respectively) were
significantly (P<0.01) lower than the control group
(113.748.05 and 133.6+6.29 nmol/L, respectively) (Fig-
ure 2). At 28 days after surgery, the Mean+SEM plasma
level of TAC in the remote ultrasound group (0.78+0.08

Figure 3. The mean plasma level of the total antioxidant capacity evaluated at 28 and 56 days after surgery

mmol/L) was significantly (P<0.01) greater than the
control group (0.43+0.17 mmol/L) (Figure 3).

The mean plasma level of IL-6 on days 28 and 56 after
surgery in the control group (94.81+9.54 and 79.71+6.31
pg/mL) was significantly (P<0.05) greater than in the re-
mote ultrasound group (45.33+2.05 and 54.21+4.76 pg/
mL), respectively (Figure 4).

@ CINS

"A significant difference in the remote ultrasound group compared to the control group 28 days after surgery (P<0.01).
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Figure 4. The mean plasma level of interleukin-6 at 28 and 56 days after surgery
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"A significant difference between remote ultrasound and control groups (P<0.05).

On the days 28 and 56 after surgery, the MeantSEM
plasma level of HSP70 in the remote ultrasound group
(2.38+£0.04 and 2+0.01 ng/mL, respectively) was sig-
nificantly (P<0.01) greater than in the control group
(1.15+0.02 and 1.36+0.01 ng/mL, respectively). Fifty-
six days after surgery, no significant difference (P>0.05)
was observed between the remote ultrasound and sham

surgery groups (Figure 5).

Figure 5. The mean plasma level of HSP70 at 28 and 56 days after surgery

On day 56 after surgery, the Mean+=SEM muscle fiber
diameters in the remote ultrasound group (45.76+2.21
um) compared with the control group (40.46+3.04 um)
showed significant differences (P<0.05) (Figure 6).

On the days 28 and 56 after surgery, the MeantSEM
myelinated axon diameters in the remote ultrasound
group (10.18+1.88 and 12.98+1.67 pm, respectively)

@ CINS

A significant difference between remote ultrasound and control groups (P<0.01).
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B day 28

B day 56

Figure 6. A) Muscle fiber diameters (um; Mean+SEM), 28 and 56 days after surgery CINS

B and C) Cross-section of the gastrocnemius muscle, a) Sham surgery, b) Control, c) Remote ultrasound, 28 and 56 days after

surgery, respectively (H&E staining scale bar 50 pm)

“a significant difference between remote ultrasound and control groups 56 days after surgery (P<0.05).

was significantly (P<0.01) greater than the control group
(6.28+1.44 and 10.8+2.23 um, respectively). However,
56 days after surgery, there was no significant difference
(P>0.05) between remote ultrasound and sham surgery
(Figure 7).

On days 28 and 56 post-operation, the results showed
that the mean number of S-100 positive Schwann
cells in the remote ultrasound group (6414+218 and
8801+413, respectively) was higher than that in the
control group (45534256 and 6461£311, respectively)
(P<0.001) (Figure 8).

ion. Caspian J Neurol Sci. 2024; 10(1):57-67.
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Figure 7. A) Myelinated axon diameters (pm; MeantSEM), 28 and 56 days after surgery

January 2024, Volume 10, Issue 1, Number 36
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B and C) Cross-section of the regenerated nerve (toluidine blue stain); a) Sham surgery, b) Autograft, c) Remote ultrasound, 28

and 58 days after surgery, respectively (scale bar 50 pm)

"A significant difference between remote ultrasound and control groups, 28 and 56 days after surgery (P<0.01).

Discussion

The results of this study showed that remote ultrasound
therapy can enhance nerve regeneration. To the best of
our knowledge, this is the first study that evaluates the
effect of remote ultrasound on peripheral nerve repair.
Although there is extensive information about the effect
of ultrasound in treating musculoskeletal diseases com-
pared to peripheral nerve diseases, recent studies show
that ultrasound can be useful in repairing damaged pe-
ripheral nerves [7, 9].

One of the reasons it may not be possible to use ul-
trasound to repair peripheral nerves is physical damage
where the skin is injured or destroyed. Previous studies
showed that remote ischemic preconditioning (RIPC)
can reduce ischemia-perfusion injury of other organs
[10, 19].

In this study, the mean SFI and the mean muscle fiber
diameter of the gastrocnemius muscle in the remote ul-
trasound group had a significant difference compared to
the control group. So far, it has been established that the
therapeutic effects of ultrasound occur through thermal

Nosratiyan M, et al. Remote Ultrasound and Sciatic Nerve Regeneration. Caspian J Neurol Sci. 2024; 10(1):57-67.
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Figure 8. A) Number of S100-positive Schwann cells (wum; Mean+SEM); B and C) S-100 immunohistochemical analysis at 28 and
56 days after surgery, respectively, a) Sham surgery, b) Control, c) Remote ultrasound groups.

The myelinated axons, Schwann cells, and blood vessels were present (scale bar 20 pm).

"Difference between remote ultrasound and control groups, 28 and 56 days after surgery (P<0.001).

and non-thermal (mechanical) changes in the target tis-
sue [20]. Applying ultrasound effectively warm tissues,
including the periosteum, collagenous tissues (fascia,
ligaments, Joint capsule, and tendons), and muscles [8].
Increasing the temperature of the tissues causes blood
vessels to dilate, blood flow to increase, and chronic in-
flammatory conditions to be relieved [21]. In addition,
activation of interstitial and extracellular responses leads
to tissue regeneration and angiogenesis [22]. It seems

that the beneficial effects of ultrasound are related to the
upregulation of anti-inflammatory and pro-inflammato-
ry mediators, such as IL-6 [21]. The results of this study
show that the mean plasma level of IL-6 in the control
group was significantly higher than the remote ultra-
sound group. An experimental study shows that blocking
of IL-6 and inhibition of the JAK/STAT3 pathway can
suppress muscle atrophy [23].

Nosratiyan M, et al. Remote Ultrasound and Sciatic Nerve Regeneration. Caspian J Neurol Sci. 2024; 10(1):57-67.
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In the present study, a significant increase in the mean
myelinated axon diameters in the remote ultrasound
group shows that this therapy can enhance the repair
of damaged sciatic nerve by reducing neuronal cell
apoptosis and inflammatory infiltration by decreas-
ing the plasma level of IL-6 [24]. In addition, the mean
plasma level of HSP70 in the remote ultrasound group
was higher than the control group. Ultrasound irradia-
tion upregulates HSP70 expression [25], and repeated
use of ultrasound for soft tissue treatment causes the
synthesis of HSP in skeletal muscles [26]. Peripheral
nerve damage, including nerve crush, causes long-term
pro-inflammatory responses in the nerve and spinal cord
[27]. The anti-inflammatory property of HSP70 has been
confirmed in both laboratory and animal models, so us-
ing heat shock proteins in treating chronic inflammatory
diseases may be effective [28].

Our results showed that the mean plasma level of TAC
increased and the plasma level of MDA reduced in the re-
mote ultrasound group compared to the control group. This
study showed that at least one part of the effect of remote
ultrasound in repairing the crushed sciatic nerve is due to its
antioxidant activity. Research shows that ultrasound treat-
ment can produce antioxidant peptides [29].

Schwann cells, known as the glial cells of the peripheral
nervous system, are among the most versatile cells of the
body’s nervous system. In addition to ensuring neurons’
survival, these cells effectively find the axonal path dur-
ing peripheral nerve repair [30]. Ultrasonic stimulation
may effectively regenerate damaged peripheral nerves
by directly stimulating Schwann cells [31]. Our results
showed that the number of Schwann cells increased sig-
nificantly in the remote ultrasound group compared to
the control group. One of the advantages of using ultra-
sound in nerve regeneration is that it is probably used to
repair Schwann cells [9]. In addition, low-intensity ultra-
sound induces nerve regeneration and improves its func-
tion by increasing Schwann cell proliferation, migration,
and nerve growth factor expression [32]. Low-intensity
pulsed ultrasound causes the expression of brain-derived
neurotrophic factor (BDNF), which improves both func-
tion and histology in sciatic nerve crush injury in rats
[33] so that the wet weight of the target muscle was cor-
related with the level of BDNFmRNA expression in the
crushed nerve and ipsilateral dorsal root ganglia [34].

Conclusion
The study results show that in cases where the di-

rect use of ultrasound is not possible due to soft tissue
damage, the remote ultrasound method may help treat

January 2024, Volume 10, Issue 1, Number 36

crushed peripheral nerve injuries. However, further stud-
ies are needed to determine the effectiveness and mecha-
nism of action of remote ultrasound. In future studies, it
is suggested that the healing process of peripheral nerves
be investigated by irradiating remote ultrasound waves
with different intensities and frequencies on other body
organs.
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