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Purpose: Cervical spondylotic radiculopathy (CSR) is a common neurologic condition that causes chronic neck pain and motor
functions, with neuropathic pain (NP) being the primary symptom. Although it has been established that electroacupuncture (EA) can
yield an analgesic effect in clinics and synaptic plasticity plays a critical role in the development and maintenance of NP, the
underlying mechanisms have not been fully elucidated. In this study, we explored the potential mechanisms underlying EA’s effect on
synaptic plasticity in CSR rat models.

Materials and Methods: The CSR rat model was established by spinal cord compression (SCC). Electroacupuncture stimulation was
applied to LI4 (Hegu) and LR3 (Tuichong) acupoints for 20 min once a day for 7 days. Pressure pain threshold (PPT) and mechanical
pain threshold (MPT) were utilized to detect the pain response of rats. A gait score was used to evaluate the motor function of rats.
Enzyme-linked immunosorbent assay (ELISA), Western blot (WB), immunohistochemistry (IHC), immunofluorescence (IF), and
transmission electron microscopy (TEM) were performed to investigate the effects of EA.

Results: Our results showed that EA alleviated SCC-induced spontaneous pain and gait disturbance. ELISA showed that EA could
decrease the concentration of pain mediators in the cervical nerve root. WB, IHC, and IF results showed that EA could downregulate
the expression of synaptic proteins in spinal cord tissues and promote synaptic plasticity. TEM revealed that the EA could reverse the
synaptic ultrastructural changes induced by CSR.

Conclusion: Our findings reveal that EA can inhibit SCC-induced NP by modulating the synaptic plasticity in the spinal cord and
provide the foothold for the clinical treatment of CSR with EA.
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Introduction

Cervical spondylotic radiculopathy (CSR) is one of the most common cervical disc degenerative diseases of the spine,
accounting for 60—70% of cervical spondylosis cases." The past few years have witnessed an increase in the annual
incidence of CSR due to population aging, lifestyle changes, life or work pressure, and other factors.” It has been
established that CSR-induced neck and shoulder pain can be categorized as chronic pain,® which is typically caused by
nerve root compression. Neuropathic pain (NP) is characterized by a long course, high incidence, and high recurrence
rate, which are the main symptoms of CSR.* NP refers to chronic pain related to neurological system lesions or diseases
with a major impact on quality of life and results in a significant financial burden.” The treatment of NP is often
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challenging, with only a small percentage of patients benefiting from several interventions.® Surgery is the typical
treatment for CSR when disc herniation is limited to the level of the disc, but they suffer from several limitations,’ such
as the progression of kyphosis and postoperative incision pain. Accordingly, conservative treatment has become the
preferred alternative for CSR in recent years, encompassing medical exercise therapy, mechanical cervical tractions,
transcutaneous electrical nerve stimulation, pain management education, and cervical collar. However, these strategies
are controversial for the long-term treatment of CSR, and there is an urgent need for more effective and convenient
therapy.

Chronic NP is characterized by allodynia, hyperalgesia, and spontaneous pain.*” The spinal cord is pivotal in pain
transmission and modulation.'® Current evidence suggests that synapses located in the dorsal horn of the spinal cord are
closely related to nociceptive signal transmission.'' Changes in synaptic plasticity are considered a critical process in the
recovery of function after nerve damage.'” A preclinical animal study showed that synaptic plasticity is involved in the
development of chronic neuropathic pain through the release of brain-derived neurotrophic factor (BDNF).'® The levels
of synaptic proteins that serve as markers of synaptic plasticity have been reported to be increased in the spinal cord, such
as postsynaptic density 95 (PSD-95), growth-associated protein 43 (GAP-43), synaptophysin (SYN), and alpha-synuclein
(0-syn) in NP model rats.'*'> Meanwhile, a significant decrease in the width of the synaptic cleft and an increase in the
thickness of the postsynaptic density were observed in the spinal dorsal horn of NP rats. Taken together, these results
substantiate that the regulation of spinal synaptic plasticity directly or indirectly contributes to the progression of NP.

Siguan is a combination of LI4 and LR3 acupoints used in traditional Chinese medicine to treat pain conditions. The
theoretical basis of this therapy revolves around the concept that pain is associated with impaired Qi circulation, and
acupuncture at the Siguan point facilitates the flow of Qi and alleviates pain. Thus, selecting the Siguan point can
regulate Qi movement and relieve pain. LI4 and LR3 acupoints are commonly used in acupuncture clinics to treat various
types of pain, as reported in the published literature.'®'® Electroacupuncture (EA) is a technique that involves applying
an electrical current to acupuncture needles. As a promising and beneficial complementary and alternative medicine, it
has been widely used to alleviate pain for over 100 years. Some studies indicated that EA could effectively attenuate
NP;'*?? the mechanism may be related to peripheral and central sensitization. In terms of peripheral effects, EA has been
shown to inhibit the interaction between peripheral TRPV1 and P2X3 receptors.>' At the same time, in the central
nervous system, EA can activate the spinal microglial IL-10/B-endorphin pathway®* and inhibit synaptic vesicle protein
expression in the spinal cord to exert an analgesic effect.””> Some studies reported that electroacupuncture could improve
synaptic plasticity in NP rats model induced by spinal nerve ligation (SNL).%**> However, the mechanism underlying the
regulatory effect of EA on synaptic plasticity for CSR is still poorly understood.

We hypothesized that synaptic plasticity changes in the spinal cord are involved with NP induced by CSR, which EA
may mitigate. To explore the underlying mechanistic basis for the analgesic effect of EA on CSR, we established the
CSR model via spinal cord compression, which has been shown to induce spontaneous pain and gait disturbance.?*
Importantly, we investigated whether electroacupuncture reduced pain perception and expression of synaptic plasticity-
related proteins in the spinal cord, regulated the synaptic ultrastructure in the spinal dorsal horn under CSR, and
decreased the expression of pain mediators in the cervical nerve root. Our results suggest that electroacupuncture can

alleviate NP in CSR rats by reducing the expression of synaptic proteins and regulating synaptic plasticity.

Materials and Methods

Animals

Male Sprague-Dawley (SD) rats, eight weeks old and weighing an average of 250 + 20 g, were purchased from Changsha
Tiangin Biotechnology Co., Ltd. (Changsha, China) [batch number SCXK (Xiang) 2019-0014]. Five rats were housed
per cage at a temperature of 23-25°C and maintained under a 12-hour light/12-hour dark cycle, with free access to food
and water. The rats were housed at the Guangxi Key Laboratory of Molecular Biology of Preventive Medicine of Chinese
Medicine, where they were allowed to adapt for at least one week before the start of experiments. All experimental
protocols and procedures were approved by the Animal Care and Welfare Committee of the Guangxi University of
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Chinese Medicine (Approve No. DW20220430-075) and followed the International Ethical Guidelines and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals to ensure adherence to ethical principles.

CSR Model Establishment

Out of the 60 male SD rats, 12 were randomly assigned to the normal group, and another 15 were randomly assigned to the
sham operation group. The remaining 33 were selected as CSR models. Spinal cord compression (SCC) was performed for
model establishment as previously described in the literature.””* First, the model rats were anesthetized by inhaling 5%
isoflurane, which was subsequently reduced to 2% to maintain anesthesia during the experiment (RWD, Shenzhen, China).
The rats were immobilized in the prone position, and the neck area was shaved and sterilized using 75% ethanol. A 3 cm
midline incision was made in the nuchal C5-T2 region, and the subcutaneous tissues and posterior cervical muscles were
gently retracted to fully expose the C6-T1 laminae. The cervical laminae were identified, starting from T1, and the
ligamentum flavum and connective tissue of C6-C7 and C7-T1 were carefully separated to expose the C6 lamina.
A nylon suture (diameter 0.5 mm, length 15 mm) was then implanted underneath the C6-C7 and T1 laminae, ensuring the
dura was kept separate from the lamina to prevent cerebrospinal fluid (CSF) leakage and tearing. After the operation, the
incision was meticulously closed in layers. To prevent infection, subcutaneous injection of 80 TU of penicillin was
administered. The sham group underwent a similar surgical procedure without spinal canal insertion. The rats were kept
on a heating pad until they regained consciousness and were then returned to their cages with access to food and water.

Behavioral Test

The behaviors of rats, such as licking, biting, and hoarseness, were observed every morning after the operation. As
previously described by Kawakami et al,”’ we evaluated gait disturbance by assigning scores based on the presence and
severity of foot deformities and motor paresis of the ipsilateral hind paw. A score of 1 was given for a normal gait with
no foot deformities, while a gait with a marked foot deformity, such as a plantar flexed toe or inverted foot, was rated 2.
Models were deemed successful when the behavioral score reached 2 or higher, indicating significant gait disturbance.
These methods allowed us to accurately assess the effects of our intervention on the CSR rat model.

Pressure Pain Threshold (PPT)

The hindlimb pressure pain threshold was assessed by measuring paw withdrawal responses in response to a blunt
plexiglass cone source. Tenderness responses were assessed using a YLS-3E electronic pressure apparatus.” The
apparatus was used to apply linearly increasing pressure to the third and fourth metatarsi or lateral plantar regions of
the rat. Paw withdrawal, shaking, or screaming were considered pain-like responses, and the pressure value (in grams)
automatically recorded was indicative of the pressure pain threshold (PPT) of the rat. More detailed information on the
appearance of the YLS-3E and operation is provided in Figure 1.

Mechanical Pain Threshold (MPT)

The mechanical pain threshold of the hind paw was detected using the up-down paradigm, as described in
a previous report.’® The rats were placed in a plexiglass cage with metal mesh at the bottom and allowed to
adjust to the environment for 15 min. A set of von Frey filaments (North Coast, USA) was then used to measure
the mechanical pain threshold at the plantar region of the right or left hind paw, and the rats were observed for
paw withdrawal or licking responses. If there was no response, it was marked as “O”, on the contrary, it was
marked as “X”. In cases where a combination of “OX” or “X0O” occurred, four additional measurements were
taken to obtain a sequence of “O” and “X”. The mechanical pain threshold was calculated and analyzed using the
following formula: MPT(g)= (IO[Xf+k§])/lOOOO, Xf is the number of the last filament, § is the average difference
between the filaments, about 0.224, k is the table reference value according to the above sequence.

Electroacupuncture Treatment
The rats were anesthetized with 2% isoflurane via inhalation prior to electroacupuncture. They were gently immo-
bilized using a self-made retainer. The acupoints LI4 (Hegu, located between the first and second metacarpal bones of
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Figure | Details of YLS-3E electronic pressure apparatus.
Notes: (A) The appearance of the YLS-3E electronic pressure apparatus. (B) Operation of YLS-3E electronic pressure apparatus.

the forelimbs) and LR3 (7aichong, located at the depression between the first and second metatarsal junctions of the
hindlimbs) were selected bilaterally. Stainless steel acupuncture needles (diameter 0.25 mm, length 13 mm) were
inserted into the acupoints at 3—5 mm depth. The ipsilateral needles were connected and stimulated using low-
frequency electronic pulse therapy (G6805-1, Qingdao Xinsheng Industrial Co., Ltd., Shandong, China) for 20
minutes at 1 mA and 1.5 Hz. This electroacupuncture procedure was performed once a day for seven consecutive
days.

Enzyme-Linked Immunosorbent Assay (ELISA)

To determine the levels of substance P (SP), prostaglandin E2 (PGE2), and neuropeptide Y (NPY) in the cervical nerve
root samples, the cervical nerve roots were collected after the last treatment from rats of each group, then centrifuged at
5000 xg for 10 min at 4°C and the supernatant was collected. The levels of Substance P (SP), prostaglandin E2 (PGE2),
and neuropeptide Y (NPY) were determined using commercially available ELISA kits (E-EL-0067c, E-EL-0034c, and
E-EL-R0655¢, respectively; Elabscience Biotechnology Co., Ltd, Hubei, China). Diluted standards (50 uL) were added
to the standard wells, while blank wells received 50 puL of standard & sample diluent. The remaining wells received 50
pL of the sample to be tested. Subsequently, 50 pL of the antibody working solution was added to each well, and the
ELISA plate was incubated at 37°C for 45 minutes. The liquid in the wells was then shaken off, and 350 pL of the
washing solution was added to each well, which was then allowed to soak for one minute. The liquid in the wells was
aspirated from the enzyme plate, and the plate was pat-dried. This washing process was then repeated three times. Next,
100 pL of the working solution of the enzyme conjugate was added to each well, and the ELISA plate was incubated at
37°C for 30 minutes. The liquid in the wells was then shaken off, and 90 pL of substrate solution was added to each well,
followed by incubation at 37°C for 15 minutes. Finally, the reaction was terminated by adding 50 puL of termination
solution. The concentrations of SP, PGE2, and NPY were expressed in pg/mL.
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Western Blot (WB) Analysis

To examine the protein expression levels of the cervical spinal cord, tissues were treated with RIPA lysate (R0020,
Solarbio Co., Ltd., Beijing, China) to extract the total protein, and the concentration was determined using the
bicinchoninic acid assay as described previously.?® The sample protein (20 pg) was resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes, and
blocked for 1h with 5% (w/v) bovine serum albumin in Tris-buffered saline at room temperature. Primary antibodies
were rabbit a-syn (AF0402, 1:1000, Affinity), synapsinl (AF6201, 1:800, Affinity), synapsin2 (AF6202, 1:800, Affinity),
and mouse B-actin (AF7018, 1:7000, Affinity) and diluted in Tris-buffered saline with Tween 20 buffer overnight at 4°C.
The membranes were then incubated with secondary horseradish peroxidase-conjugated goat anti-rabbit antibody
(ZB2301, 1:3000, ZSGB-BIO) for 90 min. Protein signals were visualized using enhanced chemiluminescence (ECL)
fluorescence test kit (SC-2048, ZSGB-BIO) at a 1:1 (v/v) ratio. Immunoreactivity was quantified using ImageJ software
(National Institutes of Health, Bethesda). The relative protein content was determined by calculating the gray value of the
corresponding protein band relative to the B-actin protein band.

Immunohistochemistry (IHC) Analysis

Quantitative IHC is a technique used to measure the density of protein expression in immunohistochemically stained
images. This method involves calculating the chromogenic density or color and the associated signal intensity to obtain
a quantitative result that can be used to study the amount or trend of protein expression in a cell or tissue. The cervical
spinal cord of each group was collected and fixed in 4% paraformaldehyde for 3 days at 4°C. Fixed samples were
embedded in paraffin, and Spum-thick sections were obtained. Slices were deparaffinized in xylene and rehydrated in
graded alcohol solutions. The tissue sections were repaired in 3% citric acid repair solution under high pressure and
then incubated in 3% H,O, for 10 min. Next, the sections were washed with distilled water for 5 min and soaked with
phosphate-buffered saline (PBS) for 1min. The sections were then incubated with primary antibody to PSD-95
(AF7839, 1:100, Affinity), GAP-43 (DF7766, 1:90, Affinity) at 4°C overnight. The sections were washed three
times with PBS buffer for 5 min on the next day, incubated with the secondary antibody at 37°C for 20 min, followed
by reaction termination using 3,3’-diaminobenzidine (DAB). BX43 microscope (Olympus, Japan) was used to capture

the immunohistochemistry images of the slices, and Image-Pro Plus software was used to quantify the captured image.

Immunofluorescence (IF) Analysis

The spinal cord tissues were fixed in 4% paraformaldehyde for a minimum of one week and sliced into sections
5-pum thick using a cryostat, then processed for IF. The sections were initially blocked with normal goat serum at
37°C for 30 minutes and subsequently incubated overnight at 4°C with primary antibodies specific to a-syn
(AF0402, 1:100, Affinity) and PSD-95 (AF7839, 1:100, Affinity). After rinsing three times with PBS for 5 min
each, the sections were incubated with a secondary antibody, and DAPI was used to stain the cell nuclei for 10 min
at room temperature. The tissue slices were encapsulated by water-soluble tablets and viewed using a fluorescence
microscope (Olympus, Japan). The area of positive staining was measured using Image-Pro Plus analysis software.
The mean fluorescence units were calculated by dividing the total fluorescent intensity by the area of each
fluorescent particle.

Transmission Electron Microscopy (TEM)

Spinal cord tissues (ImmxI1mmx1mm) were rinsed with PBS for 4 times and then fixed in 1% osmic acid at 4°C for 2h,
dehydrated in a graded by ethanol and acetone gradient, and embedded in SPI-Pon812. Ultrathin sections (50—70nm)
were obtained using an ultramicrotome. After double staining with uranyl acetate and lead citrate, the ultrastructural
changes of synapses in the spinal dorsal horn neurons were observed by HT7700 electron microscope (Hitachi, Tokyo,

Japan). ImagelJ software was used to analyze the synapse structure.
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Statistical Analysis

SPSS 26.0 statistical software (IBM Corp, Armonk, NY, USA) was used for data analysis. All experimental data were
presented as mean + standard deviation (SD). The normality of data distribution was assessed by the Shapiro—Wilk
normality test. The multiple comparisons were analyzed using one-way analysis of variance (ANOVA) followed by Least
Significant Difference (LSD) post hoc comparisons for data with equal variances. In case of unequal variances, the

Dunnett T3 test was used. A P-value <0.05 was statistically significant.

Results

Electroacupuncture Improved Pressure Pain Threshold and Mechanical Pain Threshold
in Cervical Spondylotic Radiculopathy Rats

To investigate the analgesic effect of EA on the CSR model induced by cervical spinal canal insertion, the pressure pain
threshold and mechanical pain threshold were measured using the YLS-3E electronic pressure apparatus and von Frey
filaments. As shown in Figure 2B and C, the pain threshold decreased in CSR model rats after the operation compared
with the normal and sham groups (P<0.05). After EA intervention, the decreased pain threshold was reversed compared
with the model group (P<0.05). These results demonstrated that EA could alleviate CSR-induced neuropathic pain.

Electroacupuncture Alleviated Gait Disturbance Caused by Cervical Spondylotic
Radiculopathy

To assess the gait disturbance effect of EA on CSR model rats, we used the gait score, a widely used measure for rodents
known to require forelimb motor function. As shown in Figure 2D, the gait score was increased in the CSR and CSR+EA
groups (P<0.05), indicating that motor function was compromised. In addition, the CSR+EA group was significantly
lower than the CSR group after intervention (P<0.05), indicating that EA could alleviate CSR-induced gait disturbance.
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Figure 2 EA alleviates neuropathic pain and motor function induced by CSR.

Notes: (A) Location of LI4 (between the Ist and metacarpal bones of the forelimbs) and LR3 (depression in the front of the Ist and 2nd metatarsal junction of the
hindlimbs) in the rat. (B) Results of pressure pain threshold measured by YLS-3E electronic pressure apparatus. (C) The value of the mechanical pain threshold measured by
von Frey filaments. (D) The gait score of rats before and after the intervention. Data are presented as the mean * SD (n=12) and analyzed by one-way ANOVA (LSD test).
*Compared with the normal and sham groups, *P < 0.05. “Compared with the CSR group, *P < 0.05.
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Electroacupuncture Reduced Nerve Root Expression of Pain Mediators

It is widely acknowledged that substance P (SP), prostaglandin E2 (PGE2), and neuropeptide Y (NPY) are key pain mediators
involved in the modulation of pain perception and transmission. SP can promote glutamate release and enhance nociceptive
signaling, thus contributing to the development and maintenance of pain. Besides, PGE?2 can sensitize peripheral nociceptors and
enhance subjective pain perception, potentiating pain response. NPY is highly expressed in nerve injury and is thought to play
a key role in the development and maintenance of NP. Therefore, we measured the expression of SP, PGE2, and NPY on the
cervical nerve root by ELISA. As shown in Figure 3, SP, PGE2, and NPY were higher in the CSR group than in the normal and
sham groups (P<0.05). In addition, EA treatment significantly decreased the protein expression of SP, PGE2, and NPY compared
to the CSR group (P<0.05). These results showed that CSR could release pain mediators, which could be reversed by EA
stimulation.

Electroacupuncture Reversed Synaptic Protein Expression in Cervical Spinal Cord

To determine the effect of EA on synaptic proteins, we measured the expression of a-syn, synapsinl, and synapsin2 proteins via
'WB assays, while the expression of postsynaptic marker postsynaptic density protein 95 (PSD-95) and growth-associated protein
43 (GAP-43) was measured by immunohistochemistry analyses. As shown in Figure 4, WB indicated that a-syn, synapsinl, and
synapsin2 protein expression in the cervical spinal cord was higher in the CSR group than in the normal group and the sham group
but was decreased in the CSR+EA group (P<0.05). Furthermore, as shown in Figure 5, immunohistochemistry analysis showed
the average optical densities of PSD-95 and GAP-43 in the spinal cord were higher in the CSR group than in the normal group and
the sham group but were significantly decreased in the CSR+EA group (P<0.05). On the other hand, as shown in Figure 6, the
mean fluorescence intensity of PSD-95 was higher in the CSR group than in the normal group and sham group (P<0.05); EA
treatment significantly decreased the mean fluorescence intensity (P<0.05), consistent with the WB and immunohistochemistry
results. These findings suggested that EA could downregulate the expression of multiple synaptic proteins, thus improving

synaptic plasticity.

EA Preserved the Synaptic Ultrastructure of Spinal Dorsal Horn Neurons
To explore whether EA could impact synaptic ultrastructure, TEM was used to observe the synapses of cervical dorsal
horn neurons. As shown in Figure 7, in the normal group, the synaptic vesicles in the presynaptic membrane were evenly
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Figure 3 EA reduced pain mediators’ expression of the cervical nerve root of rats.

Notes: (A) SP content in the cervical nerve root. (B) PGE2 content in the cervical nerve root. (C) NPY content in the cervical nerve root. The nerve root samples were
measured by ELISA kits. Data are presented as the mean + SD (n=5) and analyzed by one-way ANOVA (LSD test). *Compared with the normal and sham groups, *P < 0.05.
#Compared with the CSR group, *P < 0.05.
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Figure 4 EA reduced the expression of synaptic proteins in the cervical spinal cord.

Notes: (A) Representative Western blot analysis of a-syn, synapsinl, and synapsin2 expression levels in the spinal cord, with B-actin as the loading control. (B)
Quantification of a-syn expression levels. (C) Quantification of synapsin| expression levels. (D) Quantification of synapsin2 expression levels. Data are presented as the
mean + SD (n=5) and analyzed by one-way ANOVA (LSD test). *Compared with the normal and sham groups, *P < 0.05. “Compared with the CSR group, “P < 0.05.

distributed, while the postsynaptic side exhibited a thinner postsynaptic density (PSD), indicating no substantial
accumulation of transduction-related proteins and no significant increase in the synaptic cleft width. At the same time,
there was no significant difference between the sham group and the normal group in synaptic ultrastructure. In the CSR
group, the synaptic vesicles in the presynaptic membrane gathered, the presynaptic active zone became longer, and the
PSD area increased, indicating that many transduction-related proteins accumulated and the synaptic cleft width
increased. On the other hand, the CSR+EA group exhibited an equal distribution of synaptic vesicles, shorter presynaptic
active zone, thinner PSD zone, and narrower width of synaptic cleft compared with the CSR group.

Discussion
CSR has been associated with foraminal space reduction, degenerative disc disease, and spondylarthrosis. Based on

previous animal studies,?’®

we used a compression material to induce nerve root injury in rats, resulting in a clinically
relevant model of CSR presenting spontaneous pain behavior and gait disturbance. Our results showed that EA at LI4 and
LR3 acupoints for 7 days significantly alleviated neuropathic pain and motor function impairments, consistent with our
previous study. Our previous studies revealed that EA could reduce the release of inflammatory factors in CSR rats
through the JAK-STAT/SCOS signaling pathway.’' However, the central mechanism of EA in treating CSR remains to be
elucidated.

EA is a therapeutic modality incorporating electrical stimulation into traditional acupuncture. By combining the
principles of traditional meridian theory with the benefits of low-frequency currents, EA can adjust stimulation intensity
and frequency. Several studies have shown that EA effectively alleviates chronic neck pain and movement impairments
induced by spondylotic cervical myelopathy.* The analgesic effect appears to be related to the modulation of spinal
synaptic plasticity through the suppression of the TNF-a-TNFR1-caspase-8 signal pathway and increased expression of
integrin Bl and Akt, which inhibit the apoptosis of annulus fibrosis cells.*> Our study provided hitherto unreported
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Figure 5 EA decreased the expression levels of synapse-related proteins in the cervical spinal dorsal horn.

Notes: (A) Representative images of immunohistochemistry analysis of PSD-95, GAP-43. (B) Quantification of PSD-95 expression levels. (C) Quantification of GAP-43
expression levels. Blue fluorescence is the immunostaining of the nucleus, and brown-yellow is the positive expression. Data are presented as the mean * SD (n=3) and
analyzed by one-way ANOVA (LSD test). *Compared with the normal and sham groups, *P < 0.05. *Compared with the CSR group, *P < 0.05. Scale bars: 50um.

evidence that LI4 and LR3 acupoints EA intervention effectively alleviated pain and gait impairments by modulating
spinal synaptic plasticity. This mechanism has been observed in various pain conditions, such as neuropathic pain,*
trigeminal neuralgia,®* sciatica,’ and irritable bowel syndrome.*® There is an increasing consensus suggesting that the
efficacy of EA is frequency-dependent and can improve synaptic plasticity by upregulating basic fibroblast growth factor
expression.”* Taken together, our findings indicate that EA has huge potential as a treatment modality for pain and
functional impairments associated with various conditions.

It is now understood that surgery-related incisional pain can trigger the release of various pain mediators, including
SP, PGE2, and NPY.?’ SP is a neurotransmitter that accelerates pain transmission via glutamate release from primary
nociceptive afferents in the spinal cord.*® PGE2, produced by cyclooxygenases (COX), promotes inflammatory pain
sensitization by promoting synaptic transmission in the spinal cord dorsal horn.>* On the other hand, NPY is reportedly
one of the most significantly upregulated neuropeptides in dorsal root ganglion neurons after nerve injury,*® and NPY
antagonists or genetic knockdown of NPY expression have been found to alleviate neuropathic pain.*' A previous study
reported that electroacupuncture could reduce the spinal levels of pain mediators such as SP, CGRP, COX-1, and PGE2
and alleviate neck-incision pain.** Our study further validated that EA treatment could reverse SCC-induced upregulation
of SP, PGE2, and NPY in the nerve root.

Pain is a complex phenomenon involving both peripheral inputs and central neuronal plasticity. The spinal cord’s
synaptic plasticity is widely thought to be crucial for central nervous system function. Numerous rodent studies suggest
that nociceptor peripheral sensitization and long-term synaptic plasticity in the spinal cord contribute to chronic pain.*?
Central sensitization, a form of synaptic plasticity, reflects the somatosensory nervous system’s response to activity,
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Figure 6 Effects of CSR and EA on the mean fluorescence intensity of a-syn, PSD-95 in the cervical spinal dorsal horn.

Notes: (A) Representative images of fluorescence of analysis of a-syn. (B) Quantification of a-syn expression levels. (C) Representative images of fluorescence of analysis of
PSD-95. (D) Quantification of a-syn expression levels. Under UV illumination, the DAPI-stained cell nucleus appears blue and positive expression is presented by
corresponding fluorescein-labeled red light. Data are presented as the mean + SD (n=3) and analyzed by one-way ANOVA (LSD test). *Compared with the normal and
sham groups, *P < 0.05. “Compared with the CSR group, #P < 0.05. Scale bars: 50um.

inflammation, and neural injury.** This process is modulated by the ascending excitatory pathway and the descending

pain modulatory system. Previous studies have suggested that EA may alleviate pain by suppressing neuroglial plasticity-

mediated central sensitization.*>*°
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Figure 7 EA alleviated the ultrastructural changes of the synapse in the spinal dorsal horn under CSR.
Notes: Synaptic cleft (red arrow); Synaptic vesicle (blue arrow); Postsynaptic density (green arrow). Scale bars: 200nm.

Synaptic proteins such as o-syn, synapsinl, synapsin2, PSD-95, and GAP-43 are important markers for detecting
synaptic plasticity and play a crucial role in the development of pain hypersensitivity.*’ For instance, o-syn was found to
modulate both short- and long-term synaptic plasticity during in vitro and in vivo studies,*® and its spread from the
peripheral to the central nervous system has been associated with sensory nerve degradation and increased pain
sensitivity."> Similarly, it has been shown that synapsinl and synapsin2 regulate glutamate and GABA release in the
spinal cord after nerve injury.**° Our study showed that electroacupuncture could reverse SCC-induced upregulation of
a-syn, synapsinl, and synapsin2 proteins in the spinal cord. PSD-95, involved in the central sensitization of neuropathic
pain, can be knocked down to reverse mechanical and thermal hyperalgesia caused by spinal cord or nerve injury.’!
Additionally, GAP-43, a marker related to the occurrence and remodeling of synaptic structure, is upregulated in the
spinal dorsal horn and associated with hyperalgesia. Our study provided compelling evidence that EA could suppress the
overexpression of PSD-95 and GAP-43 proteins in CSR rats. Furthermore, changes in synaptic vesicles, synaptic cleft,
PSD thickness, and length of the synaptic active zone were linked to synaptic function and played an important role in
functional plasticity. Our TEM results showed that EA could reverse the effects of CSR on synaptic ultrastructure. Our
findings suggest that the modulation of synaptic structural and functional plasticity may mediate the analgesic effects of
electroacupuncture in CSR.

Although our study demonstrates the effects of electroacupuncture on synaptic morphology structure, it has some
limitations that should be addressed in future research. One aspect that should be explored is the relationship between
synaptic plasticity and central sensitization, which is considered a key factor in the development of neuropathic pain.>*>*
Additionally, synaptic plasticity is the cellular physiological basis of pain signal transmission, including changes in
synaptic structure and function.>* Despite exploring the effects of EA on synaptic morphology structure, our study did
not examine long-term potentiation using electrophysiological techniques, which will be assessed in our future studies.
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Conclusions

Our findings corroborate that electroacupuncture at LI4 (Hegu) and LR3 (Taichong) effectively alleviates neuropathic
pain, improves motor function, and increases the pressure and mechanical pain thresholds in CSR rats. These analgesic
effects are related to the downregulation of pain mediators and synaptic proteins and changes in synaptic ultrastructure,
which regulate spinal cord synaptic plasticity. These results provide a rationale for the application of electroacupuncture
as a therapeutic approach to neuropathic pain management.
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