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Kilohertz high-frequency electrical stimulation
ameliorate hyperalgesia by modulating
transient receptor potential vanilloid-1 and
N-methyl-D-aspartate receptor-2B signaling
pathways in chronic constriction injury of
sciatic nerve mice

Kexin Fang1,2, Peixin Lu1,2, Wen Cheng1,2, and Bin Yu1,2

Abstract
The number of patients with neuropathic pain is increasing in recent years, but drug treatments for neuropathic pain have a low
success rate and often come with significant side effects. Consequently, the development of innovative therapeutic strategies has
become an urgent necessity. Kilohertz High Frequency Electrical Stimulation (KHES) offers pain relief without inducing
paresthesia. However, the specific therapeutic effects of KHES on neuropathic pain and its underlying mechanisms remain
ambiguous, warranting further investigation. In our previous study, we utilized the Gene Expression Omnibus (GEO) database
to identify datasets related to neuropathic pain mice. The majority of the identified pathways were found to be associated with
inflammatory responses. From these pathways, we selected the transient receptor potential vanilloid-1 (TRPV1) and N-methyl-
D-aspartate receptor-2B (NMDAR2B) pathway for further exploration. Mice were randomly divided into four groups: a Sham
group, a Sham/KHES group, a chronic constriction injury of the sciatic nerve (CCI) group, and a CCI/KHES stimulation group.
KHES administered 30 min every day for 1 week. We evaluated the paw withdrawal threshold (PWT) and thermal withdrawal
latency (TWL). The expression of TRPV1 and NMDAR2B in the spinal cord were analyzed using quantitative reverse-
transcriptase polymerase chain reaction, Western blot, and immunofluorescence assay. KHES significantly alleviated the
mechanical and thermal allodynia in neuropathic pain mice. KHES effectively suppressed the expression of TRPV1 and
NMDAR2B, consequently inhibiting the activation of glial fibrillary acidic protein (GFAP) and ionized calcium binding adapter
molecule 1 (IBA1) in the spinal cord. The administration of the TRPV1 pathway activator partially reversed the antinociceptive
effects of KHES, while the TRPV1 pathway inhibitor achieved analgesic effects similar to KHES. KHES inhibited the activation of
spinal dorsal horn glial cells, especially astrocytes and microglia, by inhibiting the activation of the TRPV1/NMDAR2B signaling
pathway, ultimately alleviating neuropathic pain.
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Introduction

Neuropathic pain has been redefined by the International
Association for the Study of Pain as pain caused by damage
or disease of the somatosensory system.1 Approximately
7% to 10% of the general population suffer from neuro-
pathic pain.2 Patients primarily exhibit hyperalgesia, al-
lodynia, and spontaneous pain.3 The pathogenesis involves
ectopic activity, peripheral and central sensitization, im-
paired inhibitory modulation, and pathological activation
of glial cells.4 In clinical practice, first-line pharmaco-
logical treatments for neuropathic pain include local an-
esthetics, tricyclic antidepressants, and anticonvulsants,
but these drugs are effective in less than 50% of patients.5

Clinically, researchers are continuously exploring effective
physical therapies, among which KHES ranging from
1 kHz to 100 kHz provides pain relief without causing
paresthesia.6 The KHES device comprises a high-
frequency electrical stimulation generator and corre-
sponding needle electrodes, offering advantages such as
immediacy, minimally invasive nature, selectivity, and
controllability.7 Although there have been some studies on
treating neuropathic pain by KHES,5 the underlying
mechanism remains in the hypothetical stage.

In our previous study, we identified suitable datasets for
neuropathic pain mice (GSE60670, GSE123919,
GSE111216, and GSE117320) from the publicly available
GEO database. Subsequent Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis revealed key
signaling pathways, including the nuclear factor κB (NF-
κB) pathway, glutamatergic synapse, inflammation-
mediated transient receptor potential (TRP) channels,
and cyclic adenosine monophosphate (cAMP) signaling
pathway (Supplementary Figure 1). Notably, it has been
demonstrated that the myeloid differentiation factor 88
(Myd88) and NF-κB signaling pathway play significant
roles in the process of KHES-mediated inhibition of
neuropathic pain.8 Glutamatergic synapse and TRP
channels, known as ion channels involved in sensory
transmission, are also considered potential pathways im-
plicated in the development of neuropathic pain.8 Gluta-
mate, an essential neurotransmitter in the mammalian
central nervous system, plays an irreplaceable role in pain
perception and subsequent signal transduction.9,10 Among
them, N-methyl-D-aspartate (NMDA) and its receptors are
responsible for transmitting spinal cord injury informa-
tion.11 Studies have shown the involvement of NMDAR2B
receptors in the activation of spinal dorsal horn glial cells
in neuropathic pain models.12 TRPV1, a member of the
transient receptor potential (TRP) channel family, is widely
expressed in primary sensory neurons and has been im-
plicated in the transmission and modulation of pain signals.
Previous studies have shown TRPV1 is present in small-
and medium-sized DRG neurons, in spinal laminas I and II
inner and in sciatic nerve.13 Mruvil Abooj et al. found a

significant increase in the expression of TRPV1 in the
central sensory nerve terminals that form synapses with the
second order neurons in the CCI model.14 It has been
proved an upregulation of TRPV1 expression in the dorsal
root as well as the entry area in the spinal dorsal horn in
animal models of neuropathic pain, indicating its potential
involvement in the pathophysiology of this condition.15–17

As a selective proton-sensitive cation channel, TRPV1 can
be effectively blocked by the TRPV1 channel antagonist
capsaicin,18,19 while its activation can be facilitated by the
activator SB-705498.20,21 It has been confirmed that the
TRPV1 channel contributes to remifentanil-induced
postoperative hyperalgesia by regulating NMDA recep-
tor trafficking in the dorsal root ganglions.22 Additionally,
the activation of TRPV1 triggers downstream activation of
glial cells, including microglia and astrocytes,23,24 which
significantly contribute to the development and mainte-
nance of neuropathic pain. Building on previous research
findings and bioinformatics analysis, this study focused on
exploring the TRPV1/NMDAR2B pathway in the process
of KHES analgesia.

Material and methods

Experimental animals

80 adult male C57BL/6 mice, aged 7–8 weeks and weighing
20–30 g, were purchased from Shanghai SLAC Laboratory
Animal Co. Ltd [License No. SCXK (Shanghai) 2013-0006].
The mice were housed alone in a climate-controlled chamber
with a 12/12 h light/dark cycle and provided with adequate
food and water. All experiments were conducted at Shanghai
Tongji Hospital following the ethical code of experimental
animals. The methods were performed under the relevant
guidelines and regulations of the International Association for
the Study of Pain.

Chronic constriction injury model

The mice were randomly divided into four groups: a Sham
group, a Sham/KHES group, a CCI group, and a CCI/KHES
stimulation group. After administering 0.8% pentobarbital
sodium anesthesia, the surgical area was disinfected with
75% alcohol. The skin was dissected longitudinally above the
lateral femur, and the muscle was bluntly separated along the
muscle striae. The sciatic nerve was exposed, and the sur-
rounding tissue was dissociated. A polyethylene 90 tube
(Outside diameter, 0.6 mm; Inner diameter, 0.3 mm) was
ligated to the sciatic nerve.25,26 The cannula was gently
pressed to allow for slight muscle twitching. The mice in the
Sham group were dissected according to the CCI modeling
procedure, but the sciatic nerve was not treated. To determine
whether the modeling was successful, we observed the gait,
hind limb posture, local skin, and muscle tension of the
mouse every 1–2 days after the operation.
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Kilohertz high frequency electrical stimulation
stimulation parameters

Firstly, we need to determine the motor threshold (MoT) of
mice, which is determined by gradually increasing the current
intensity of electrical stimulation. The current intensity is
increased from zero until muscle contractions are observed in
the lower mid-trunk or hind limbs, at which point the current
intensity is considered as the MoT. The sensory threshold
(SenT) refers to the level of stimulus intensity that causes the
animal to shift attention or slightly adjust body posture to
adapt to the stimulus. According to recent research, we found
that the SenT of mice is approximately close to 50% of the
MoT.27,28 Employing an electrical stimulation intensity of
40% MoT is considered an appropriate approach for alle-
viating animal pain.29 Therefore, we adopted this method as a
reference in our study.

After anesthesia with 2% isoflurane, the mice were fixed
on a platform in the right lateral recumbent position. Fol-
lowing shaving of the mouse’s fur and disinfection of the
puncture site with alcohol, a sterile needle electrode was
inserted to a depth of approximately 3 mm. The sciatic nerve
in the mouse was electrically stimulated using a needle
electrode with dimensions of 0.3 mm in diameter and 13 mm
in length. The stimulating electrode was placed at a distance
of 2–5 mm from the CCI model at the distal end of the sciatic
nerve. The recording electrode was placed in the tibialis
anterior muscle belly, and a needle-like high-frequency
stimulation electrode was positioned between the stimula-
tion electrode and the recording electrode. The reference
electrode was placed in the tibialis anterior tendon, and the
ground electrode was placed in the mouse’s tail. The sciatic
nerve compound muscle action potential (CMAP) of the
Sham/KHES and the CCI/KHES stimulation groups was
measured using a nerve-evoked potentiometer and electro-
physiological monitor (Nuocheng Co., China). The stimulus
program interface and stimulus parameters were shown in
Figure 2. The stimulation frequency range was adjusted to
17–20 kHz, and the electrical current intensity was slowly
increased until muscle contractions in the mouse’s hind limbs
were observed, at which point the CMAP was recorded. This
current intensity represented the MoT of the mouse’s sciatic
nerve. Finally, an intensity of 40% of the MoTwas employed
as the current intensity for KHES. Electrical stimulation was
administered from Day 7 to Day 13 after modeling. The sham
group underwent the same procedure for inserting needle
electrodes and received concurrent electrical stimulation. The
entire experimental protocol was conducted in accordance
with the illustration in Figure 1.

Behavioral studies

The mechanical pain threshold in mice was evaluated by
measuring the PWT. The mice were placed on a wire mesh
grid and covered with a transparent acrylic glass box for

30 min to acclimate them. After a 3-day adaptation period in
the environment, the mice were tested using Von Frey fila-
ments of different intensities (0.04, 0.07, 0.16, 0.4, 1, 1.4, and
2 g). These filaments were vertically applied to the mice’s
hind paws near the plantar region, with a stimulation time not
exceeding 5 s. Five consecutive stimulations were performed,
with a minimum interval of 30 s between each pair of
stimulations, and the mice’s responses were recorded. A
positive response was recorded when the mice exhibited paw
withdrawal or licking. If there were at least three positive
responses out of five stimulations, the next lower intensity
Von Frey filament was used. Otherwise, the next higher
intensity filament was employed. Finally, the non-parametric
Dixon test method was utilized to record the PWT in mice.30

The TWL in mice was measured to assess their thermal pain
threshold.31 The mice were placed on a glass plate and
covered with a transparent acrylic glass box for 1 h to adapt
them. After a 3-day adaptation period in the environment, the
mice were tested using a thermal pain stimulation device
(Shanghai Yuyan Instrument Co., Ltd). The mice were placed
on a glass plate with a laser beam being used to illuminate
their paws. The laser emitter was located at 0.5 cm from the
bottom of the mice’s paws, and the cut-off time was set to 20 s
to prevent tissue damage. When the mice showed a paw
withdrawal or licking, the laser was shut down and the time
was recorded simultaneously. The average time of the three
stimulations was used as the TWL of the mice, and there was
a minimum interval of 10 min between each stimulation. The
mechanical and thermal pain threshold tests were conducted
1 hour after KHES from Day7 to Day13 (Figure 1). At this
time point, the mice, which were anesthetized with 2%
isoflurane, had fully recovered to a conscious state, ensuring
the test results were not affected.

According to the experimental procedure shown in
Figure 1, we conducted rotarod test and open field and ex-
periments on mice before and after modeling, as well as on
Day13. The motor coordination ability of the mice was
evaluated using a mouse rotary rod instrument (Shanghai
Yuyan Instruments Co., Ltd). The mice were placed on a
rotating rod with a diameter of 3 cm, and the rotation speed was
adjusted to 30 r/min. Five mice were measured at the same
time, and the time to fall from the rods was recorded using the
same parameters. The stopping time was set as 5 min. Ad-
ditionally, the open-field test was used to assess motor func-
tion. The inner walls and bottom surface of the square boxwere
cleaned to prevent residual information from the previous
mouse. The mouse was placed in the bottom center of the box,
and the video and time were recorded simultaneously. The
camera stopped after 10 min of observation, and the moving
distance and speed of the mouse were recorded.

Drug administration

To activate TRPV1, we administered the TRPV1 activator
capsaicin (HY-10488; MedChem Express, Shanghai, China)
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intraperitoneally at a concentration of 10 mg/kg 1 hour prior
to KHES on Day 7.32 Conversely, to inhibit TRPV1, we
administered the inhibitor SB-705498 (HY10633; MedChem
Express, Shanghai, China) orally at a concentration of 10 mg/
kg on Day 7.33 In both cases, we used 20% dimethyl sulf-
oxide as the vehicle.

Western blotting

After the 13-Day experiment, all mice were anesthetized with
2% isoflurane, and the right side of lumbar 4–6 spinal cord
was harvested. Total protein was extracted with Radio-
Immunoprecipitation Assay (RIPA) buffer. Proteins were
separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 7.5%, 10%, or 15% gels and
transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were incubated in blocking buffer (5% skim
milk) for 2 h before being incubated overnight at 4°C with
primary antibodies, including TRPV1 (1:3000, 66983-1-Ig,
Proteintech Group, Inc.), NMDAR2B (1:1000, D8E10, Cell
Signaling Technology, Inc.), IBA-1 (1:1000, AB5076, Ab-
cam, Inc.), GFAP (1:500, G6171, Sigma, Inc.), β-actin (1:
1500, D6A8, Cell Signaling Technology, Inc.), and GAPDH
(1:1500, D16H11, Cell Signaling Technology, Inc.). The
membranes were washed three times with Tris-Buffered
Saline and Tween-20 (TBST) for 10 min each and then in-
cubated with secondary antibodies, such as horseradish
peroxidase (HRP)-conjugated AffiniPure goat anti-rabbit IgG
(1:5000, Cat. No. SA00001-2, Proteintech Group, Inc.) and
HRP-conjugated AffiniPure goat anti-mouse IgG (1:5000,
Cat. No. SA00001-1, Proteintech Group, Inc.). Finally, the
bands were visualized using Enhanced Chemiluminescence
(ECL) substrates, and the intensity analysis was conducted
using ImageJ software.

Immunofluorescence

The mice in the four groups were anesthetized with 2%
isoflurane. A solution of 0.9% saline and 4% paraformal-
dehyde was used to perfuse the mice. The L4-L6 spinal cord
was removed and fixed. 25 μM spinal cord sections were cut
on a cryo-thermostat for immunofluorescence staining. After

rinsing with phosphate-buffered normal saline (PBS), sec-
tions were permeated with 0.3% Triton X-100. They were
then sealed with 10% normal goat serum for 2 h and incu-
bated with primary antibodies overnight. The primary anti-
body markers were TRPV1(1:300, Proteintech Group,
Mouse, No. 66983-1-Ig.), NMDAR2B (1:100; Abcam,
Rabbit. No. Ab565783), Ionized calcium-binding adapter
molecule 1 (IBA-1;1:200; Abcam, Goat. No. Ab5076), and
glial fibrillary acidic protein (GFAP; 1:200; Sigma, Mouse.
No. G6171). 4,6-diamino-2-phenyl indole (DAPI; 5 µg/ml;
Sigma- Aldrich) was used to label the nuclei. The sections
were then incubated for 2 h with Alexa Fluor 350 and 488
secondary antibodies. Finally, images were captured using a
Zeiss LSM510 confocal microscope (Zeiss, Thornwood, CA,
USA).

Quantitative reverse-transcriptase polymerase chain
reaction (qPCR)

The L4-L6 spinal dorsal horn was collected for qPCR
analysis. Total RNAwas extracted using the TRIzol method.
We used oligo-DT primers (Sangon Biotech Co., Ltd, China)
to perform reverse transcription. Each sample was divided
into three replicates, with 20 μL for each replicate, including
10 μM for forward and reverse primers, 10 μL for SYBR
Green qPCR Super Mix (Invitrogen), and 25 ng cDNA. The
reaction was carried out in an Applied Biosystems 7500 rapid
real-time PCR system. The 2-DDCt method was used to
determine the relative expression levels of TRPV1,
NMDAR2B, IBA-1, GFAP, and GAPDHmRNA in the spinal
cord tissue. The sequences of murine-specific primers used to
detect TRPV1, NMDAR2B, IBA-1, GFAP, and GAPDH
mRNA are listed in Table 1, and the primers were obtained
from Sangon.

Statistical analyses

The data were expressed as mean ± SEM, and statistical
analysis was performed using SPSS 22.0 statistical software.
One-way ANOVA was conducted, followed by Tukey post
hoc tests for comparisons between multiple groups. A p-value
less than 0.05 was considered statistically significant.

Figure 1. Experimental design schedule. CCI surgery was conducted on Day 1. KHES was administrated from day 7 to day 13. Behavior tests
were conducted on day 3, day 7, day 8, day 9, day 10, day 11, day 12, and day 13. Mice were euthanized, and their spinal cords were obtained
after a 13-day experiment.
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Results

Determination of the kilohertz high frequency
electrical stimulation parameters

The CCI/KHES and Sham/KHES groups were subjected to
high-frequency electrical stimulation at 15–20 kHz for
30 min per day for 7 days, starting from Day 7 to Day 13. The
electrode placement is depicted in Figure 2(a). The electrical
stimulation employed a gradually increasing current intensity
to determine the MoT of the mouse sciatic nerve. Starting
from 0.2 mA, the contraction of the hind limbmuscles in mice
was observed. The results indicated that when the current
intensity was adjusted to 1.2 mA, there was a noticeable
contraction in the mouse muscles, and further increasing the
current intensity did not result in significant changes in the
contractions. As shown in Figure 2(b), the CMAP exhibited a
typical waveform at this current intensity, and increasing the
current did not lead to an increase in its amplitude. Therefore,
we determined the MoT of the mouse sciatic nerve in this
experiment to be 1.2 mA, with an intensity of approximately
40% of that being around 0.5 mA. After determining the
stimulation current, we performed electrical stimulation at
different frequencies and found that the best blocking effect
of KHES occurred at frequencies between 17 and 19 kHz
(Figure 2(c)). In subsequent KHES experiments, we applied
the stimulation mode using a frequency of 17–19 kHz and an
intensity of 0.5 mA.

Kilohertz high frequency electrical stimulation
improved neuropathic pain without affecting
motor function

On Day 3 and Day 7, PWT and PWL of the CCI group were
significantly lower than those of the sham group, indicating
the successful modeling of modified CCI mice (Figure 3(a), p
< .001; Figure 3(b), p < .05). From Day 7 to Day 13, the CCI/
KHES and Sham/KHES groups were subjected to high-
frequency electrical stimulation of the sciatic nerve on the
operative side. During the 30 min of electrical stimulation,
2% isoflurane gas anesthesia was administered, and the mice
regained consciousness approximately 0.5 h after KHES
stimulation. PWT was measured 1 h after the end of the
stimulation, and the duration of analgesia was monitored. The
antinociceptive durations of KHES for mechanical allodynia

were 2 h on Day 7 (Figure 4(a), p < .0001 for 2 h), 2 h on Day
8 (Figure 4(b), p < .0001 for 2 h), 3 h on Day 9 (Figure 4(c), p
< .01 for 3 h), 5 h on Day 10 (Figure 4(d), p < .05 for 5 h), 5 h
on Day 11 (Figure 4(e), p < .05 for 5 h), 6 h on Day 12
(Figure 4(F), p < .05 for 6 h), and 6 h on Day 13 (Figure 4(G),
p < .05 for 6 h). The results indicated that the analgesic
duration of the CCI model mice increased with an increase in
the number of days of high-frequency electrical stimulation,
up to 6 h, which demonstrated the feasibility of high-
frequency electrical stimulation in treating neuropathologi-
cal pain from the perspective of behavior. Moreover, there
was no change in rod rotation (Figure 3(c), p > .05) and open-
field test (Figure 3(d)–(e), p > .05) in CCI mice before and
after KHES stimulation, indicating that KHES stimulation
did not affect motor function.

Kilohertz high frequency electrical stimulation
inhibited the expression of transient receptor potential
vanilloid-1 and N-methyl-D-aspartate receptor-2B in
the spinal cord

To investigate the potential mechanisms underlying the an-
algesic effects of KHES in CCI mice, we examined the
modulation of the TRPV1/NMDAR2B signaling pathway.
We utilized Western blot analysis to assess the protein ex-
pression of TRPV1 and NMDAR2B in the spinal cord. The
results showed a significant increase in the expression of
TRPV1 and NMDAR2B in the CCI group compared to the
sham group (Figure 5(a)–(d), p < .001 for TRPV1; p < .001
for NMDAR2B). However, KHES treatment effectively re-
versed the upregulation of TRPV1 and NMDAR2B in CCI
mice ((Figure 5(a)–(d), p < .01 for TRPV1; p < .001 for
NMDAR2B)). Notably, the Sham/KHES group did not ex-
hibit any significant changes in the protein expression of
TRPV1 and NMDAR2B compared to the Sham group
(Figure 5(a)–(d)). Furthermore, we assessed the mRNA levels
of TRPV1 and NMDAR2B in the spinal cord using QPCR.
The results showed that the activation and mRNA expression
of TRPV1 and NMDAR2B were significantly upregulated in
the CCI group compared to the Sham group (Figure 5(e)–(f),
p < .0001 for TRPV1; p < .0001 for NMDAR2B). However,
KHES treatment significantly inhibited the mRNA expres-
sion of TRPV1 and NMDAR2B (Figure 5(e)–(f), p < .0001
for TRPV1; p < .0001 for NMDAR2B). To further confirm

Table 1. Sequences (50-30) of primers used in qPCR.

Gene Forward primer Reverse primer

TRPV1 AGCAGCAGTGAGACCCCTAAC CAAGCAGTAGACGAAGAAGTTGA
NMDAR2B GCCATGAACGAGACTGACCC GCTTCCTGGTCCGTGTCATC
GFAP CGGAGACGCATCACCTCTG TGGAGGAGTCATTCGAGACAA
Iba-1 ATCAACAAGCAATTCCTCGATGA CAGCATTCGCTTCAAGGACATA
GAPDH AATGGATTTGGACGCATTGGT TTTGCACTGGTACGTGTTGAT
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these findings, we performed immunofluorescence assays to
detect the expression and activation of TRPV1 and
NMDAR2B in the spinal cord. There were no significant
differences in the activation of TRPV1 and NMDAR2B
between the Sham group and the Sham/KHES group
(Figure 5(g)–(j)). In contrast, the activation of TRPV1 and
NMDAR2B were significantly upregulated in the CCI group
(Figure 5(g)–(j), p < .001 for TRPV1; p < .01 for
NMDAR2B). However, KHES treatment significantly in-
hibited the activation and mRNA expression of TRPV1 and
NMDAR2B in the CCI/KHES group compared to the CCI
group (Figure 5(g)–(j), p < .001 for TRPV1; p < .01 for
NMDAR2B).

Kilohertz high frequency electrical stimulation
inhibited glial cell activation in the spinal cord

The activation levels of microglia and astrocytes were re-
ported to respond to the TRPV1/NMDAR2B pathway and
inflammation levels. Therefore, we measured the expression
of IBA-1 and GFAP in the spinal cord. We first detected the
levels of the microglia-labeled protein IBA-1 and the
astroglia-labeled protein GFAP in the spinal cord using the
Western blot assay. Compared to the sham group, the ex-
pression of IBA-1 and GFAP significantly increased in the
CCI group (Figure 6(a)–(d), p < .05 for IBA-1; p < .0001 for
GFAP). However, KHES was able to effectively reverse the
increased expression of IBA-1 and GFAP (Figure 6(a)–(d), p
< .05 for IBA-1; p < .001 for GFAP). The Sham/KHES group
did not show any significant changes in the protein expression
of IBA-1 and GFAP compared to the Sham group

(Figure 6(a)–(d)). We also detected the mRNA contents of
microglia and astroglia in the spinal cord using QPCR. Our
results showed that KHES was able to reduce the mRNA
contents of these cell types in CCI mice (Figure 6(e)–(f), p
< .0001 for IBA-1; p < .0001 for GFAP). Furthermore, we
observed the morphological and quantity changes of as-
trocytes and microglia using immunofluorescence. Our
results showed that both IBA-1 and GFAP were activated
in the spinal cords of CCI model mice (Figure 6(g)–(j), p <
.05 for IBA-1; p < .01 for GFAP). However, they were
inhibited after high-frequency electrical stimulation,
confirming that KHES inhibited the activation of microglia
and astroglia in the spinal cord (Figure 6(g)–(j), p < .01 for
IBA-1; p < .01 for GFAP).

Effects of transient receptor potential vanilloid-1
pathway activators and inhibitors on chronic
constriction injury-induced allodynia

To further investigate the role of the TRPV1 pathway in
treating CCI-induced neuropathic pain by KHES, we used
TRPV1 activators and inhibitors in CCI mice. We observed
the changes in pain thresholds and protein levels of mice.
The TRPV1 activator capsaicin was administered intra-
peritoneally at a concentration of 10 mg/kg on Day 7.
KHES stimulation increased the PWT (Figure 7(a), p < .01
from Day 8 to Day 12; p < .001 on Day 13) and TWL
(Figure 7(b), p < .01 on Day 9 and Day 11; p < .05 on Day
10, Day 12, and Day 13) compared to the CCI + Veh group.
However, the CCI + capsaicin + KHES group showed a
significant reduction in PWT (Figure 7(a), p < .05 from

Figure 2. Electrodes’ location on the mice. (a) The sciatic nerve MoT was determined by measuring sciatic nerve CMAP before high-
frequency electrical stimulation. (b) The stimulation parameters were as follows: stimulation frequency of 17 kHz, current intensity of
0.5 mA; stimulation frequency of 18 kHz, current intensity of 0.5 mA; and stimulation frequency of 19 kHz, current intensity of 0.5 mA. After
30 min of KHES stimulation, the amplitude of the CMAP decreased by over 90% (c).
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Day 8 to Day 12; p < .01 on Day 13) and TWL (Figure 7(b),
p < .05 from Day 9 to Day 13) compared to the CCI + Veh +
KHES group. Western blotting revealed that the expres-
sions of TRPV1 and IBA-1 were increased in the CCI +
capsaicin + KHES group in contrast to the CCI + VEH +
KHES group (Figure 7(c)–(f), p < .05 for TRPV1; p < .05
for IBA-1). We also administered the TRPV1 inhibitor SB-
705498 at a concentration of 10 mg/kg po on Day 7. We
found that SB-705498 significantly increased the PWT
(Figure 7(g), p < .05 from Day 9 to Day 13) and TWL
(Figure 7(h), p < .05 from Day 10 to Day 11; p < .001 on
Day 12; p < .01 on Day 13) compared to the CCI + VEH
group. However, there was no significant difference in pain
threshold between the CCI + SB-705498 group and the
CCI + VEH + KHES group. Western blotting analysis
revealed that the expressions of TRPV1 and IBA-1 in the
CCI + SB-705498 group were significantly decreased
compared to the CCI + VEH group (Figure 7(i–l), p < .01
for TRPV1; p < .01 for IBA-1), but there was no striking

difference between the CCI + SB-705498 group and the
CCI + VEH + KHES group.

Discussion

Neuropathic pain is a challenging and complicated disorder
that poses significant difficulties in terms of treatment.34

Despite the availability of various drugs, these medications
are only effective in managing general neuropathic pain.
Several clinical trials have demonstrated that tricyclic anti-
depressants can only provide pain control in around 30% of
cases and are often associated with common anticholinergic
adverse reactions, including sedation, dry mouth, and con-
stipation.35 Therefore, there is a need for non-invasive
neuromodulation methods that can effectively treat neuro-
pathic pain while minimizing the incidence of adverse re-
actions. In this regard, we suggest the use of KHES as a
promising alternative to conventional drug-based treatments.
Our study shows that KHES was able to significantly reduce

Figure 3. Behavior test of mice and motor function before and after modeling. PWT(a) and TWL(b) of the CCI group mice were
significantly lower than those of sham group mice on day 3 and day 7 before KHES. There was no significant change in the dropping time in
the rotarod test of the four groups before and after electrical stimulation (c). There was no significant change in the total distance in the open-
field test of the four groups before and after electrical stimulation (d). Motion trajectory of open field test after KHES stimulation on Day 13
(e). ***p < .001, ****p < .0001, versus the Sham group.
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mechanical and thermal allodynia in mice with CCI-induced
neuropathic pain. Additionally, we explored the relationship
between KHES and the TRPV1/NMDAR2B pathway,
shedding light on the mechanisms underlying the effective-
ness of KHES in treating neuropathic pain. These findings
highlight the potential of KHES as a safe, effective, and non-
invasive therapy for neuropathic pain.

Low-frequency electrical stimulation has been found to
elicit analgesic effects through the activation of spinal dorsal
column axons, effectively inhibiting the transmission of pain
information carried by wide dynamic range (WDR) neu-
rons.36 However, it is worth noting that this stimulation can
also stimulate large-diameter fibers responsible for conveying
vibration sensations, resulting in a sensation of paralysis.

Figure 4. Changes of mechanical pain threshold in four groups after KHES stimulation. KHES alleviated the mechanical pain for 2h, 2h, 3h, 5h,
5h, 6h, and 6h from day 7 to day 13. *p < .05, **p < .01, ***p < .001, ****p < .0001 versus the Sham group; #p < .05, ##p < .01, ###p < .001,
####p < .0001 versus the CCI group.
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Figure 5. Expression of TRPV1 and NMDAR2B in the spinal cord after KHES-inhibited postoperative hyperalgesia. Western blot of TRPV1 and
NMDAR2B expressions in operative L4 – L6 spinal cord. (a–d) The mRNA levels of TRPV1 and NMDAR2B in the spinal cord were detected by
QPCR. (e–f) Immunohistochemical analyses and statistical histogram of the immunofluorescence of TRPV1 and NMDAR2B immunoreactive
positive neurons. Scale bar = 20 μm. (g–j) All the results were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Tukey’s post
hoc tests. **p < .01, ***p < .001, ****p < .0001versus the Sham group; ##p < .01, ###p < .001, ####p < .0001 versus the CCI group.
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Figure 6. Expression of IBA-1 and GFAP in the spinal cord after KHES stimulation.Western blot of IBA-1 and GFAP expressions in operative
L4 – L6 spinal cord. (a–d) The mRNA levels of IBA-1 and GFAP in the spinal cord were detected by QPCR. (e–f) Immunohistochemical
analyses and statistical histogram of the immunofluorescence of IBA-1 and GFAP immunoreactive positive neurons. Scale bar = 20 μm. (g–j)
All the results were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Tukey’s post hoc tests. *p < .05, **p < .01, ****p
< .0001 versus Sham group; ##p < .01, ###p < .001, ###p < .0001 versus the CCI group.
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Figure 7. The effects of TRPV1 pathway activators and inhibitors on CCI-induced allodynia. The administration of TRPV1 pathway activator
capsaicin (10 mg/kg) partially reversed the antinociceptive effects of KHES on mechanical and thermal pain from day 8 to day 13. (a–b)
Western blotting showed the expression of TRPV1 and IBA-1. (c-f) The TRPV1 pathway inhibitor SB-705498 (10 mg/kg) reversed the
antinociceptive of KHES on mechanical and thermal pain from day 9 to day 13. (g-h) Western blotting showed the expression of SB-705498 in
four groups. (i–l) #p < .05, ##p < .01, ###p < .001 versus the CCI + Veh group; +p < .05, ++p < .01 versus the CCI + Veh + KHES group;^p <
.05, ^^p < .01, ^^^p < .001 versus the CCI + Veh group.
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Regarding the phenomenon that KHES does not cause a sense
of paralysis but alleviates pain, a reasonable hypothesis has
been proposed: KHES can selectively block the large fibers
involved in vibration sensation while simultaneously acti-
vating medium and small-diameter fibers that do not elicit a
sense of paralysis. Once a sufficient number of these medium
and small-diameter fibers are activated, they can effectively
suppress the pain transmission by WDR cells, thereby
achieving analgesic effects.37 In comparison to the conven-
tional low-frequency electrical stimulation, KHES exhibits
greater efficacy in reducing the severity of chronic back and
leg pain in patients, and it boasts a wider range of applica-
tions.38 Moreover, in a separate experiment, neuropathologic
pain rats demonstrated enhanced motor nerve regeneration
and improved potential following KHES treatment.39

Nonetheless, recent study suggests that using a high-
frequency carrier does not improve comfort of transcutane-
ous spinal cord stimulation. The higher stimulation charge
needed to evoke a response with the high-frequency carrier
waveform requires the stimulator to produce much higher
voltages, increasing the power budget and risk of injury.40

The stimulation current employed in our study was 0.5 mA.
Given the proximity of the stimulation electrode to the sciatic
nerve, the requisite stimulation charge is relatively modest,
thereby minimizing the likelihood of discomfort. However,
additional clinical experiments are warranted to explore any
potential occurrence of abnormal sensations in patients as a
result of the KHES stimulation method and parameters.

It is worth noting that KHES stimulation initially leads to a
brief but intense neural activity, commonly referred to as the
onset response.41 To address this issue, a study conducted by
T L Vrabec et al. on rats’ sciatic nerves demonstrated that
implementing subthreshold ramping can effectively prevent
the onset response during prolonged KHES block following
the initial onset. It has been observed that amplitudes ex-
ceeding 50% of the block threshold can be safely ramped up
to 125% without any onset occurrence, while amplitudes
below 25% will consistently result in an onset. Increasing the
subthreshold percentage decreases the minimum ramp time
required to produce an onset. Furthermore, the study ob-
served that subthreshold amplitudes set at 50% of the block
threshold demonstrate a nearly complete absence of block.
This suggests that the block can be activated or deactivated
independently, even when KHES is continuously active,
offering a potential approach to maintaining a no-onset
KHES block.42 Thomas Eggers et al. have proposed a
novel waveform that combines direct current and kilohertz
frequency alternating current to initiate block without onset
response and maintain safe block for extended periods. Their
approach involves using direct current to initiate the block
and rapidly switching to kilohertz frequency alternating
current to sustain the block with minimal onset response
during the transition. The amplitude and duration of the direct
current portion of the waveform are personalized during
stimulation to determine the optimal values for reducing onset

responses.43 By minimizing or eliminating the onset re-
sponse, these approaches could potentially improve patient
tolerance and acceptance of KHES as a non-invasive neu-
romodulation method for neuropathic pain management.

In our previous study, we conducted a comprehensive
analysis using the publicly available GEO database of gene
expression data to identify suitable datasets related to neuro-
pathic pain in mice. Through KEGG pathway analysis, we
identified glutamatergic synapses and TRP channels, specifi-
cally the ion channels involved in sensory transduction, as
potential pathways associated with the development of neuro-
pathic pain.8 Building upon these findings, our current research
has confirmed the upregulation of TRPV1 and NMDAR2B
expression in the spinal cord of neuropathic pain mice following
CCI modeling, and KHES has significantly reversed the in-
creasing trend of TRPV1 and NMDAR2B expression. Despite
this progress, the functional relationship between TRPV1 and
NMDA receptors in neuropathic pain regulation remains poorly
understood. Jongseok Lee et al. demonstrated that NMDA
receptors and TRPV1 form functional complexes through Ca2 +
calmodulin-dependent protein kinase II (CaMKII) and protein
kinase C (PKC) signaling cascades, contributing to the devel-
opment of mechanical hyperalgesia in the masseter muscle of
rats.44 Additionally, another study reported that ginger extract
and its compound, 6-shogaol, alleviate painful diabetic neu-
ropathy in mice by reducing TRPV1 and NMDAR2B ex-
pression in the spinal cord.45 These findings align with the
interactions between TRPV1 andNMDA receptors in themouse
spinal cord. In our investigation, we observed a notable inhi-
bition of GFAP and IBA1 expression in the spinal cord fol-
lowing treatment with KHES. Furthermore, inhibitors and
activators of the TRPV1 channel affected pain thresholds and
the expression of spinal cord IBA1 in neuropathic pain mice. It
is now widely recognized that the pathogenesis of neuropathic
pain involves not only alterations in neuronal system activity but
also intricate interactions between neurons, inflammatory im-
mune cells, and immune-like glial cells.46 While neuro-
inflammation serves as a beneficial process in promoting
regeneration and healing under physiological conditions, its
persistent presence is thought to contribute to the development
of neuropathic pain.47–49 Based on our findings, we propose that
KHES exerts its therapeutic effects on neuropathic pain by
modulating inflammatory factors, including GFAP and IBA1,
within the spinal cord via the TRPV1/NMDAR2B signaling
pathway.

Our research has several noteworthy limitations. Firstly,
our analysis relied on publicly available databases, which
may introduce some degree of bias and limit the generaliz-
ability of our findings. To address this limitation and gain a
more comprehensive understanding of the mechanisms un-
derlying the analgesic effects of KHES, future studies could
incorporate sample collection from each group of mice fol-
lowing KHES intervention and perform transcriptomic se-
quencing to explore potential pathways and gene expression
changes in a more targeted manner. Another limitation of our
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study is the exclusive focus on male mice, which may
overlook potential gender differences in the response to
KHES treatment. Previous studies have demonstrated that
immune cell-mediated mechanical hypersensitivity responses
can differ between male and female mice.50 Therefore, it
would be valuable to include an equal number of female mice
in future experiments to assess whether the analgesic effects
and underlying mechanisms of KHES vary between genders.
It is important to note that our study represents an early stage
of research in this field, and further investigations are war-
ranted to build upon our findings. While our study did not
directly demonstrate a causal relationship between the
TRPV1/NMDAR2B pathway and the activation of glial cells,
our results indicate that the modulation of this pathway by
KHES may play a role in inhibiting glial cell activation,
suggesting a potential association between these factors. We
acknowledge the need for further studies to establish a direct
causal relationship and understand the precise mechanisms
underlying the inhibitory effects of KHES on glial cell ac-
tivation. To address this limitation, we plan to employ ad-
vanced techniques such as transcriptome sequencing and
patch-clamp recordings to further investigate the impact of
KHES on the expression and function of NR2B and TRPV1
channels. Future studies could explore additional molecular
and cellular mechanisms, conduct behavioral assessments
with a more comprehensive battery of pain tests, and evaluate
the long-term effects and safety profile of KHES treatment.
By addressing these limitations, future research can provide a
more robust understanding of the potential therapeutic ap-
plications of KHES for neuropathic pain management.

Conclusion

Our study has shown that the analgesic duration of the CCI
model mice increased as the number of days of high-frequency
electrical stimulation increased, up to 6 h. We found that KHES
affected the activation of glial cells in the spinal cord by in-
hibiting the expression of TRPV1 and NMDAR2B, thereby
improving neuropathic pain. Our results also revealed that the
antinociceptive effect of KHES could be partially reversed by
the activation of the TRPV1 pathway, which was accompanied
by a suppression of microglial activation. Conversely, the use of
TRPV1 pathway antagonist produced a similar analgesic effect.
Therefore, KHES could be a promising new treatment for
neuropathic pain. Future studies should focus on conducting
clinical trials to assess the effectiveness of KHES in human
patients and investigate additional pathways and molecular
targets that may contribute to its therapeutic effects.

Appendix

Abbreviations

KHES Kilohertz high frequency electrical
stimulation

GEO Gene expression omnibus
TRPV1 Transient receptor potential vanilloid-1

NMDAR2B N-methyl-D-aspartate receptor-2B
CCI Chronic constriction injury
PWT Paw withdrawal threshold
TWL Thermal withdrawal latency
GFAP Glial fibrillary acidic protein
IBA1 Ionized calcium binding adapter molecule

one
KEGG Kyoto encyclopedia of genes and genomes
NF-ΚB Nuclear factor ΚB

TRP Transient receptor potential
cAMP Cyclic adenosine monophosphate
Myd88 Myeloid differentiation factor 88
NMDA N-methyl-D-aspartate

MoT Motor threshold
SenT Sensory threshold

CMAP Compound muscle action potential
CaMKII Calmodulin-dependent protein kinase II

PKC Protein kinase C.
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