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Abstract
Addressing the intricate challenge of chronic neuropathic pain has significant implications for the physical and psychological 
well-being of patients, given its enduring nature. In contrast to opioids, electroacupuncture (EA) may potentially provide a 
safer and more efficacious therapeutic alternative. Our objective is to investigate the distinct analgesic effects and potential 
mechanisms of EA at frequencies of 2 Hz, 100 Hz, and 18 kHz in order to establish more precise frequency selection criteria 
for clinical interventions. Analgesic efficacy was evaluated through the measurement of mice’s mechanical and thermal pain 
thresholds. Spinal cord inflammatory cytokines and neuropeptides were quantified via Quantitative Real-time PCR (qRT-
PCR), Western blot, and immunofluorescence. Additionally, RNA sequencing (RNA-Seq) was conducted on the spinal cord 
from mice in the 18 kHz EA group for comprehensive transcriptomic analysis. The analgesic effect of EA on neuropathic 
pain in mice was frequency-dependent. Stimulation at 18 kHz provided superior and prolonged relief compared to 2 Hz 
and 100 Hz. Our research suggests that EA at frequencies of 2 Hz, 100 Hz, and 18 kHz significantly reduce the release of 
inflammatory cytokines. The analgesic effects of 2 Hz and 100 Hz stimulation are due to frequency-dependent regulation of 
opioid release in the spinal cord. Furthermore, 18 kHz stimulation has been shown to reduce spinal neuronal excitability by 
modulating the serotonergic pathway and downstream receptors in the spinal cord to alleviate neuropathic pain.
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Introduction

Neuropathic pain, caused by damage or disease affecting the 
somatosensory nervous system, is a common occurrence in 
the general populace, with rates reaching up to 8%. Nota-
bly, its occurrence is even more pronounced among specific 
subgroups, including individuals with diabetes, acquired 
Immune Deficiency Syndrome (AIDS), and cancer (Gil-
ron et al. 2015). This persistent pain not only exacerbates 
depression and anxiety in patients but also leads to sleep 
disturbances, significantly impacting their daily activities 

and quality of life (Attal et al. 2010). Current pharmaco-
logical treatments for neuropathic pain, include ion chan-
nel drugs and tricyclic antidepressants; however, their long 
treatment periods, severe side effects, and unclear efficacy 
limit their long-term clinical applications. Additionally, for 
certain patients suffering from neuropathic radicular pain, 
while surgical decompression may relieve the associated 
symptoms, the incidence of persistent and refractory post-
laminectomy syndrome or failed back surgery syndrome 
still ranges between 10% and 40% (Dworkin et al. 2013). 
Therefore, the search for innovative treatments that can pro-
vide long-term relief from neuropathic pain, especially alter-
natives to pharmacological interventions, is of paramount 
clinical significance (Varga et al. 2023).

EA, as a non-pharmacological modality, is being exten-
sively utilized in the realm of pain management. EA boast 
distinct advantages such as rapid onset of action, minimal 
invasiveness, selectivity, and precision in control (Knotkova 
et al. 2021; Xu et al. 2003). The efficacy of EA in alleviating 
discomfort is influenced by several crucial factors, including 
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duration, frequency, intensity, and characteristics of the out-
put waveform (Fan et al. 2023; Jiang et al. 2022). Previous 
studies have shown that stimulation at frequencies between 1 
and 1000 Hz activates myelinated fibers, releasing inhibitory 
neurotransmitters (Thuvarakan et al. 2020), thereby mitigat-
ing conditions such as bone cancer-induced pain or abnor-
mal sensations due to neural impairment (Chen et al. 2015; 
Jiang et al. 2021; Oberoi et al. 2022). In clinical practice, 20 
Hz stimulation is preferred for chronic cases, while 100 Hz 
stimulation is used for managing acute discomfort. Alternat-
ing 20 Hz/100Hz stimulation during surgical procedures not 
only ensures intraoperative comfort but also reduces opioid 
consumption and provides postoperative relief. Moreover, 
EA within the 1-to-100 kHz spectrum, known as kilohertz 
high frequency electroacupuncture stimulation (KHES), 
effectively attenuates neuropathic discomfort by blocking 
nerve conduction, for instance, a 10–20 kHz blockage can 
safely relieve distress from neurofibroma-related amputa-
tion for several hours (Soin et al. 2015). Similarly, a 10 kHz 
blockage at the thoracic level significantly diminishes back-
ache without causing noticeable sensory aberrations (Miller 
et al. 2016; Tiede et al. 2013).

Several studies have revealed that the pain-relief mecha-
nism of EA functions distinctively across varying frequencies. 
Both 2 Hz and 100 Hz frequencies can ameliorate neuropathic 
pain by modulating the release of different central nervous 
system peptides (Chen and Han 1992; Wang et al. 1990). At 
the spinal level, 2 Hz EA can induce the release of enkepha-
lin and endorphin (Cuitavi et al. 2021; Lee et al. 2009), Con-
versely, 100 Hz EA can augment the release of dynorphin, 
thus mitigating hyperalgesia responses induced by neuropathic 
pain (Wu et al. 1999; Zhou et al. 2015). A growing body of 
research has revealed that both 2 Hz and 100 Hz frequencies 
exhibit regulatory effects on inflammatory cytokines within 
the spinal cord. Notably, studies have indicated that 2 Hz EA 
significantly inhibits the activation of pain-related cytokines in 
the spinal cords of complete freund’s adjuvant(CFA)-induced 
mice, including interleukin-1 beta(IL-1β), interleukin-6(IL-6) 
and tumor necrosis factor alpha(TNF-α) (Li et al. 2019). Fur-
thermore, treatment with 2 Hz/100Hz EA promotes the acti-
vation of Treg cells in spinal cord, suppresses macrophages 
and neutrophils, reduces the expression of IL-1β, NLR Family 
Pyrin Domain Containing Protein 3 (NLRP3), and TNF-α, and 
ultimately alleviates pain in CFA mice (Yu et al. 2020). Our 
previous research demonstrated that neuropathic pain could 
result in heightened excitability and abnormal discharge of 
sensory neurons, stemming from the disruption of pathways 
that regulate the electrical excitability of nerve cells (Lu et al. 
2023). However, KHES displayed potential in relieving neu-
ropathic pain through its high-frequency electric field, which 
could close or inhibit ion channels. Through electromyography 
recordings, we determined that the optimal blocking parameter 
for KHES is 18 kHz at 0.5 milliamperes (Fang et al. 2024). 

Several studies suggest that the analgesic effects of KHES may 
be associated with serotoninergic mechanisms. The neuro-
transmitter 5-hydroxytryptamine (5-HT) is extensively distrib-
uted across both the peripheral and central nervous systems. 
Upon binding to 5-HT receptors, it can modulate pain signal 
processing within the spinal cord, leading to either facilitatory 
or inhibitory effects (Lee et al. 2015). The descending seroto-
ninergic system originates from brainstem regions, including 
the raphe nuclei, dorsal raphe nucleus (DRN), and ventrolat-
eral medulla (VLM) (Heijmans et al. 2021; Schwaller et al. 
2017). In contrast, the ascending serotonin system includes 
regions such as anterior cingulate cortex (ACC) and rostral 
ventrolateral medulla (RVM) (Chen et al. 2018; Mo et al. 
2023; Tavares and Lima 2002). Various subtypes of 5-HT 
receptors are implicated in the regulation of this serotoninergic 
system and are integral to pain modulation due to their capac-
ity to elicit diverse effects under painful conditions (Cortes-
Altamirano et al. 2018; Haleem 2018; Sánchez-Brualla et al. 
2018). Elucidating the role of these mechanisms in the context 
of KHES for pain relief necessitates further investigation.

The objective of this study is to examine the analgesic 
efficacy and underlying mechanisms of action of three dif-
ferent frequencies of EA in sciatic nerve cuffing-induced 
neuropathic pain mice (Benbouzid et al. 2008; Mosconi and 
Kruger 1996). The research endeavors to ascertain whether 
KHES, similar to conventional low-frequency EA, affects 
the release of neuropeptides and inflammatory cytokines in 
the central nervous system. If this is not the case, the study 
will delve into the mechanisms by which KHES alleviates 
neuropathic pain in sciatic nerve cuffing mice.

Materials and Methods

Experimental Animals

We acquired 50 adult male C57BL/6 mice, aged 7–8 weeks 
and weighing between 20 and 30 g, from Shanghai SLAC 
Laboratory Animal Co., Ltd. [License No. SCXK (Shang-
hai) 2022-0004]. The temperature and humidity of all exper-
iments were kept stable (12-h light/dark cycle at 23 ± 2 °C, 
45–55% humidity). The mice could freely obtain food and 
water. All experimental procedures were conducted at Tongji 
university in accordance with ethical standards for the use of 
research animals, following the relevant guidelines and regu-
lations of the International Association for the Study of Pain.

Sciatic Nerve Cuffing‑induced Neuropathic 
Pain Mice

We randomly assigned the mice into five groups: the sham 
group, the cuff group, the 2HzEA group, the 100HzEA 
group and the 18kHzEA group. After administering 
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anesthesia with 0.8% pentobarbital sodium, careful sepa-
ration of surrounding tissues allowed for exposure of the 
sciatic nerve. To induce chronic constriction injury, a poly-
ethylene tube was tied around the sciatic nerve. Successful 
confirmation of ligation involved observing slight muscle 
twitching upon gentle pressure on the tube (Benbouzid 
et al. 2008; Mosconi and Kruger 1996; Pitcher et al. 1999). 
In the sham group, cuff modeling procedure was performed 
without manipulation of the sciatic nerve itself.

Experimental Procedure for EA

The mice were securely positioned on a platform in a 
right lateral position after inducing anesthesia with 2% 
isoflurane. The fur of the mice was carefully shaved 
off and the puncture site was disinfected with alcohol. 
Zusanli (ST36) was selected as the EA stimulation point, 
situated approximately 2 mm beneath the small fibula 
head on the lateral side of the hind limb knee joint. Stain-
less-steel needles with a diameter of 0.3 mm and a length 
of 13 mm were inserted into ST-36 at a depth of 2 to 3 
mm. The stimulation frequency provided by the Neuro-
Max neurophysiological stimulator (NuoCheng Co., Ltd., 
China) was adjusted to 2 Hz, 100 Hz, and 18 kHz from the 
7th to the 13th day after modeling. Current intensity rang 
was 0.5 mA (Fang et al. 2024). The time control consisted 
of a 10-second stimulation time followed by a 5-second 
rest, with the total time reaching 30 min, and the stimulus 
waveform was a biphasic rectangular wave. The stimu-
lation pulse width was calculated according to formula: 
pulse width =[(1/frequency) ×0.8]/2 × 106, the occupa-
tion ratio was 0.8 (Ling et al. 2019). In the sham surgery 
group, electrodes were inserted using similar methods but 
without concurrent electrical stimulation applied.

Behavioral Studies

For all behavioral testing, the mice were exposed to the testing 
environment without any stimulation for 2 h per day for 3 days 
before the formal testing and the investigators were blinded 
to the treatment. Behavioral tests were performed when the 
mice were calm but not sleeping, and the test time was fixed at 
9:00 AM–6:00 P.M. According to the experimental procedure 
shown in Fig. 1, the mice were tested with varying intensi-
ties (0.04, 0.07, 0.16, 0.4, 1, 1.4, and 2 g) of Von Frey fibers 
(Shanghai Yuyan Instrument Co., Ltd., China). The Von Frey 
filament was vertically stimulated on the hind paw near the 
palm for 5–6 s, and positive responses were recorded when the 
mice exhibited paw withdrawal or licking behavior. Finally, 
the mouse’s paw withdrawal threshold (PWT) was determined 
using the non-parametric Dixon test method (Chaplan et al. 
1994). We utilized a thermal pain stimulation device (Shang-
hai Yuyan Instrument Co., Ltd., China) to assess the thermal 
withdrawal latency (TWL). The laser stimulation was admin-
istered to the plantar area of the hind paws, about 0.5 cm from 
the plantar surface, with a maximum duration of 20 s. Precau-
tions were taken to prevent tissue damage from prolonged 
exposure or heat generation during testing sessions. If paw 
withdrawal or licking behavior occurred in response to the 
laser application, it was immediately ceased and the time was 
noted. This procedure was repeated three times with at least 
10 min between each stimulation (Hargreaves et al. 1988). 
The mean duration of the three stimulations was utilized to 
determine the TWL of the mice.

RNA Isolation and Quality Assessment

After the completion of behavioral studies, 13 days post sci-
atic nerve cuffing, total RNA was extracted from the spinal 
cords of mice in the sham group, cuff group, and 18 kHz 
group using the RNAmini kit (Qiagen, Germany). The quality 
of the RNA was assessed through agarose gel electrophoresis 

Fig. 1  Experimental design timeline. Surgical procedures were per-
formed on Day 1, followed by the administration of EA from Day 7 
to Day 13. Behavioral assessments took place on Day 3, Day 7, Day 

9, Day 11, and Day 13. After a period of 13 days, the mice were 
humanely euthanized and their spinal cords were collected for analy-
sis
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and Qubit (Thermo Fisher Scientific, Waltham, MA, USA). 
RNA samples from seven to nine biological replicates at each 
time point (0, 12, 36, and 72 h) were pooled into three equal-
sized independent pools for RNA sequencing. Subsequently, 
a strand-specific library was prepared using the TruSeq RNA 
sample preparation kit (Illumina Inc., San Diego, CA) and 
sequenced on an Illumina Novaseq 6000 instrument.

Differential Gene Expression Analysis

Differential gene expression analysis was performed by align-
ing preprocessed sequences to reference genomic sequences 
using STAR software, followed by statistical analysis of the 
alignment results with RSEQC. DESeq2 software was used 
for experiments involving repeated samples, while DESeq 
software was used experiments those without repeated sam-
ples. Genes were identified as differentially expressed if they 
have a p-value < = 0.05 and exhibit at least a 2-fold difference 
in expression between sample groups, and the Benjamini & 
Hochberg multiple testing correction method was applied 
to obtain q-values for each gene. The False Discovery Rate 
(FDR) value was also calculated to assess reliability, and 
TopGO software was utilized for Gene Ontology (GO) func-
tion analysis on the set of target genes, while Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway function 
analysis was performed to annotate and classify these genes 
based on their functions in the KEGG database.

Quantitative Reverse‑transcriptase 
Polymerase Chain Reaction

We procured the L4-L6 spinal dorsal horn for qRT-PCR 
analysis and performed total RNA extraction using TRI-
zol. Reverse transcription was carried out using oligo-DT 
primers from Sangon Biotech Co., Ltd, China. Each sam-
ple underwent triplicate division, with 20 µL per replicate 
comprising 10 µL of forward and reverse primers, as well as 
10 µL of Synergetic Binding Reagent (SYBR) Green Super 
Mix (Invitrogen) and 25 ng of cDNA. The reactions were 
conducted on the Applied Biosystems 7500 Fast Real-Time 
PCR System. Relative expression levels of mRNA in spinal 
cord tissue were determined using the 2-ΔΔCt method. The 
specific primers selected for qRT-PCR encompass included 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pro-
opiomelanocortin (POMC), proenkephalin (PENK), pro-
dynorphin (PDYN), TNF-α, IL-1β, 5-hydroxytryptamine 
1 A receptor (5-HT1A), 5-HT1B, 5-HT2A, 5-HT2B, 
5-HT3A, 5-HT4A and 5-HT5A; as well as G protein-gated 
inwardly rectifying potassium channels 1(GIRK1), GIRK2, 
GIRK3, and GIRK4; the N-type voltage-gated calcium 
channel(Cav2.2); calcium/calmodulin-dependent protein 
kinase II (CaMKII) and N-methyl-D-aspartate receptor-2B 

(NMDAR2B).Mouse-specific primer sequences utilized for 
detection are detailed in Table 1 provided by Sangon.

Western Blotting

After the completion of behavioral studies, 13 days post 
sciatic nerve cuffing, mice were anesthetized using 2% 
isoflurane, and the lumbar spinal cord from L4 to L6 was 
removed. The proteins were separated through sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
on gels with varying concentrations (7.5%, 10%, or 15%) 
and subsequently transferred onto polyvinylidene difluoride 
(PVDF) membranes. Following this step, the membranes 
underwent incubation in blocking buffer for 2 h followed by 
overnight exposure to primary antibodies at 4 °C, includ-
ing POMC (1:2000, 66358-1-Ig, Proteintech Group, Inc.), 
enkephalin (1:1000, ab77273, Abcam, Inc.), dynorphin A 
(1:1000, ab8250, Abcam, Inc.), TNF-α(1:1500, D2D4, Cell 
Signaling Technology, Inc.), IL-1β(1:1500,D3U3E, Cell 
Signaling Technology, Inc), 5HT2A (1:1000, GB111001-
50, Servicebio, Inc), 5HT2B (1:1000, 26408-1-AP, Pro-
teintech Group, Inc.), tubulin (1:5000; HRP-66031; Pro-
teintech Group, Inc.) and GAPDH (1:1500, D16H11, 
Cell Signaling Technology, Inc.). After three washes with 
tris-buffered saline and Tween-20(TBST), the membranes 
were exposed to secondary antibodies such as horseradish 
peroxidase (HRP)-conjugated AffiniPure goat anti-mouse 
IgG (1:5000, Cat. No. SA00001-1, Proteintech Group, Inc.), 
HRP-conjugated AffiniPure goat anti-rabbit IgG (1:5000, 
Cat. No. SA00001-2, Proteintech Group, Inc.) and Rab-
bit Anti-Goat IgG (1:5000, ab6741, Abcam, Inc.). Finally, 
enhanced chemiluminescence substrate was used to visual-
ize the bands which were then analyzed for intensity using 
ImageJ software.

Immunofluorescence

Five groups of mice were anesthetized with 2% isoflurane 
before undergoing a thorough perfusion with a solution 
composed of 0.9% saline and 4% formalin. Subsequently, 
the L4-L6 spinal cord segments were meticulously excised 
and securely fixed in position. The spinal cord tissue was 
then carefully sectioned at a controlled temperature of 25 
°C using a precision cryostat, followed by immunofluo-
rescence staining to enhance visualization. Following a 
thorough rinse with phosphate-buffered normal saline 
(PBS), the sections were gently permeabilized with 0.3% 
Triton X-100. This was followed by a two-hour incubation 
in 10% normal goat serum to block non-specific binding. 
The primary antibody markers utilized were POMC (1:400, 
Proteintech Group, Mouse, 66358-1-Ig) and dynorphin A 
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(1:200, Abcam, Rabbit, ab8250), ensuring specific tar-
geting of the desired proteins. To visualize the nuclei, 
4,6-diamino-2-phenyl indole (DAPI) was applied at a con-
centration of 5 µg/ml. Alexa Fluor 350 and 488 second-
ary antibodies were then used to label the nuclei, with an 
additional two-hour incubation period to ensure optimal 
binding. The stained sections were finally imaged using a 
state-of-the-art Zeiss LSM510 confocal microscope (Zeiss, 
Thornwood, CA, USA), capturing high-resolution images 
for detailed analysis.

Statistical Analyses

The mean ± SEM was used to represent the data, and statistical 
analysis was carried out with SPSS 22.0 software. A one-way 
ANOVA was conducted, followed by a Tukey post-hoc test 
for comparing multiple groups. Statistical significance was 
considered at p < 0.05.

Results

Comparing the Analgesic Effects of Different 
Frequency EA

The cuff group exhibited significantly reduced PWT and 
TWL on Day 3 and Day 7 compared to the sham group, 
indicating successful sciatic nerve cuffing mouse modeling 
(Fig. 2A, p < 0.001; Fig. 2B, p < 0.05). EA at frequencies 
of 2 Hz, 100 Hz, and 18 kHz respectively was admin-
istered from Day 7 to Day 13 post-modeling. For each 
30-minute stimulation session, the mice were maintained 
under general anesthesia using a 2% isoflurane gas mix-
ture. One hour after stimulation, the PWT was reassessed 
to gauge the analgesic duration. The antinociceptive effect 
of 2 Hz EA on mechanically induced pain lasted for 1 h 
on Day 7 (Fig. 2C, p < 0.05), extended to 2 h on Day 9 
(Fig. 2D, p < 0.05), 2 h on Day 11 (Fig. 2E, p < 0.05), and 
2 h on Day 13 (Fig. 2F, p < 0.05). The anti-nociceptive 

Table 1  Sequences (5′-3′) of primers used in qRT-PCR

Gene Forward primer Reverse primer

GAPDH AAT GGA TTT GGA CGC ATT GGT TTT GCA CTG GTA CGT GTT GAT 
POMC CCT ATC GGG TGG AGC ACT TC TGG CTC TTC TCG GAG GTC AT
PENK ATG GCG TTC CTG AGA CTT TGA TAG AGT TTT GGC GTA TTT CGG AGG C
PDYN ACT GCC TGT CCT TGT GTT CC CCA AAG CAA CCT CAT TCT CC
TNF−α GGA ACT GGC AGA AGA GGC ACT CCC C GGC CAT TTG GGA ACT TCT CAT CCC TTT 
IL−1β CCT GTG TCT TTC CCG TGG ACC TTC CAGG CAT CAT CCC ATG AGT CAC AGA GGA TGGG 
5−HT1A GAC AGG CGG CAA CGA TAC T CCA AGG AGC CGA TGA GAT AGTT 
5−HT1B CGC CGA CGG CTA CAT TTA C TAG CTT CCG GGT CCG ATA CA
5−HT2A TAA TGC AAT TAG GTG ACG ACTCG GCA GGA GAG GTT GGT TCT GTTT 
5−HT2B GAA CAA AGC ACA ACT TCT GAGC CCG CGA GTA TCA GGA GAG C
5−HT3A CCT GGC TAA CTA CAA GAA GGGG TGC AGA AAC TCA TCA GTC CAGTA 
5−HT4A AGT TCC AAC GAG GGT TTC AGG CAG CAG GTT GCC CAA GAT G
5−HT5A ATG GAT CTG CCT GTA AAC TTGAC CAC TCG GAA AGC TGA GAG AAAA 
GIRK1 GGG GAC GAT TAC CAG GTA GTG CGC TGC CGT TTC TTC TTG G
GIRK2 ACC AGC CAA AGT TGC CTA AG CTT CCT CAC GTA CCT CTG GAT 
GIRK3 GAA GGA CGG TCG CTG TAA CG CGT GGT GAA CAG GTC GGT C
GIRK4 GCC GGT GAT TCT AGG AAT GCT TCA CTT AGG TAG CGG TAG GTTT 
Cav2.2 ACA ACG TCG TCC GCA AAT AC CAG GGC CAG AAC AAT GCA GT
CaMKII TCC AGA AGT CCT GCG TAA AGA CCA CCA GCA AGA TGT AGA GGAT 
NMDAR2B GCC ATG AAC GAG ACT GAC CC GCT TCC TGG TCC GTG TCA TC
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duration induced by 100 Hz EA was 1 h on Day 7 (Fig. 2C, 
p < 0.05), 2 h on Day 9 (Fig. 2D, p < 0.05), 2 h on Day 11 
(Fig. 2E, p < 0.05), and 3 h on Day 13 (Fig. 2F, p < 0.05). 
In contrast, the anti-nociceptive duration induced by 18 
kHz EA was 2 h on Day 7 (Fig. 2C, p < 0.01), 3 h on Day 

9 (Fig. 2D, p < 0.01), 5 h on Day 11 (Fig. 2E, p < 0.05), 
and 6 h on Day 13 (Fig. 2F, p < 0.05).

The results revealed that the duration of analgesia 
increased in correlation with the number of days of EA. 
Notably, the analgesic effect achieved with 2 Hz and 100 

Fig. 2  Assessment of PWT and TWL before and after EA. The 
PWT(A) and TWL(B) of mice in the cuff group were notably lower 
than those in the sham group on Day 3 and Day 7 before EA. From 
Day 7 to Day 13, 2 Hz EA reduced mechanical pain for 1 h, followed 
by 2 h, another 2 h, and then 2 h. Similarly, 100 Hz EA reduced 
mechanical pain for 1 h, followed by 2 h, another 2 h, and then 3 h. 

Moreover, 18 kHz EA significantly alleviated mechanical pain for 2 
h, 3 h, 5 h, and 6 h (C-F). All value represents the mean (n = 10; ± 
SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 com-
pared to the Sham group; ^p < 0.05, ^^p < 0.01, &p < 0.05, #p < 0.05, 
##p < 0.01, ###p < 0.001, ####p < 0.0001 versus the cuff group
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Hz EA peaks at approximately 3 h, whereas the interven-
tion using 18 kHz EA extends this analgesic period to 6 h. 
The analgesic effect of 18 kHz EA exhibited a significant 
enhancement with the prolongation of EA days, surpassing 
the effects observed with 2 Hz and 100 Hz stimulations. 
There was no discernible difference in analgesic effect 
between 2 Hz and 100 Hz stimulations.

Impact of Varying EA Frequencies on Neuropeptide Release

To elucidate the effects of diverse EA frequencies on neuro-
peptide secretion within the spinal cord, we conducted an in-
depth analysis of endorphin, enkephalin, and dynorphin lev-
els across multiple experimental cohorts. qRT-PCR analysis 
demonstrated a marked reduction in the mRNA expression of 
POMC, PENK, and PDYN mRNA in the cuff group relative 
to the sham group (Fig. 3A, p < 0.001 for POMC; p < 0.01 for 

Fig. 3  The expression of neuropeptides in the spinal cord after dif-
ferent frequency EA. qRT-PCR was employed to evaluate the mRNA 
expression of POMC, PENK, and PDTN in the spinal cord. (A) 
Western blot analysis was performed to assess the protein expres-
sion levels of POMC, enkephalin and dynorphin A in the L4-L6 spi-

nal cord. (B-G) All results were expressed as mean ± SEM and were 
statistically using one-way ANOVA followed by Tukey’s post-hoc 
test (n = 6). **p < 0.01, ***p < 0.001 compared to the Sham group; 
^p < 0.05, ^^p < 0.01, & p < 0.05 compared to the cuff group
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PENK; p < 0.001 for PDYN). However, treatment with 2hz 
EA significantly elevated POMC and PENK mRNA levels in 
cuff group (Fig. 3A, p < 0.05 for POMC; p < 0.05 for PENK), 
whereas 100hz EA effectively reversed the inhibitory state of 
PDYN mRNA (Fig. 3A, p < 0.05 for PDYN). Notably, there 
were no significant changes observed in POMC, PENK, and 
PDYN mRNA levels in the 18 kHz EA group when compared 
to the cuff group (Fig. 3A). Subsequent western blotting was 
employed to evaluate the protein expression of these neuropep-
tides in the spinal cord, revealing a pronounced downregula-
tion of POMC, enkephalin and dynorphin A in the cuff group 
(Fig. 3B-G, p < 0.001 for POMC; p < 0.01 for enkephalin; 
p < 0.01 for dynorphin A). Treatment with 2 Hz EA increased 

the POMC and enkephalin protein levels in sciatic nerve cuff-
ing mice (Fig. 3E-F, p < 0.01 for POMC; p < 0.05 for enkepha-
lin), while 100 Hz EA effectively enhanced the expression of 
dynorphin A (Fig. 3G, p < 0.05 for dynorphin A). However, the 
18 kHz EA did not alter the protein levels of POMC, enkepha-
lin and dynorphin A in the spinal cord (Fig. 3B-G). To fur-
ther validate these results, we utilized immunofluorescence 
analysis to assess the expression and activation of POMC and 
dynorphin A. We observed significant inhibition of POMC 
and dynorphin A in the cuff group (Fig. 4A-D, p < 0.01 for 
POMC; p < 0.01 for dynorphin A). Treatment with 2 Hz EA 
led to a notable increase in POMC expression compared to the 
cuff group (Fig. 4A-B, p < 0.01 for POMC), while 100HzEA 

Fig. 4  The impact of EA on the expression levels of POMC and 
dynorphin A in the spinal cord. Immunohistochemical analyses and 
statistical histogram of the immunofluorescence of POMC and dynor-
phin A immunoreactive positive neurons with a scale bar set at 20 

μm. (A-D) Results were presented as mean ± SEM and were analyzed 
using one-way ANOVA and Tukey’s post-hoc test (n = 6). Statistical 
significance was observed as **p < 0.01 compared to the Sham group, 
^^p < 0.01 and &&p < 0.01 compared to the cuff group
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resulted in increased expression of dynorphin A (Fig. 4C-D, 
p < 0.01 for dynorphin A). Notably, 18 kHz EA did not exert 
any influence on neuropeptide expression, thereby confirming 
the differential impact of varying EA frequencies on neuropep-
tide release within the spinal cord (Fig. 4A-D).

Influence of Varying EA Frequencies on Inflammatory 
Cytokines Expression

To clarify the impact of various EA frequencies on the 
expression of inflammatory cytokines in the spinal cord, 
we conducted a comprehensive analysis of IL-1β and 
TNF-α levels. qRT-PCR analysis revealed a significant 
elevation in mRNA expression of both IL-1β and TNF-α 
in the cuff group compared to the sham group (Fig. 5A, 
p < 0.05 for IL-1β; p < 0.001 for TNF-α). Treatment with 2 
Hz EA, 100 Hz EA, and 18 kHz EA significantly decreased 
mRNA levels of IL-1β and TNF-α in the cuff group 
(Fig. 5A). Subsequently, western blotting was employed to 
assess protein expression levels of these cytokines within 
the spinal cord, revealing a notable upregulation of TNF-α 
and IL-1β in the cuff group (Fig. 5B-E, p < 0.01 for both 

IL-1β and TNF-α). Moreover, treatment with 2 Hz EA, 
100 Hz EA, and 18 kHz EA effectively suppressed protein 
levels of IL-1β and TNF-α in sciatic nerve cuffing mice 
(Fig. 5B-E).

Sequencing and Assembly of Spinal Cord Tissue Data

In order to explore the mechanism of 18 kHz EA in reliev-
ing neuropathic pain, we conducted RNA-Seq on the sham 
group, the cuff group, and the 18 kHz EA group. Statistical 
analysis of three samples from each group revealed that the 
spinal cord tissue of the sham group yielded 149,692,394 
original reads, whereas the cuff group produced 154,682,018 
raw reads and the 18 kHz group generated 155,852,958 raw 
reads. After acquiring the data, each sample’s reads were 
compared to a reference sequence database using Star soft-
ware. Subsequently, the alignment status was statistically 
analyzed with RSEQC. In the sham group, 142,068,444 read 
segments matched the database, compared to 149,077,817 in 
the cuff group and 150,198,646 in the 18 kHz group. Table 2 
summarized the mapping rates for each sample.

Fig. 5  The expression of inflam-
matory cytokines in the spinal 
cord after different frequency 
EA. qRT-PCR was employed to 
evaluate the mRNA expression 
of IL-1β and TNF-α in the spi-
nal cord. (A) Western blot anal-
ysis was performed to assess 
the protein expression levels of 
IL-1β and TNF-α in the L4-L6 
spinal cord. (B-E) All results 
were expressed as mean ± SEM 
and were statistically using 
one-way ANOVA followed 
by Tukey’s post-hoc test 
(n = 6). *p < 0.05, **p < 0.01, 
***p < 0.001 compared to 
the Sham group; ^p < 0.05, 
^^p < 0.01, & p < 0.05, && 
p < 0.01, #p < 0.05, ## p < 0.01 
compared to the cuff group
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Analysis of the Differentially Expressed Genes (Cuff vs. 18 
kHz EA)

We employed the DESeq2 software to analyze differential 
gene expression between the Cuff and 18 kHz EA groups, 
resulting in the detection of a total of 476 genes exhibiting 
varied expression patterns. In constructing the volcano plot, 
each data point represented an individual gene, with log2FC 
values depicted on the x-axis. We defined |log2FC| ≥ 1 as the 
threshold for significant differences in gene expression and 
observed that compared to the cuff group, there were 216 
significantly upregulated genes (≥ 1) in the 18 kHz EA group, 
along with 260 significantly downregulated genes (≤-1). 
The y-axis represented -log10(P-Value), where genes were 

considered significantly different when P-Value was ≤ 0.05 
(Fig. 6A). Additionally, we performed bidirectional hierarchi-
cal clustering on differentially expressed genes across sam-
ples and visualized these results using a heatmap (Fig. 6B).

Investigation of Differential Gene Ontology Functions 
and KEGG Pathway Enrichment

GO encompasses molecular function (MF), biological pro-
cess (BP), and cellular component (CC). In comparison to the 
cuff group, the 18 kHz group exhibited differential expression 
of 347 genes in the BP group, 36 genes in the CC group, 
and 84 genes in the MF group. GO enrichment analysis was 
conducted on the differentially expressed genes from both 
groups. The results revealed that 18 kHz EA influenced vari-
ous biological processes such as cellular responses to cytokine 
stimulation and calcium-mediated signal transduction utiliz-
ing intracellular calcium sources. Additionally, it impacted 
cellular components including cluster of actin-based cell pro-
jections and muscle myosin complex, as well as molecular 
functions like neurotransmitter receptor activity (Fig. 7A). 
Furthermore, pathway enrichment analysis using the KEGG 
database indicated that differential gene expression in the 18 
kHz group was predominantly enriched in pathways related 
to serotonergic synapses, G protein-gated Potassium chan-
nels, Inflammatory mediator regulation of TRP channels, 
TNF signaling pathway, voltage-gated Ca2 + channels via G 
beta/gamma subunits, and cell adhesion molecules (CAMs) 

Table 2  The reads mapping rate of each sample in those three groups

Sample Total clean reads Total mapped Mapped ratio (%)

Sham1 48,593,808 44,924,745 92.40%
Sham2 48,170,536 46,263,782 96.00%
Sham3 52,928,050 50,879,917 96.10%
Cuff1 51,114,420 49,347,408 96.50%
Cuff2 49,426,744 47,501,526 96.10%
Cuff3 54,140,854 52,228,883 96.50%
18kHz1 45,220,200 43,555,210 96.30%
18kHz2 48,944,732 47,187,311 96.40%
18kHz3 61,688,026 59,456,125 96.40%

Fig. 6  The upregulated and downregulated genes. Setting p < 0.05 and |log2FC| ≥ 1.0 as cutoff values
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pathways (Fig. 7B). The evidence indicated the potential 
involvement of the serotonin system in mediating the analge-
sic effects of KHES, and our sequencing findings also spurred 
further investigation into the role of endogenous spinal 5-HT 
in KHES within animal models.

18 kHz EA Relieving Neuropathic Pain Via the 5-HT Pathway

The qRT-PCR findings indicated a notable decrease in the 
mRNA levels of 5-HT1A, 5-HT1B, 5-HT3A, 5-HT4A, and 
5-HT5A in cuff group (Fig.  8A, p<0.01 for 5-HT1A and 
5-HT1B; p<0.05 for 5-HT3A, 5-HT4A, and 5-HT5A), accom-
panied by markedly reduced mRNA levels of GIRK1, GIRK2 

Fig. 7  Gene enrichment analysis of the spinal cord concerning Cel-
lular Component (CC), Biological Process (BP) and Molecular Func-
tion (MF) in the 18 kHz group as compared with the cuff group. (A) 

Enriched pathways from KEGG analysis of differentially expressed 
genes between the cuff group and 18 kHz group. (B)

Fig. 8  The mRNA levels of 
some related genes in the spinal 
cord detected by qRT-PCR. All 
the results were expressed as 
mean ± SEM and analyzed by 
one-way ANOVA followed by 
Tukey’s post hoc tests (n = 6). 
* p < 0.05, ** p < 0.01 versus 
the Sham group; # p < 0.05, 
##p < 0.01 versus the cuff group
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and GIRK4 (Fig. 8B, p<0.01 for GIRK1 and GIRK2; p<0.05 for 
GIRK4). Additionally, there was a significant rise in the mRNA 
levels of 5-HT2A and 5-HT2B in cuff group (Fig. 8A, p<0.05 
for 5-HT2A and 5-HT2B), accompanied by markedly increased 
mRNA levels of GIRK3, Cav2.2, CaMKII, and NMDAR2B 
(Fig. 8B, p<0.05 for GIRK3; Fig. 8C, p<0.01 for Cav2.2; p<0.05 
for CaMKII and NMDAR2B). After 18 kHz EA, the mRNA lev-
els of 5-HT1A, GIRK2 and GIRK4 were significantly increased 
in cuff mice (Fig. 8A, p<0.05 for 5-HT1A; Fig. 8B, p<0.01 
for GIRK2; p<0.05 for GIRK4), while the levels of 5-HT2A, 
5-HT2B, Cav2.2, CaMKII, and NMDAR2B were significantly 
decreased (Fig. 8A, p<0.01 for 5-HT2A and 5-HT2B; Fig. 8C, 
p<0.05 for Cav2.2, CaMKII and NMDAR2B).

Discussion

In this study involving commonly used frequencies—2 Hz, 
100 Hz, and 18 kHz—all frequencies significantly reduced 
hyperalgesia in sciatic nerve cuffing mice following neu-
ral trauma, with the 18 kHz EA showing a more persistent 
analgesic effect. Although clear evidence has been pre-
sented on the analgesic effects of different frequencies, fur-
ther comprehensive research is necessary to elucidate the 
potential differences in their mechanisms of action (Xiang 
et al. 2014). Previous studies have shown that endogenous 
opioid peptides coexist with other neuropeptides or neuro-
transmitters in both the central and peripheral nervous sys-
tems, creating a robust intrinsic pain modulation system that 
governs pain regulation. EA achieves its analgesic effects by 
enhancing the release of endogenous opioids and modulating 
the associated receptors. Professor Han Jisheng’s research 
team has been investigating how EA influences centrally-
mediated analgesia. They believe that 2 Hz stimulation pro-
motes the release of endorphin and enkephalin, which targets 
µ-δ receptors, while 100 Hz stimulation increases the dis-
charge of potent opioids, activating K-receptors. Alternating 
between these two frequencies results in the simultaneous 
release of four opioid peptides (Han 2004). These peptides 
activate downstream opioid receptors through G-protein 
coupling, leading to the liberation of neurotransmitters 
including norepinephrine, acetylcholine, dopamine, and 
substance P from nerve endings. This process hyperpolar-
izes the postsynaptic membranes, impedes the transmission 
of nociceptive impulses, and thereby produces analgesia 
(Han 2003). The endocrine hormones and neurotransmitters 
released by electrical stimulation do not dissipate immedi-
ately upon cessation of the stimulation; instead, they con-
tinue to exert their influence within the body. It is crucial to 
emphasize that acupuncture analgesia is a highly intricate 
process involving multiple levels, channels, and targets, 
both peripheral and central (Du et al. 2020), as well as the 
opioid peptide system (Dembla et al. 2017), cannabinoid 

system (Yuan et al. 2018), purinergic signaling (Liao et al. 
2017), and numerous other aspects including inflammatory 
cytokines (Zhao 2008). Based on this foundation, this article 
focused on the direction of neuropeptides and inflammatory 
factors secretion to compare differences in analgesic mecha-
nisms at different frequencies with the aim of delving more 
deeply into the secrets of acupuncture analgesia. Our study 
demonstrated that frequencies of 2 Hz, 100 Hz, and 18 kHz 
effectively attenuate the release of inflammatory cytokines 
in the spinal cord of mice with neuropathic pain, however, 
distinct frequencies exert varying effects on neuropeptide 
release within the spinal cord. We revealed that frequen-
cies of 2 Hz and 100 Hz can effectively modulate spinal 
neuropeptide secretion, resulting in relief from neuropathic 
pain; however, the frequency of 18 kHz had no discernible 
effect on neuropeptide levels. Given the current scarcity 
of research on the analgesic mechanisms of KHES and its 
unclear mode of action, subsequent studies were exclusively 
dedicated to mechanism screening for 18 kHz EA, with only 
RNA-seq and qRT-PCR conducted on the 18 kHz EA group. 
The results indicated that 18 kHz may alleviate hyperalgesia 
in sciatic nerve cuffing mice by modulating the 5-HT path-
way (Supplementary Fig. 1).

5-HT is primarily synthesized by serotonergic neurons 
located in the raphe nuclei of the brain. It is then transported 
downwards through projection fibers to the dorsal horn of 
the spinal cord, where it manifests its effects by binding 
to its respective receptors (Kaswan et al. 2021; Newman-
Tancredi et al. 2018; Okaty et al. 2019). The 5-HT receptor 
family comprises seven distinct subfamilies and fifteen sub-
types, which are instrumental in regulating pain, mood, and 
sleep (Albert and Vahid-Ansari 2019; Artola et al. 2020; 
Pineda-Farias et al. 2015). Moreover, they are integral to 
the regulatory mechanisms governing neuropathic pain and 
central sensitization. Our study revealed significant vari-
ations in the expression levels of 5-HT receptors, Cav2.2 
N-type calcium channels, GIRK2 inward rectifier potassium 
channels, NMDA receptors, and their downstream CaM-
KII molecules using RNA-seq and qRT-PCR before and 
after KHES stimulation. Drawing from these findings, we 
advance the following scientific hypothesis: KHES has the 
potential to augment the axonal projection of 5-HT neurons 
subsequent to nerve injury, thereby enhancing the release 
of 5-HT. Spinal cord neurons increase the expression of 
5-HT1 receptors, leading to a reduction in the openness of 
the Cav2.2 channel and a decrease in calcium ion influx, 
thus dampening the excitability of spinal cord neurons and 
mitigating long-term potentiation (LTP). Concurrently, the 
downregulation of 5-HT2 receptors curbs the activity of spi-
nal glial cells, diminishing the release of neuroactive sub-
stances, and ultimately alleviating chronic neuropathic pain.

Our study has several notable limitations. We primarily focus 
on commonly used frequencies such as 2 Hz, 100 Hz, and 18 
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kHz, which play a representative role in this investigation. How-
ever, future studies should explore the application of EA at addi-
tional frequencies and for various types of pain. When comparing 
the analgesic effects of the three frequency groups, our assess-
ment is confined to differences within a 7-day period. To gain a 
better understanding of potential long-term analgesic disparities 
between different frequencies of EA, it is necessary to enhance 
our evaluation of long-term effects and extend the experimental 
duration. Moving forward, our future research will delve deeper 
into the mechanisms by which KHES alleviates neuropathic pain. 
Specifically, we will focus on the impact of various subtypes of 
5-HT receptors as target proteins on neuronal synaptic plasticity 
and downstream neuroglia cell in the spinal cord.

Conclusions

Our results demonstrated that the analgesic effect of EA on 
neuropathic pain in mice was frequency-dependent. Stimula-
tion at 18 kHz provided superior and prolonged relief com-
pared to 2 Hz and 100 Hz. Frequencies of 2 Hz, 100 Hz, 
and 18 kHz significantly reduced the release of inflamma-
tory cytokines (IL-1β and TNF-α) in the spinal cord of mice 
suffering from neuropathic pain. While 2 Hz EA enhanced 
the release of endorphins and enkephalin, and 100 Hz EA 
increased the secretion of dynorphin, 18 kHz EA did not affect 
spinal neuropeptide levels. Furthermore, 18 kHz stimulation 
reduced spinal neuronal excitability by modulating the sero-
tonergic pathway and downstream receptors in the spinal cord 
to alleviate neuropathic pain.
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