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Purpose: This study aimed to explore the effects of Electroacupuncture (EA) at the Zusanli (ST36) point on Irritable Bowel
Syndrome (IBS), along with its associated visceral hypersensitivity and anxiety-like behaviors.

Methods: To establish the IBS rat model, Water Avoidance Stress (WAS) was used. After successful modeling, rats were randomly
divided into four groups: Normal group, IBS group, ST36 group, and Sham EA group. The ST36 group received EA at bilateral ST36
acupoints, while the Sham EA group underwent identical procedures without electrical stimulation. Visceral hypersensitivity was
assessed using abdominal withdrawal reflex (AWR) scores, and anxiety-like behaviors were evaluated through open field test and
elevated plus maze. Neuronal activation was measured via c-Fos expression, and multi-channel electrophysiological recordings from
the anterior cingulate cortex (ACC) and anterior insular cortex (AIC) regions were analyzed for neural activity patterns. Autonomic
nervous function was assessed through heart rate variability analysis.

Results: EA at ST36 acupoint effectively alleviated visceral hypersensitivity and anxiety-like behaviors in IBS rats. The treatment
normalized abnormal neural activity and local field potential (LFP) oscillations in the ACC and AIC regions. Specifically, EA
corrected the pathologically increased firing rates and irregular discharge patterns in both neuronal types within these brain regions.
Furthermore, EA reduced the pathologically enhanced synchronization between ACC and AIC in delta (0.5-3 Hz) and theta (3-8 Hz)
frequency bands. EA also ameliorated autonomic nervous dysfunction associated with IBS manifestations.

Conclusion: These findings indicate that EA at ST36 acupoint modulates neuronal activity in the ACC and AIC regions, thereby
alleviating visceral hypersensitivity and anxiety-like behaviors in IBS rats, and improving autonomic nervous function.
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Introduction

Irritable Bowel Syndrome (IBS) is the most common functional gastrointestinal disorder, primarily characterized by
recurrent abdominal pain, bloating, and changes in bowel habits.' Epidemiological studies show that IBS patients often
experience comorbid psychiatric issues, including anxiety, depression, and social phobia, with incidence rates ranging
from 50% to 90%, especially among specific populations such as military personnel.” Additionally, IBS patients’
gastrointestinal symptoms are closely related to stress and emotions, with anxiety and other psychosomatic symptoms
contributing to nearly a twofold increase in the frequency of gastrointestinal symptom exacerbation.® An analysis of 11
European studies, comprising a total of 2757 IBS cases, estimates that the annual healthcare costs for each IBS patient
can reach as high as 2889 euros.” The refractory and recurrent nature of IBS severely impacts patients’ quality of life and
places a significant strain on healthcare resources, further increasing the societal burden.” Currently, the exact pathogen-

esis of IBS remains unclear. Research suggests that IBS involves multiple factors, including visceral hypersensitivity,
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mucosal inflammation, immune activation, changes in epithelial permeability, gut microbiota dysbiosis, genetic factors,
and the gut-brain axis, with visceral hypersensitivity being a core pathophysiological change.® Although pharmacological
treatments such as antispasmodics, osmotic laxatives, and antidepressants are commonly used, their side effects,
including reduced appetite and vomiting, often limit their therapeutic effectiveness.” Electroacupuncture (EA), a non-
pharmacological therapy with fewer side effects, has demonstrated good clinical efficacy in alleviating IBS symptoms.®’
By applying electrical stimulation to specific acupuncture acupoint, EA can modulate pathways involved in the
neuroendocrine-immune system, helping to alleviate abdominal pain and negative emotions in IBS patients.'
However, the precise central nervous mechanisms underlying EA’s therapeutic effects, particularly its modulation of
brain functional connectivity in visceral hypersensitivity, remain inadequately elucidated.

Visceral hypersensitivity is a hallmark feature of IBS, leading to the abnormal enhancement of synaptic transmission
or neuronal excitability from the spinal cord to the cerebral cortex, resulting in central sensitization."' The central
nervous system enhances the processing of noxious signals from the gut through descending modulation pathways,
altering the pain threshold and intensity.'* Studies have shown that IBS patients exhibit abnormal excitability in multiple
brain regions, particularly the brainstem visceral sensory areas, thalamus, hypothalamus, amygdala, anterior cingulate
cortex (ACC), and anterior insular cortex (AIC)."* Both ACC and AIC, key areas of the medial pain system, are involved
in the regulation and encoding of visceral sensation and associated negative emotions.'* Neuroimaging studies have
revealed that in IBS patients, both ACC and AIC are significantly activated, with a weakened functional connection
between the two.'* Experimental research has found that colorectal distension (CRD) increases theta oscillation power in
the ACC and AIC regions, and modulation of theta oscillation power can alter visceral pain processing at the neural

level.’®

The Zusanli (ST36) acupoint is one of the most commonly used acupuncture acupoint in the clinical treatment of
IBS.'® Studies have shown that EA at ST36 acupoint can activate glutamatergic neurons in different brain regions,
thereby modulating the peripheral nervous system and contributing to the inhibition or promotion of gastric motility.'” In
this study, we applied EA at ST36 acupoint to IBS rats to investigate, for the first time, the dynamic changes in ACC-AIC
functional connectivity during visceral hypersensitivity and anxiety-like behavior. Our findings provide fundamental
insights into the neurobiological basis of EA effects, which may contribute to the optimization of treatment protocols and

support the development of precision medicine approaches in IBS management.

Materials and Methods

Research Object

A total of 78 male Wistar rats of specific pathogen-free (SPF) grade, 3 months old, weighing 240-280 g, were provided
by Jinan Pengyue Laboratory Animal Co., Ltd., Shandong, production license no: SCXK (Lu) 20220009. The rats were
housed in the Animal Experiment Center of Shandong University of Traditional Chinese Medicine at a temperature of
21-25°C and humidity of 60%-70%. All experimental procedures were conducted in accordance with the ethical
standards of the Animal Ethics Committee of Shandong University of Traditional Chinese Medicine, with ethical
approval number: SDUTCM20220307006.

Main Reagents and Instruments

Reagents: Isoflurane (R510-22, Shenzhen RWD Life Science Co., Ltd).; Bovine Serum Albumin (SRE0096, Sigma,
USA); Triton X-100 (T9284, Sigma, USA); Anti-c-FOS antibody (mAb #2250, Cell Signaling Technology, USA); Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody (ab150077, Abcam, USA); Paraformaldehyde (PFA)
(Biosharp, Beijing, China); Nissl staining solution (G1036, Wuhan Servicebio Technology Co., Ltd).; PRV-CAG-
mRFP (BC-PRV210928, Wuhan BrainCase Biotechnology Co., Ltd).

Instruments: EA apparatus (Suzhou Medical Supplies Factory Co., Ltd).; Huatuo disposable acupuncture needles (Suzhou
Medical Supplies Factory Co., Ltd).; Stereotaxic apparatus (Stoelting, USA); Powerlab data acquisition and analysis system
(AD Instruments, USA); Multi-channel signal acquisition and processing system (Blackrock, USA); Neuro Explorer 4.13
software (Plexon, USA); MATLAB 2024b (MathWorks, USA); Biological Operating System Software (BOSS, PLEXON,
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USA); Laser confocal microscope (ZEISS, Germany); Cryostat (Leica, Germany); Open field and elevated plus maze system
(Shanghai XinRuan Information Technology Co., Ltd., China); Hamilton microsyringe (Hamilton Company, USA).

Animal Grouping and Model Preparation

After one week of adaptive feeding, rats were randomly divided using a number table into four equal groups (n = 15/
group): Normal, IBS, ST36, and Sham EA groups. To establish the IBS model, all groups except Normal underwent
Water Avoidance Stress (WAS) for 10 consecutive days. Each rat was placed on a platform (10 X §x8 cm) in a water tank
(45 x 25%25 cm) with water level 1 cm below the platform surface (25°C) for 1 hour daily at 8:00 AM. The normal group
rats were placed in identical tanks without water. Successful IBS model establishment was confirmed by Abdominal
Withdrawal Reflex (AWR) scores >3.'® After the IBS model was established, the ST36 and Sham EA groups received
their respective 20-minute EA treatments. During this period, we recorded various parameters including fecal pellet
count, body weight, AWR, abdominal electromyography, electrocardiography, elevated plus maze performance, open
field test results, as well as c-FOS expression and neural projections in the ACC and AIC. Additionally, the remaining 6
rats from each of the Normal, IBS, and ST36 groups underwent in vivo multi-channel neurophysiological recordings of
neuronal discharge in the ACC and AIC brain regions (Figure 1A).
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Figure | Experimental Protocol and Visceral Sensitivity Outcomes in IBS Model Rats Following EA Treatment.

Notes: (A) A flowchart of the experimental protocol. (B) Body weight gain comparison among Control, IBS, ST36, and Sham EA groups. (C) Fecal pellet output comparison
among Control, IBS, ST36, and Sham EA groups. (D) Abdominal Withdrawal Reflex (AWR) scores at 40 mmHg and 60 mmHg distension pressures. (E) EMG AUC analysis.
*p < 0,05, *p < 0.0 compared with the Control group. #p < 0.05, #p < 0.01 compared with the IBS group.
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Methods of Intervention

Acupoint localization and EA procedures were performed according to a previously protocol.'” The ST36 acupoint was
identified approximately 5 mm below the fibular head on the posterolateral aspect of the knee in each rat. During EA
treatment, animals were lightly anesthetized with isoflurane (2% induction, 1.0-1.5% maintenance) via inhalation to
minimize stress-related alterations in neural and autonomic function. Two pairs of disposable stainless-steel acupuncture
needles (0.3 mm diameter, 15 mm length) were bilaterally inserted at ST36 acupoint, with each pair connected to the
positive and negative outputs of the EA stimulator to ensure inter-needle current flow. Electrical stimulation consisted of
alternating disperse-dense waves (2 Hz/10 Hz) at 2 mA for 20 minutes per day over 10 consecutive days. Sham-EA
animals underwent the identical procedure, except that the stimulator output was set to 0 mA.

Observation Indicators and Testing Methods

AWR

The AWR score effectively reflects visceral hypersensitivity and assesses rat sensitivity to CRD. Before testing, rats were
fasted for 12 hours with free access to water. During the procedure, the distension balloon was emptied, coated with liquid
paraffin, and gently inserted 6 cm into the rat’s anus, then secured to the tail to prevent slippage. CRD was performed at four
pressure levels (20, 40, 60, and 80 mmHg), with each pressure applied for 20 seconds and repeated three times. A blinded
observer assessed the AWR score using a 0—4 scale: 0 (no response), 1 (occasional head movement), 2 (mild abdominal
muscle contraction without lifting), 3 (strong abdominal contraction with lifted abdomen but not pelvis), and 4 (arched body
with lifted pelvic structures). The average score from three measurements was then calculated.

Rectus Abdominis Electromyography Recording

to the experiment, rats were fasted for 12 hours with free access to water, followed by anesthesia with 2% isoflurane.
Throughout the entire experiment, their body temperature was maintained at 37°C using a temperature control system
specifically designed for laboratory animals. A midline abdominal incision was made along the line connecting the midpoint
between the xiphoid process and pubic symphysis. The skin was incised to expose the subcutaneous tissue and external
oblique muscle. Electromyography (EMQG) electrodes were implanted on the surface of the external oblique muscle to record
its electrical activity. After electrode placement, a lubricated glycerin-coated balloon was gently inserted 6 cm into the rat’s
rectum and securely fixed. The balloon was connected to a pressure sensor for real-time monitoring of pressure changes.
Following electrode and balloon placement, we adjusted the anesthesia level to 1% isoflurane. We applied CRD to stimulate
the colon at pressures of 20, 40, 60, and 80 mmHg and maintained each pressure for 20s with a 2-minute interval between
stimulations. EMG signals were amplified and digitized using an amplifier and analog-to-digital converter before being
inputted to a computer. Under different CRD pressures, we used the PowerLab data acquisition and analysis system to record
the electrical activity of the external oblique muscle. For each CRD pressure, we measured the area under the curve (AUC) of
the EMG signal for 20 seconds for quantitative analysis of the EMG response.

Elevated Plus-Maze Test

The elevated plus maze (EPM) consists of two open arms (50 x 10 cm), two closed arms (50 x 10%35 cm), and a central
platform (10 % 10 cm), elevated 60 cm from the floor. All behavioral tests were conducted between 8:00—-12:00. Prior to
testing, rat cages were placed in a quiet, dimly lit room for 1 hour to allow for acclimatization. The rat was then placed on
the central platform facing an open arm, and its activity was video-recorded for 5 minutes. Two parameters were
measured: (1) open arm entry percentage (OE%: open arm entries/total entries X 100%) and (2) open arm time
percentage (OT%: time in open arms/total test time X 100%). The maze was cleaned with 75% ethanol between tests
to eliminate olfactory cues from previous animals.

Open Field Test

The open field test (OFT) was conducted in a square arena (1 x 1 m) with 50 cm high walls. The floor was divided into 9 equal
squares (3 x 3), consisting of one central square and eight peripheral squares. Testing was performed between 8:00-12:00 in
a quiet, dimly lit room. As with the EPM test, rats were acclimated to the testing room for 1 hour before testing. Each rat was
then placed in the center of the arena and recorded for 5 minutes. Four parameters were measured: (1) total distance traveled,
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(2) average velocity, (3) number of central area entries, and (4) number of rearings (rat standing on hind legs with forepaws
raised). The apparatus was cleaned with 75% ethanol between tests to remove odor cues.

Heart Rate Variability Measurement

assess the autonomic nervous function in rats, we performed heart rate variability (HRV) measurements. Rats were fasted for
12 hours with free access to water and then anesthetized with 2% isoflurane. Throughout the experiment, the rats’ body
temperature was maintained at 37°C using a temperature control system designed for laboratory animals. Anesthetized rats
were placed in supine position on the operating table Acupuncture needles (0.25 x 13 mm) were inserted subcutaneously into
the right forelimb, right hindlimb, and left hindlimb. The NEG, EARTH, and POS electrodes from the PowerLab acquisition
system were connected to these needles for stable signal recording. The accompanying LabChart software was used to collect

and analyze electrocardiogram (ECG) data. The sampling rate was set to 2 ks

, with a signal amplitude range of 5 mV and
a low-pass filter frequency of 500 Hz. According to the international standards for HRV frequency domain analysis, the
frequency ranges of high frequency (HF), low frequency (LF), and very low frequency (VLF) were defined as 0.75-2.5 Hz,
0.2-0.75 Hz, and 0-0.2 Hz, respectively. Lead II ECG signals were recorded for 5 minutes. The LabChart software analyzed
the ECG data and calculated and outputted the time-domain and frequency-domain indexes of HRV, including the absolute

values of HF, LF, and VLF, as well as the LF/HF ratio.

Immunofluorescence

To investigate neuronal activation patterns in the ACC and AIC regions, c-Fos protein expression was detected using
immunofluorescence staining. Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p). and perfused with 4%
paraformaldehyde (PFA). Brains were removed, post-fixed in PFA overnight, and successively dehydrated in 15% and
30% sucrose solutions. Brain tissue was sectioned coronally (20 um) using a cryostat, with every third section collected
and stored in 0.01 M PBS. Brain sections were blocked in solution (2% bovine serum albumin, 1X PBS, 0.3% Triton
X-100) for 1 hour at room temperature to prevent non-specific binding. Following blocking, they were incubated with
rabbit anti-c-Fos antibody (1:500) at 4°C for 48 hours, washed with PBS, and then incubated with goat anti-rabbit
secondary antibody (1:500) at 37°C for 2 hours. After washing, nuclei were labeled with DAPI. Images were acquired
using a laser scanning confocal microscope and processed with Imagel.

Viral Injection

To investigate neural projections between the ACC and AIC regions, retrograde transsynaptic tracing was performed
using PRV-CAG-mRFP virus (1.0 x 10" viral genomes/mL). Rats were anesthetized with 2% isoflurane via inhalation
and secured in a stereotaxic frame. A microsyringe pump system was used to inject 500 nL of viral solution into the
unilateral AIC at a rate of 0.1 uL/min. Following injection and needle withdrawal, rats were returned to their cages. After
a 5-day viral expression period, immunofluorescence staining was conducted to verify infection at the injection site and
to identify labeled neurons in target brain regions (Figure 2A, C and D).

Multichannel Electrophysiological Experiments

To investigate neuronal activity differences between groups, in vivo multi-channel neurophysiological recordings were
performed in the ACC and AIC regions. For the recording procedure, rats were anesthetized with 2% isoflurane and placed
on a heating pad (37°C). For stereotaxic surgery, the scalp was shaved and incised to expose the bregma and lambda. Based on
the rat brain atlas, target coordinates were: ACC (AP - 2.2 mm, ML + 0.6 mm, DV - 2.5 mm) and AIC (AP - 3.7 mm, ML +
4.4 mm, DV - 5.6 mm). Craniotomies were performed at these locations using a dental drill. The recording electrode consisted
of two bundles of 16 nickel-chromium Teflon-insulated microwires (8 wires/bundle in a 2x4 arrangement) with two
uninsulated silver wires serving as ground electrodes. After positioning the electrode perpendicular to the skull surface, it
was slowly implanted (100 pm/min) to the target depth and secured with dental cement. Rats recovered for five days post-
surgery. Neural recordings were obtained from three experimental conditions: Normal, IBS, and ST36 groups. Signals were
captured using an in vivo acquisition system as neuronal spikes (150-8000 Hz filter, 40 kHz sampling) and local field
potentials (LFP, 0.7-400 Hz filter, 2 kHz sampling). During processing, artifacts were removed using BOSS software, with
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Figure 2 Neural Projections and Electrode Placement Verification in the ACC and AIC Regions.
Notes: (A) Brain atlas diagram. (B) Niss| staining image showing electrode placement. (C) AIC viral transfection image. (D) ACC viral transfection image.

notch (50 Hz) and high-pass (> 0.5 Hz) filters applied to eliminate power line interference and movement artifacts. Spike
waveforms, firing rates, and LFP patterns were analyzed using Neuro Explorer and MATLAB 2024b.

Spike Sorting and Neuronal Classification

Neuronal spike detection and sorting were performed following standard procedures. Raw signals were first processed by
setting a voltage threshold for each channel, with signals exceeding this threshold extracted as potential spikes. Multiple
techniques were employed for sorting, including principal component analysis (PCA) and K-means clustering, which
automatically classified neurons into distinct types with clusters visualized in two-dimensional space. Interspike intervals
(ISIs)—the time between consecutive spikes from the same neuron—were calculated to assess spike temporal patterns.
IST histograms were constructed for each identified neuron, with intervals less than 2 ms considered electrical noise or
artifacts and excluded from analysis. This comprehensive spike detection and sorting approach was implemented using
BOSS software to analyze neuronal activity across the Normal, IBS, and ST36 groups.

Spike Firing Rate and Pattern

We calculated several key indices that describe neuronal discharge properties, including the mean firing rates, coefficients of
variance (CV), mode of ISI, and asymmetry index (AI). The mean firing rate was defined as the number of spikes released by
neurons per second. The CV is a measure of the regularity of neuronal discharge, calculated as the standard deviation of the ISI
divided by the mean ISI. CV values greater than 1 indicate irregular discharge patterns, while values less than 1 suggest more
regular discharge patterns. The mode of ISI represents the most frequently occurring ISI. To assess the regularity and shape of
the ISI distribution, we used the asymmetry index, which is the ratio of the mode ISI to the mean ISI. An index close to 1
indicates a regular discharge pattern, while an index less than 1 suggests an asymmetrical ISI distribution. All these
neurophysiological parameters were calculated across the three groups using Neuro Explorer software.

LFP
LFPs were analyzed to assess neuronal population activity in the ACC and AIC regions. The total LFP power was
divided into four frequency bands: delta (0.5-3 Hz), theta (3-8 Hz), alpha (8—12 Hz), and beta (12-35 Hz). For each
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band, power spectral density was calculated using Fast Fourier Transform (FFT) with a Hanning window to minimize
spectral leakage. Time-frequency spectrograms and power spectral density were generated to visualize dynamic changes
in frequency distribution over time, allowing comparison of patterns between Normal, IBS, and ST36 groups. These
analyses were performed using Neuro Explorer to quantify differences in regional brain activity associated with IBS
pathophysiology and EA treatment effects.

Relationship Between ACC-LFPs and AIC-LFPs

To examine functional connectivity between ACC and AIC regions, we analyzed coherence measures across four frequency
bands in all experimental groups. For each rat, ten 5-second segments of simultaneously recorded LFPs from both regions
were randomly selected for analysis. Two complementary measures were calculated: mean coherence and mean phase
coherence. Mean coherence quantified the linear correlation between signals (0 indicating no correlation, 1 indicating perfect
correlation) across frequency bands. Mean phase coherence assessed phase synchronization, also ranging from 0 to 1, with
higher values representing stronger phase coupling. Results were visualized using frequency-specific coherence plots and
Rose plots. The latter displayed phase angle distributions between ACC and AIC signals, with more concentrated distribu-
tions indicating stronger inter-regional synchronization. These coherence analyses were performed using MATLAB software
to identify potential connectivity alterations associated with IBS pathophysiology and EA effects.

Histological Staining

To verify electrode placement accuracy, histological examination was performed. Rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and transcardially perfused for tissue fixation. Brains were sectioned coronally at 50 pm
thickness using a cryostat and processed for Nissl staining. Sections were immersed in preheated (58°C) Nissl solution
for 5 minutes, then dehydrated through an ascending ethanol series (75%, 95%, and absolute ethanol twice, 5 seconds
each). After clearing in xylene (twice, 3 minutes each), sections were mounted with neutral resin. Electrode placement
was confirmed by examining the stained sections (Figure 2B).

Statistical Analysis

Statistical analyses were conducted using SPSS 21.0 and GraphPad Prism 5.0. All data were first tested for normality and
homogeneity of variance. For normally distributed data with equal variances, paired t-tests were applied for within-group
comparisons, while one-way ANOVA followed by appropriate post-hoc tests was used for between-group comparisons.
When homogeneity of variance assumption was violated, the Kruskal-Wallis H-test was employed. For non-normally
distributed data, corresponding non-parametric methods (Wilcoxon signed-rank test for paired comparisons and Mann—
Whitney U-test for unpaired comparisons) were utilized. Results are presented as mean + standard deviation, with
statistical significance defined as P < 0.05. A priori power analysis was performed using G*Power 3.1.9.7 based on pilot
data (a = 0.05, power = 0.80), indicating that a sample size of n = 15 per group is sufficient to detect the expected effect
sizes and support the robustness of our experimental design.

Results
Effects of EA at ST36 Acupoint on Visceral Hypersensitivity of IBS Rat Model

We successfully established an IBS rat model using the WAS method and evaluated the effects of EA at ST36 acupoint.
The IBS group showed significantly reduced body weight gain compared to the Normal group (p < 0.05, Figure 1B),
while both ST36 and Sham EA groups demonstrated increased body weight compared to the IBS group (p < 0.05).
Similarly, fecal pellet output was significantly increased in the IBS group compared to the Normal group (p < 0.05,
Figure 1C), and this increase was significantly attenuated in both ST36 and Sham EA groups (p < 0.01). Visceral
sensitivity was assessed using AWR scores and EMG. The IBS group exhibited significantly higher AWR scores than the
Normal group at both 40 mmHg and 60 mmHg distension pressures (p < 0.01, Figure 1D). EA treatment at ST36
acupoint significantly reduced AWR scores compared to the IBS group at both pressure levels (p < 0.05), with the Sham
EA group showing similar improvements. Consistent with AWR findings, EMG recordings showed significantly
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increased AUC of EMG data in the IBS group compared to the Normal group (Figure 1E), with EA treatment
significantly reducing this. Changes in EMG amplitude also confirmed these findings (Figure 3).

Effects of EA at ST36 Acupoint on Anxiety-Like Behaviors in IBS Rat Model
OFT

In the OFT, the IBS group exhibited significant anxiety-like behaviors compared to the Normal group, as evidenced by
decreased total distance traveled (P < 0.01, Figure 4A), reduced average speed (P < 0.01, Figure 4B), and fewer entries
into the central area (P < 0.01, Figure 4C). The trajectories for all groups are shown in Figure 4D-G. EA at ST36
acupoint significantly ameliorated these behaviors, with the ST36 group showing increased total distance traveled (P <
0.05), higher average speed (P < 0.01), and more entries into the central area (P < 0.05) compared to the IBS group. In
contrast, the Sham EA group showed no significant improvements in any of these parameters when compared to the IBS
group, indicating the specificity of the ST36 acupoint effect.

EPM

In the EPM, the IBS group exhibited significantly decreased percentages of open arm entries (P < 0.05, Figure 5A), time
spent in open arms (P < 0.05, Figure 5B), and total arm entries (P < 0.05, Figure 5C) compared to the Normal group,
indicating increased anxiety-like behavior. The trajectories for all groups are shown in Figure SD—G. EA at ST36 acupoint
significantly reversed these anxiety-like behaviors, with the ST36 group showing increased percentages of open arm entries
(P <0.05), time spent in open arms (P < 0.05), and total arm entries (P < 0.05) compared to the IBS group. However, the
Sham EA group showed no significant improvements in any of these parameters compared to the IBS group.

Neural Mechanism of EA at ST36 Acupoint in Alleviating Visceral Hypersensitivity and
Anxiety-Like Behavior in IBS Rat Model

EA Prevented Abnormal Activation of the Autonomic Nervous System in IBS Rat Model

We examined autonomic nervous system function using HRV analysis, focusing on LF power (sympathetic activity), HF
power (parasympathetic activity), and LF/HF ratio (sympathovagal balance). The IBS group showed significant auto-
nomic imbalance compared to the Normal group, with elevated LF power and LF/HF ratio (P < 0.05, Figure 6A and B),
and reduced HF power (P < 0.05, Figure 6C), indicating sympathetic predominance. EA at ST36 acupoint significantly
restored autonomic balance, as evidenced by decreased LF power (P < 0.05), reduced LF/HF ratio (P < 0.05), and
increased HF power (P < 0.05) compared to the IBS group. While the Sham EA group also showed reduced LF power
and LF/HF ratio (P < 0.05), it had no significant effect on HF power.

Baseline 20 mmgh 40 mmgh 60 mmgh 80 mmgh

Figure 3 Representative EMG Examples from Different Experimental Groups.
Notes: (A) Control group. (B) IBS group. (C) ST36 group. (D) Sham EA groups.
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Figure 4 OFT Analysis of Anxiety-like Behaviors and Trajectory Mapping in Different Experimental Groups.

Notes: (A) Total distance traveled in the OFT. (B) Average speed in the OFT. (C) Number of entries into the central area in the OFT. (D) Trajectory map of the Control
group. (E) Trajectory map of the IBS group. (F) Trajectory map of the ST36 group. (G) Trajectory map of the Sham EA group. **p < 0.0 compared with the Control group.
#b < 0.05, #p < 0.01 compared with the IBS group.
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Figure 5 EPM Analysis of Anxiety-like Behaviors and Trajectory Mapping in Different Experimental Groups.

Notes: (A) Percentage of open arm entries in the EPM. (B) Time spent in open arms in the EPM. (C) Total arm entries in the EPM. (D) Trajectory map of the Control group.
(E) Trajectory map of the IBS group. (F) Trajectory map of the ST36 group. (G) Trajectory map of the Sham EA group. *p < 0.05 compared with the Control group. *p < 0.05
compared with the IBS group.

EA Modulated c-Fos Expression in the ACC and AIC of IBS Rat Model

To investigate the central mechanisms underlying EA effects on visceral hypersensitivity and anxiety-like behavior in
IBS, we examined c-Fos expression as a marker of neuronal activation in key brain regions. Immunofluorescence
analysis revealed significantly increased c-Fos expression in both the ACC (p < 0.05, Figure 7A-D) and AIC (p < 0.05,
Figure 8A-D) regions of IBS rats compared to the Normal group, indicating enhanced neuronal activity in these pain-
processing centers. EA at ST36 acupoint significantly suppressed the elevated c-Fos expression in both regions compared
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Figure 6 HRV Analysis of Autonomic Nervous System Function in Different Experimental Groups.
Notes: (A) LF power in HRV analysis. (B) LF/HF ratio in HRV analysis. (C) HF power in HRV analysis. *p < 0.05 compared with the Control group. *p < 0.05 compared with

the IBS group.
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Figure 7 Comparison of c-Fos Expression Across Different Experimental Groups in the ACC.
Notes: (A) Control group. (B) IBS group. (C) ST36 group. (D) Comparison of c-Fos expression across different experimental groups in the ACC. *p < 0.05 compared with

the Control group. #p < 0.05 compared with the IBS group.

to the IBS group (p < 0.05). These findings suggest that IBS-induced visceral hypersensitivity is associated with
hyperactivation of the ACC and AIC, while EA therapy effectively normalizes this aberrant neuronal activity, potentially
contributing to its therapeutic effects on visceral pain and anxiety-like behaviors.
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Figure 8 Comparison of c-Fos Expression Across Different Experimental Groups in the AIC.
Notes: (A) Control group. (B) IBS group. (C) ST36 group. (D) Comparison of c-Fos expression across different experimental groups in the AIC. *p < 0.05 compared with
the Control group. #p < 0.05 compared with the IBS group.

EA Normalized Neuronal Firing Patterns and LFP Activity in the ACC of IBS Rat Model

We classified ACC neurons into two distinct types based on their electrophysiological characteristics (Figure 9A—C):
interneurons (ACC I) with narrow waveforms and higher firing rates, and pyramidal neurons (ACC II) with broader
waveforms and lower firing rates. ISI histograms showed ACC I neurons had relatively wide, random distributions
(Figure 9D), while ACC II neurons displayed left-skewed distributions, indicating burst-like firing patterns (Figure 9E).
PCA confirmed these neuronal classifications. Analysis of spontaneous firing activity (Figure 10A—D) revealed that IBS
rats exhibited significantly increased mean firing rates and CV in both neuron types compared to the Normal group (P <
0.05), while the Al was significantly reduced (P < 0.05). However, no significant change was detected in the Mode ISI
values themselves. EA at ST36 acupoint normalized these abnormalities, significantly decreasing firing rates and CV
values while increasing Al values compared to the IBS group (P < 0.05). These changes indicate that EA effectively
restored the dysregulated neuronal firing patterns in IBS rats to a more regular, physiologically stable state. LFP analysis
(Figure 11A-D) showed significantly enhanced power across the 0.5-35 Hz frequency band in the IBS group compared
to the Normal group, with particular increases in delta and theta bands (P < 0.05). EA at ST36 acupoint significantly
attenuated the elevated power in delta and theta bands compared to the IBS group (P < 0.05), indicating a restoration of

normal neural oscillatory patterns that were disrupted in the IBS condition.
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EA Normalized Neuronal Firing Patterns and LFP Activity in the AIC of IBS Rat Model

Similar to ACC, we classified AIC neurons into two types based on their electrophysiological properties (Figure 12A—C):
interneurons (AIC I) with narrow waveforms and higher firing rates, and pyramidal neurons (AIC II) with broader waveforms
and lower firing rates. ISI histograms showed wide, random distributions for AIC I neurons (Figure 12D), whereas AIC 11
neurons displayed left-skewed distributions, indicating burst firing patterns (Figure 12E). PCA confirmed these distinct
neuronal classifications. Analysis of spontaneous neuronal activity revealed differential responses between the two neuron
types (Figure 13A-D). In the IBS group, AIC II neurons showed significantly increased mean firing rates and CV compared to
the Normal group (P < 0.05), with decreased Al values (P < 0.05). AIC I neurons exhibited similar but non-significant trends.
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Notes: (A) LFP power spectrum in the Normal group. (B) LFP power spectrum in the IBS group. (C) LFP power spectrum in the ST36 group. (D) Changes in LFP power
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Figure 12 Classification of AIC Neurons Based on Electrophysiological Properties.
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| interneurons. (E) ISI histogram of AIC Il pyramidal neurons.

However, no significant change was detected in the Mode ISI values themselves. EA at ST36 acupoint selectively normalized
AIC II neuronal activity, significantly reducing firing rates and CV while increasing Al values compared to the IBS group (P <
0.05). These changes indicate restoration of more regular firing patterns in AIC II neurons, which are primarily projection
neurons involved in visceral sensory processing. No significant changes were observed in AIC I neurons after EA treatment.
LFP analysis in the AIC (Figure 14A—D) showed significantly enhanced power across the 0.5-35 Hz frequency band in the
IBS group compared to the Normal group, particularly in delta and theta bands (P < 0.05). EA at ST36 acupoint significantly
reduced this elevated power, especially in delta and theta frequencies (P < 0.05), suggesting restoration of normal neural
oscillatory patterns in this key visceral pain processing region.
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Figure 14 Analysis of LFP in the AIC Across Different Experimental Groups.
Notes: (A) LFP power spectrum in the Normal group. (B) LFP power spectrum in the IBS group. (C) LFP power spectrum in the ST36 group. (D) Changes in LFP power
spectrum across frequency bands. *p < 0.05 compared with the Control group. *p < 0.05 compared with the IBS group.

EA Normalized Functional Connectivity Between ACC and AIC in IBS Rat Model

To investigate functional connectivity between ACC and AIC, we analyzed coherence and phase synchronization of LFP
oscillations (Figure 15A—F). The IBS group exhibited significantly increased coherence values between ACC and AIC in
delta and theta frequency bands compared to the Normal group, along with elevated mean phase coherence. Polar plots of
phase angle distributions in these frequency bands showed more concentrated patterns in the IBS group, indicating
enhanced oscillatory synchronization between these two brain regions (Figure 16A-C). EA at ST36 acupoint
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180°

Figure 15 Polar Plots of Phase Angle Distributions Across Experimental Groups.
Notes: (A) Normal group (0.5-3 Hz). (B) IBS group (0.5-3 Hz). (C) ST36 group (0.5-3 Hz). (D) Normal group (3-8 Hz). (E) IBS group (3-8 Hz). (F) ST36 group (3-8 Hz).

significantly reduced both coherence values and phase coherence between ACC and AIC in delta and theta bands
compared to the IBS group. The polar plots demonstrated more dispersed phase angle distributions after EA treatment,
confirming reduced synchronization. These findings suggest that IBS enhances functional connectivity between ACC and
AIC, particularly in lower frequency bands, while EA effectively restores normal oscillatory relationships.

Discussion

IBS is a brain-gut interaction disorder characterized by both gastrointestinal dysfunction and the emergence of psycho-
logical and emotional issues.”>*' According to the 2020 definition by the International Association for the Study of Pain,
pain is an unpleasant sensory and emotional experience resulting from actual or potential tissue damage.”* Visceral
hyperalgesia involves the dynamic integration of sensory inputs with cognition and emotions, reflecting changes in
multiple brain regions.”> These perceptual changes connect to the gastrointestinal system via both sympathetic and
parasympathetic pathways, forming a central-gut regulatory circuit.>* EA, a modality of traditional Chinese medicine,
primarily stimulates specific acupuncture points to activate physiological regulatory mechanisms, thereby promoting
systemic balance.”>° ST36, as the he-sea point and lower he-sea point of the stomach meridian, critically regulates
gastrointestinal functions and reinforces spleen and stomach activity.?” Clinical studies have demonstrated that EA at
ST36 acupoint significantly alleviates abdominal pain and discomfort in IBS patients, enhancing their quality of life.®>’
Recent research by Ma et al revealed that EA at ST36 acupoint activates peripheral sensory neurons expressing
PROKR?2, transmitting signals via the spinal dorsal horn to the vagus nerve and nucleus tractus solitarius (NTS),
constituting a clear bottom-up neural transmission pathway.*® Our laboratory has also recently shown that stimulation
of the Tianshu (ST25) acupoint transmits sensory signals through the dorsal root ganglion (DRG) and spinal dorsal horn
to higher brain centers.’' These findings suggest that the therapeutic effects of EA at ST36 acupoint in IBS are likely
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Figure 16 Analysis of Functional Connectivity Between ACC and AIC Based on LFP Coherence and Phase Synchronization.
Notes: (A) Coherence values across different frequency bands. (B) Mean phase coherence across different frequency bands. (C) Coherence value across the full frequency
spectrum. *p < 0.05 compared with the Control group. *p < 0.05 compared with the IBS group.

mediated through this pathway, ultimately reaching the cerebral cortex to modulate visceral hypersensitivity and anxiety-
like behaviors. The ACC and AIC are key brain regions implicated in visceral perception and emotional regulation.””
These areas receive nociceptive input from pain-related brain regions, such as the thalamus and amygdala, and project
directly to the spinal cord’s dorsal horn, modulating visceral sensations as well as emotional regulation, including anxiety
and fear.*>** The ACC primarily contributes to pain perception, whereas the AIC relates more closely to emotional
regulation, decision-making, and self-awareness.”> Abnormal neural activity in both the ACC and AIC strongly
correlates with visceral hyperalgesia and negative emotions, hallmark characteristics of IBS.*®*” Using retrograde
viral tracing, we clarified direct neural projections between the ACC and AIC, suggesting that these brain regions play
pivotal roles in IBS-induced visceral hyperalgesia and represent key targets for EA modulation of visceral sensitivity
(Figure 17). Our study is the first to explore the electrophysiological relationship between the ACC and AIC in IBS,
specifically examining how EA at ST36 acupoint modulates neural activity in these regions. The results provide new
insights into the central nervous mechanisms underlying EA treatment for IBS.

The AWR is a standard method for assessing visceral hyperalgesia in IBS, reflecting involuntary reflexes of visceral
motility and sensation.*® Our results showed significantly increased AWR scores, lowered colonic pain thresholds, and
elevated EMG activity in the IBS group, indicating significant visceral hyperalgesia. EA at ST36 acupoint substantially
improved these parameters, while the Sham EA group showed no significant improvement, suggesting that EA effects
were specific to the ST36 acupoint rather than placebo effects.”® Chronic psychological stress is strongly associated with
IBS progression.*” Our behavioral tests revealed that IBS rats exhibited weight loss, increased stool pellet count, and
enhanced defensive behaviors. In both OFT and EPM tests, IBS rats demonstrated significant anxiety-like behaviors.
Following EA at ST36 acupoint, these behaviors were significantly reduced, while the Sham EA group showed no
comparable improvements, further confirming the specificity of EA at ST36 acupoint.*' Additionally, IBS patients
commonly exhibit autonomic dysregulation, characterized by excessive sympathetic activation exacerbating gastrointest-
inal dysfunction, abdominal pain, and abnormal defecation.** HRV is commonly used to assess autonomic balance in IBS
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Figure 17 The Mechanisms of EA in Alleviating Visceral Hypersensitivity and Anxiety-like Behaviors in IBS Rats.

patients, with LF reflecting sympathetic activity, HF reflecting parasympathetic activity, and the LF/HF ratio indicating
autonomic balance.*> Our HRV analysis demonstrated that EA at ST36 acupoint effectively restored autonomic balance
by reducing sympathetic (LF power and LF/HF ratio) and enhancing parasympathetic (HF power) activities. Given that
the vagus nerve, a primary parasympathetic nerve originating from the dorsal nucleus of the vagus in the medulla,
receives regulatory inputs from higher brain regions to modulate gastrointestinal functions.** EA’s modulation of
autonomic function likely involves central-autonomic integration mechanisms.

To further elucidate the central mechanisms of EA at ST36 acupoint, we electrophysiologically classified ACC and
AIC neurons into two categories: interneurons (ACC I, AIC ), displaying narrow waveforms with higher firing rates, and
pyramidal neurons (ACC II, AIC II), showing broader waveforms and lower firing rates.*> Following IBS modeling, we
observed significantly increased firing rates and irregular patterns in both ACC I and ACC II neurons, suggesting
disrupted inhibitory control leading to enhanced pyramidal neuron activity and subsequent amplification of nociceptive
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signals. In the AIC region, we specifically observed significantly increased firing rates and irregular patterns only in AIC
II pyramidal neurons, while AIC I interneurons showed minimal alterations. These electrophysiological findings align
with the observed c-Fos expression increases, indicating these c-Fos-positive neurons predominantly represent excitatory
glutamatergic pyramidal cells. Previous studies have similarly reported increased c-Fos expression specifically in
glutamatergic pyramidal neurons in pain models.* In neuropathic pain models, abnormal excitability of ACC pyramidal
neurons occurs simultaneously with a reduction in activity of somatostatin and neuropeptide Y-positive neurons.*’
Notably, bilateral NMDA receptor antagonism in the ACC significantly suppresses neuronal activation, alleviating
visceral pain.*® Subsequently, our results showed that following EA at ST36 acupoint, the firing rates and patterns of
both ACC and AIC neurons normalized, indicating that EA potentially restores the excitatory-inhibitory balance of ACC
and AIC neurons, thereby exerting therapeutic effects on visceral hyperalgesia and anxiety-like behaviors in IBS.

Neuronal oscillations, a hallmark of neuronal firing patterns, are generated by synchronized periodic electrical signals
within neural networks, achieved through mutual excitation or inhibition between neurons.*’ These oscillations play an
essential role in information transmission and processing across brain regions.’® The perception of visceral hyperalgesia
is not only related to the functional activity of individual neural oscillations but also involves complex interactions
between oscillations of different frequencies.”’ LFPs, representing the sum of postsynaptic potentials of numerous
neurons, are classified into delta, theta, alpha, beta, and gamma bands.>? Delta and theta waves are particularly important
for emotional and pain processing.”® Delta waves are involved in encoding emotional memory and attention main-
tenance, while theta waves are closely associated with pain perception, playing a key role in integrating nociceptive
information.’* Our study found that in the IBS group, both the power and time-frequency spectra of ACC and AIC
exhibited significant increases in delta and theta band power, indicating abnormal low-frequency neural oscillation
activity in these brain regions. After EA at ST36 acupoint, these abnormal oscillatory activities were significantly
improved. Further analysis revealed that while ACC and AIC neurons showed weak correlation under normal conditions,
in IBS, there was enhanced synchronization of oscillations between ACC and AIC in the theta and delta bands. Previous
studies have also reported increased theta oscillations in chronic pain, with enhanced coupling between theta and beta
oscillations.”®*® After EA at ST36 acupoint, these abnormal synchronizations were effectively reduced. This suggests
that in IBS, when visceral hyperalgesia occurs, the brain’s neural response integrates emotional, evaluative, and decision-
making processes in addition to encoding pain stimulus intensity, leading to anxiety-like behavior. After EA treatment,
the abnormal neural oscillations in IBS rats were restored, supporting the therapeutic mechanism of EA in regulating the
neural oscillation balance in the ACC-AIC network.

Conclusion

This study demonstrates that EA at the ST36 acupoint effectively alleviates visceral hypersensitivity and anxiety-like
behaviors in IBS rats. These therapeutic effects appear to be mediated through normalization of abnormal neuronal
activity in the ACC-AIC pathway and restoration of autonomic nervous system function. Despite these promising
findings, several limitations warrant consideration. First, while we observed significant effects of EA treatment,
a more comprehensive understanding requires investigation of additional neurobiological parameters, including neuro-
transmitter dynamics and metabolic changes within relevant brain regions. Second, the relatively small sample size in
this experimental model may limit generalizability compared to large-scale clinical trials. Future research should address
these limitations by increasing sample sizes and further exploring the intricate mechanisms of brain neural circuits and
their interactions with the autonomic nervous system. Such investigations would provide more robust evidence support-
ing the clinical application of EA for IBS treatment and potentially other functional gastrointestinal disorders.
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