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Abstract

Objectives: Acute gastric distension (GD) impairs gastric motility and engages central stress circuits. We tested whether
electroacupuncture (EA) at RN12/BL21 restores motility and probed mechanisms in the paraventricular nucleus (PVN), focusing on
corticotropin-releasing hormone (CRH) neurons.

Methods: Rats underwent graded gastric balloon distension (20, 40, 60 mmHg). Gastric motility and electrogastrography determined
the dysmoatility threshold. Animals were randomized to EAat RN12, BL21, RN12 + BL21, or sham. PVN single-unit and local field potential
activity were recorded at baseline, during GD, and after EA. Cellular Fos proto-oncogene (c-Fos)/CRH double labeling quantified PVN
activation. To test causality, the CRH receptor antagonist Astressin was bilaterally microinjected into the PVN, alone or combined with EA.

Results: GD at 40 mmHg markedly suppressed gastric motility amplitude without altering slow-wave frequency, establishing this
pressure as a reliable acute GD model. EA at RN12 and BL21 significantly enhanced gastric motility, with combined stimulation
producing synergistic effects. GD robustly increased c-Fos expression in the PVN, including within CRH neurons, and elevated
PVN neuronal firing rates and power spectral density. EA attenuated GD-induced PVN hyperactivity, reducing neuronal firing rates,
power spectral energy, and local field potential activity. Immunofluorescence confirmed that EA suppressed GD-induced activation
of PVN CRH neurons, with combined stimulation at RN12 and BL21 producing greater inhibition than either acupoint alone. PVN
microinjection of Astressin restored gastric motility and reduced CRH neuronal activation, whereas the combination of EA and
Astressin produced an additive effect on gastric motor function.

Conclusions: EA at RN12 and BL21 reverses GD-induced gastric dysmotility by dampening PVN hyperexcitability, particularly
within CRH-expressing neurons. Dual-acupoint stimulation confers superior efficacy, and CRH blockade augments EA. These
findings identify PVN CRH neurons as key substrates mediating EA's central control of visceral function under acute stress.
Keywords: Corticotropin-releasing hormone, Electroacupuncture, Gastric distension, Gastric motility, Hypothalamic paraventric-
ular nucleus

Introduction and autonomic function, offering potential benefits for
patients with FGIDs!-!,

From the perspective of traditional Chinese medicine,
combining the Shu-point and Mu-point is a common
clinical practice. BL21 and RN12—the Shu and Mu
points of the stomach—have been shown to improve
gastrointestinal dysfunction in both experimental and
clinical studies!®”). However, the central mechanisms
behind these effects remain unclear.

The hypothalamic paraventricular nucleus (PVN) is
a key autonomic control center that regulates gastro-
intestinal function through peptidergic signaling!®.

Gastric motility disorders are a hallmark of many func-
tional gastrointestinal diseases (FGIDs), such as post-
prandial distress syndrome in functional dyspepsia, in
which impaired gastric motility plays a central rolel'l.
However, therapeutic options remain limited, driving
growing interest in complementary and alternative med-
icine (CAM)™!, In particular, acupuncture has emerged
as a promising therapeutic strategy. Meta-analyses and
clinical trials suggest that electroacupuncture (EA) mod-
ulates gastric motility, gastrointestinal hormone levels,
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Corticotropin-releasing hormone (CRH), a prototypical
stress-related neuropeptide, is densely expressed in PVN
neurons and mediates stress-induced inhibition of gastric
motility"?l. Previous studies!''""! have shown that acu-
puncture suppresses stress-induced CRH hyperactivity
in the PVN. However, whether PVN CRH neurons are
directly involved in EA-mediated regulation of gastric
motility remains unclear.

In this study, we investigated the effects of EA at
RN12 and BL21 on gastric motility and examined the
role of PVN CRH neurons in mediating these effects.
Using a combination of physiological and neurobiolog-
ical approaches, we aimed to clarify the central mecha-
nisms by which EA influences gastric function.

Materials and methods

Experimental animals

Male Sprague-Dawley rats (6-7 weeks old, 290-320g)
were housed under standard laboratory conditions (4-5
per cage) with ad libitum access to food and water. All
experimental procedures complied with the ARRIVE
guidelines!'*, the U.K. Animals (Scientific Procedures) Act,
and the Guidelines for the Care and Use of Laboratory
Animals of Anhui University of Chinese Medicine. The
protocol was approved by the Experimental Animal
Certificate No. AHUCM-rats-2024224. All efforts were
made to minimize animal suffering and reduce the num-
ber of animals used.

Gastric distension (GD) and motility recordings

The rats were fasted overnight with free access to water
and were anesthetized on the day of the experiment using
tribromoethanol (10 mL/kg, i.p.). An isobaric GD model
was established using a balloon made from a 2-mm-wide
latex strip attached to polyethylene tubing. The tubing
was connected to a three-way stopcock, allowing simul-
taneous connection to a syringe and pressure trans-
ducer (MLT0380, Xinhang Xingye Technology, Beijing,
China). The pressure signals were amplified using a
bridge module (ML-301, AD Instruments, Dunedin,
New Zealand), digitized using a PowerLab 8/30 system
(AD Instruments), and analyzed offline. The lubricated
balloon was advanced through the posterior pharyngeal
wall into the gastric antrum and positioned at the pylorus
such that its edge was sealed against the pyloric sphinc-
ter. At the end of each experiment, catheter integrity was
confirmed to exclude data compromised by leakage.

Baseline pressure was defined as the mean distend-
ing pressure (MDP; ~5 mmHg)™"™! achieved by inflating
the balloon with saline to ensure wall apposition and
then maintained at MDP + 1-2 mmHg (~6—-7 mmHg) to
stabilize the balloon-wall contact without mechanical
interference. Continuous intragastric pressure fluctua-
tions were recorded for the motility analysis.

Graded distension was applied at 20, 40, and 60
mmHg for 3 min each, with recovery at baseline pressure
for at least 3 to 4 min between trials; a gastric pressure of
40 mmHg or higher was defined as “noxious distension”
indicating successful induction of acute GD. For EA test-
ing, 3 min of 40 mmHg distensions were delivered as
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pre-EA baselines. Within 20 min of the EA intervention,
a 3-minute 40 mmHg distension was applied, followed
by a 3- to 4-minute recovery period (Figure 1A).

For each distension, the contraction amplitude and
frequency were extracted from the steady-state periods
and analyzed using repeated-measures statistics. Data
were processed using LabChart 8 software.

Electrogastrogram (EGG) recording

Following overnight fasting with free access to water,
rats were anesthetized and positioned supine. Abdominal
hair was removed, and the skin was degreased with 95%
ethanol. Four Ag-AgCl electrodes were placed over the
gastric antrum, gastric body, right forelimb, wrist, and
right hindlimb elbow. Saline-soaked cotton balls (0.9 %
NacCl) were used to improve the conductivity. The gas-
tric electrical activity was continuously recorded using
a gastrogram recorder (EGEG-2D; Aoyuan Technology,
Hefei, China). Recordings were obtained under three
experimental conditions: baseline, GD, and GD with EA,
each lasting 20 min, with at least 5 min of stabilization
before data collection. Signals were digitized at a sam-
pling rate of 100 Hz and band-pass filtered between 0.01
and 0.3 Hz to isolate gastric slow waves. Data were ana-
lyzed offline using the manufacturer’s software. Gastric
motility was quantified by calculating the mean ampli-
tude (pV) and dominant frequency (cycles per minute,
cpm) of the EGG during each condition.

EA stimulation

Rats were anesthetized with isoflurane 2%-2.5%
and maintained on a thermostatically controlled
heating pad (35.5°C-37.5°C). Stainless-steel needles
(0.25mm x 13mm; Suzhou Medical Supplies Factory
Ltd., Suzhou, China) were connected to positive and
negative electrodes positioned 1mm apart to confine
stimulation to a single acupoint. Electrical stimulation
was delivered using an EA device (SDZ-IV, Suzhou
Medical Supplies Factory Ltd.) at 2 mA and 2 Hz for
20 min. For BL21 (Weishu), needles were inserted
obliquely at a 45°angle toward the vertebral body
to a depth of ~0.4cm beneath the skin at the depres-
sion lateral to the inferior border of the 13th tho-
racic spinous process. For RN12 (Zhongwan), needles
were inserted perpendicularly to a depth of ~0.2cm
at the midpoint between the sternum and umbilicus.
Control rats received sham acupuncture at a non-
acupoint on the tail, with needles inserted superficially to
a depth of ~0.01 cm and without electrical stimulation (0
mA) (Figure 1B).

Immunohistochemistry and image analysis

Ninety min after the interventions, animals were anes-
thetized with tribromoethanol (10mL/kg, i.p.) and
perfused transcardially with 0.9% saline followed by
4% paraformaldehyde in 0.01 M phosphate-buffered
saline (PBS, pH 7.4). Brains were removed, post-fixed,
dehydrated, paraffin-embedded, and sectioned at 5
pm. Coronal sections containing the PVN, identified
according to the rat brain atlas, were processed for
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Figure 1. Electroacupuncture restores gastric motility suppressed by GD. (A) Experimental protocol. Graded GD (20/40/60 mmHg, 3min each)
was applied with recovery periods, followed by pre-EA baseline, 20 min EA (RN12 and/or BL21), and post-EA recordings. (B) Schematic of EA at
RN12 and BL21 during gastric balloon distension. (C) Gastric motility amplitude progressively decreased with increasing GD pressure; 40 mmHg
induced significant suppression (n = 6, three trials each). (D) Representative motility traces under the baseline, GD, and GD + EA conditions.
(E-F) Quantification of gastric motility amplitude (E) and frequency (F) across groups (BL21, RN12, RN12 + BL21, and sham EA; n = 6). (G-H)
EGG analyses showing amplitude (G) and frequency (H) across groups (n = 6). All data are presented as the mean + SEM. *P < 0.05, **P < 0.01,
kP < 0.001. EA: Electroacupuncture; EEG: Electrogastrogram; GD: Gastric distension; SEM: Standard error of the mean.

immunofluorescence. Sections were incubated with pri-  sc-166940) or CRH (rabbit, 1:100; Affinity Biosciences,
mary antibodies against cellular Fos proto-oncogene Liyang, China, Cat# AF5306) for 1 hour at 37°C, fol-
(c-Fos) (mouse, 1:100; Santa Cruz, Dallas, USA, Cat# lowed by the appropriate secondary antibody (1:500;
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Beyotime, Shanghai, China, Cat# A0428 Cat# A0468)
for 30 min at 37°C. Nuclei were counterstained with
4',6-diamidino-2-phenylindole (DAPI), and slides were
mounted in an anti-fade mounting medium (Beyotime
Cat# P0131). Images were acquired using a fluorescence
microscope (Olympus, Tokyo, Japan), and immunoreac-
tive cells within one hemisphere of the PVN were quan-
tified using the Image] software.

In vivo electrophysiology

Rats were anesthetized with 2% to 2.5% isoflurane
and secured in a stereotaxic frame (RWD Life Science,
Shenzhen, China). A craniotomy was performed at the
PVN (anteroposterior [AP] + 1.4mm, mediolateral
[ML] + 0.3mm, dorsoventral [DV] -7.8mm from the
dura) (Figure 3A), the dura was carefully removed, and
an 8-channel microelectrode array was advanced into
the PVN at 5 pm/s. The neuronal activity was recorded
using a multichannel acquisition system (Plexon, Dallas,
TX, USA). Single-unit firing (150-8,000 Hz; 40 kHz sam-
pling rate) and local field potentials (0.7-400 Hz; 1kHz
sampling rate) were collected for 5 min once stable firing
was observed. Data were analyzed using offline Sorter
and NeuroExplorer software (Plexon).

Acute PVN microinjection protocol

The rats were fasted overnight, with free access to water.
On the day of the experiment, animals were anesthetized
and placed in a stereotaxic apparatus on a thermostatic
heating pad. A gastric balloon was inserted, and baseline
gastric motility was recorded for 10 to 15 min.

Following the injection, the animals were monitored
for 10 min to allow for drug onset. Gastric motil-
ity was continuously recorded for 0 to 60 min post-
injection. When required, GD was initiated 10 to 15 min
after injection. For EA experiments, stimulation was
applied between 15 and 25 min post-injection, followed
by continued motility recordings. For immunohistochem-
istry, animals were perfused at ~90 min after injection,
and brains were collected for c-Fos staining and histo-
logical verification of injection sites (Figure 5A). Bilateral
acute microinjections were then performed into the PVN
(AP + 1.4mm, ML =0.3mm, DV -7.8mm from the
dura) using a glass micropipette connected to a microsy-
ringe. Astressin (3.3ng in 1 pL PBS; MedChemExpress,
New Jersey, USA, Cat# HY-P0257) or vehicle was admin-
istered bilaterally at 300 nL per side, at a rate of 50 nL/
min, and the injector was left in place for an additional 5
min to minimize reflux (Figure 5B).

Statistical analysis

All data are presented as mean = standard error of the
mean (SEM). Differences were analyzed with a mixed
two-way analysis of variance (ANOVA) with group
(RN12, BL21, RN12 + BL21, sham EA) as a between-
subjects factor and state (normal, GD, and EA + GD) as
a repeated measure. Sphericity was assessed (Mauchly
test) and the Greenhouse—Geisser correction was applied
when violated. To probe between-group differences,
specifically in the EA + GD condition, we conducted
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simple effects tests (one-way ANOVA across groups at
the EA + GD level), followed by Tukey’s all-pairwise
multiple-comparisons procedure. In other experiments,
post-intervention amplitudes were compared among
independent groups using one-way ANOVA, and when
the omnibus test was significant, Tukey’s post hoc
test identified pairwise differences. Correlations were
assessed with Pearson correlation, two-tailed tests with
95% confidence intervals. Statistical analyses were per-
formed using GraphPad Prism 10; P < 0.05 was consid-
ered statistically significant.

Results

Synergistic effects of RN12 and BL21 stimulation on gastric
motility

To establish an acute GD model, we first identified the
MDP. Graded GD (20/40/60 mmHg) revealed that at
20 mmHg, gastric motility amplitude declined by 3.1%
to 12.6% relative to MDP, whereas 40 mmHg reduced
amplitude by 71.4% to 83.1%, and 60 mmHg by 83.3%
to 90.3%. Based on these findings, 40 mmHg was
selected as the threshold for acute GD (Figure 1A-C). In
vivo electrophysiology and electrogastrography showed
that GD significantly suppressed motility and disrupted
gastric rhythmicity, although the slow-wave frequency
remained unchanged.

We next tested whether EA at RN12 and BL21 could
counteract GD-induced dysmotility and whether the
combined stimulation provided additive benefits. The
rats were randomized into four groups: RN12, BL21,
RN12 + BL21, and sham EA. Gastric motility amplitude
(Figure 1E and G) and frequency (Figure 1F and H) were
measured before and 20 min after EA using i vivo elec-
trophysiology and electrogastrography. EA significantly
increased the motility amplitude in the RN12, BL21,
and RN12 + BL21 groups compared to that in the GD
state, with no effect in sham controls. Notably, combined
RN12 + BL21 stimulation produced a greater recovery
of motility amplitude than stimulation at either acu-
point alone. Together, these results demonstrate that GD
induces severe gastric dysmotility and that EA restores
motility, with the dual stimulation of RN12 and BL21
exerting synergistic regulatory effects.

PVN neurons respond to GD and EA stimulation

Building on the observation that EA at RN12 and BL21
effectively restored gastric motility during acute GD, we
next investigated whether hypothalamic neurons are
engaged in this process. The PVN is a key integrative hub
for autonomic regulation, making it a likely candidate
for the mediation of gastric responses to distension and
EA. To test this hypothesis, we examined the neuronal
activity in the PVN using c-Fos immunohistochemistry.
In the GD model group, as well as the BL21, RN12, and
BL21 + RN12 groups, a substantial number of c-Fos-
positive neurons were detected in the PVN. Compared to
the control group, the number of c-Fos-positive neurons
was significantly higher in all groups (Figure 2A and B).
However, the mean fluorescence intensity (MFI) of
c-Fos—positive neurons did not differ significantly
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Figure 2. PVN neurons responded to GD and EA. (A) Representative immunofluorescence images of the PVN showing DAPI (blue), c-Fos (green),
and merged channels in Ctrl, GD, and EA-treated groups (RN12, BL21, RN12 + BL21). Scale bar, 50 ym. (B) Quantification of c-Fos—positive
neurons in the PVN across groups, n = 6. (C) Mean fluorescence intensity (MFI) of c-Fos—positive neurons in the PVN. c-Fos—positive neurons
were auto-defined as ROIs. MFI was the 8-bit mean gray (0-255) minus the mean background from three cell-free ROls/image. Per animal, back-
ground-corrected MFIs across sections were averaged as one replicate (n = 6); data shown as raw gray values. All data are presented as the
mean + SEM. #**P < 0.001. c-Fos: Cellular Fos proto-oncogene; Ctrl: Control; DAPI: 4',6-diamidino-2-phenylindole; EA: Electroacupuncture; GD:
Gastric distension; MFI: Mean fluorescence intensity; ns: Not significant; PVN: Paraventricular nucleus; ROI: Region of interest; SEM: Standard error
of the mean.
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Figure 3. Electroacupuncture attenuates GD-induced hyperactivity of PVN neurons. (A) Schematic and representative histological image showing
electrode placement in the PVN for in vivo electrophysiological recordings. Scale bar, 50 pm. (B) Quantification of total spike counts over 300s
across groups. (C) Representative raster plots of PVN neuronal firing in control, GD, and post-EA states across experimental groups. (D) PSD
analysis of the control, GD, and post-EA states (RN12, BL21, RN12 + BL21, sham EA). (E) LFP spectrograms of the control, GD, and post-EA
states (RN12, BL21, RN12 + BL21, and sham EA). All data are presented as the mean + SEM. n = 6. *P < 0.05, *P < 0.01, ***L < 0.001. EA:
Electroacupuncture; GD: Gastric distension; LFP: Local field potential; ns: Not significant; PSD: Power spectral density; PVN: Paraventricular

nucleus; SEM: Standard error of the mean.

among groups (ns), suggesting that while more PVN
neurons were recruited, the activation level of individ-
ual neurons remained comparable across conditions
(Figure 2C). These findings indicate that PVN neurons
are activated not only by GD but also by EA at RN12
and BL21, suggesting that the PVN may serve as a crit-
ical relay in mediating the modulatory effects of EA on
gastric function.
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EA attenuates PVN neuronal hyperactivity induced by GD

Given that PVN neurons are activated by both GD and
EA stimulation, we sought to directly assess how neu-
ronal firing dynamics within the PVN are modulated
during these conditions. In vivo electrophysiological
recordings provide an opportunity to capture the tem-
poral patterns of neuronal activity at the single-cell and
network levels.
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Figure 4. Electroacupuncture suppresses GD-induced activation of PVNC" neurons. (A) Representative immunofluorescence images of the PVN
showing DAPI (blue), CRH (red), c-Fos (green), and merged channels across groups (Ctrl, GD, RN12, BL21, RN12 + BL21, sham EA). Scale bar,
100 pym. (B) Quantification of CRH-neuron activation in the PVN: CRH/c-Fos co-labeling ratio, defined as (c-Fos*CRH* cells/total CRH* cells) x
100%. (C) Correlation analysis between PVN CRH neuronal activation (CRH/c-Fos co-labeling ratio) and gastric motility amplitude across GD,
RN12, BL21, RN12 + BL21, and sham EA groups. All data are presented as the mean + SEM. n = 6. *P < 0.05, ***P < 0.001. c-Fos: Cellular Fos
proto-oncogene; CRH: Corticotropin-releasing hormone; Ctrl: Control; DAPI: 4',6-diamidino-2-phenylindole; EA: Electroacupuncture; GD: Gastric
distension; ns: Not significant; PVN: Paraventricular nucleus; SEM: Standard error of the mean.

Using in vivo electrophysiological recordings, we  experimental groups. Under GD conditions, the total fir-
monitored the baseline activity, GD state (pre-EA), ing rate of PVN neurons was significantly higher than
and post-EA neuronal firing in the PVN across the in the normal state (Figure 3B and C). After 20 min of
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EA, neuronal firing rates were markedly reduced in the
RN12, BL21, and RN12 + BL21 groups, with combined
RN12 + BL21 stimulation producing a greater reduction
than either site alone. In contrast, the sham EA group
showed no significant changes, indicating that EA effec-
tively suppressed GD-induced PVN hyperactivity.

Power spectral density (PSD) analysis further revealed
that GD markedly increased neural energy in the fre-
quency domain across groups, whereas 20 min of EA
significantly reduced PSD in the RN12, BL21, and
RN12 + BL21 groups but not in the sham-EA group
(Figure 3D). Similarly, the local field potential (LFP)
spectral energy, which reflects the time-varying frequency
characteristics of neuronal ensembles, was enhanced
during GD but attenuated following EA (Figure 3E).
Collectively, these findings demonstrate that EA at RN12
and/or BL21 dampens GD-induced hyperexcitability of
PVN neurons, an effect not reproduced by stimulation at
non-acupoints.

EA suppresses GD-activated PVN-CRH neurons

Electrophysiological data have demonstrated that EA
attenuates GD-induced hyperactivity in PVN neurons.
To further delineate the specific neuronal subtypes
involved, we focused on CRH neurons, the predominant
population within the PVN that play a pivotal role in
coordinating the autonomic responses of the gastrointes-
tinal tract under stress.

Immunofluorescence analysis revealed a striking
increase in the proportion of c-Fos—positive CRH
neurons in the GD group (60.64%) compared with
controls (6.36%, P < 0.001). After 20 min of EA treat-
ment, this activation was significantly reduced in the
RN12 (26.83%), BL21 (27.18%), and RN12 + BL21
(16.53%) groups (all P <0.001), whereas the sham EA
group (59.37%) remained unchanged (Figure 4A and
B). Notably, combined stimulation with RN12 + BL21
produced a stronger inhibitory effect on the PVN-CRH
neurons than stimulation with either acupoint alone.
Across groups, PVN-CRH neuronal activation was neg-
atively correlated with gastric motility amplitude, and
this correlation was observed even in the sham EA group
(Figure 4C). These findings demonstrate that EA effec-
tively suppresses the GD-induced activation of PVN-
CRH neurons, with combined acupoint stimulation
providing superior inhibitory effects.

CRH blockade restores gastric motility and synergizes with
EA

To determine whether blockade of CRH signaling could
reverse GD-induced alterations in PVN CRH neu-
rons and gastric motility, we employed five independent
groups of animals: Ctrl + Veh, GD + Veh, GD + Astressin,
GD + EA +Veh, and GD + EA + Astressin. Remarkably,
local microinjection of the CRH receptor antagonist
Astressin modulated PVN activity and significantly restored
gastric motility in GD rats, with the GD + Astressin group
showing superior recovery compared with GD + Veh
(Figure SC-E).  Unexpectedly, gastric = myoelectrical
recordings further revealed that gastric motility in the
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GD + EA + Astressin group was significantly stronger than
that in the GD + Astressin or GD + EA + Veh groups, sug-
gesting a synergistic interaction between CRH receptor
blockade and EA (Figure SF and G). Consistently, immu-
nofluorescence analysis revealed a marked reduction in
CRH-c-Fos co-localization within the PVN, indicating that
local antagonism of CRH signaling effectively counteracted
GD-induced hyperactivation (Figure SH and I). These find-
ings imply that EA not only exerts therapeutic effects by
attenuating CRH-dependent pathways but may also engage
additional mechanisms to enhance gastric motor function.

Discussion

Acute GD induces a marked suppression of gastric motil-
ity, accompanied by pronounced hyperactivation of PVN
neurons, particularly CRH neurons. Here, we demon-
strate that EA at RN12 and BL21 effectively restored
gastric motility and attenuated PVN hyperexcitability,
with combined stimulation producing the most robust
effects. Furthermore, the pharmacological blockade of
CRH signaling within the PVN rescues GD-induced dys-
motility and acts synergistically with EA, highlighting
the CRH pathway as a central substrate underlying the
therapeutic effects of acupuncture.

The PVN functions as a critical integrative hub linking
autonomic and endocrine control of visceral activity. It
receives convergent inputs from the parabrachial com-
plex, amygdala, bed nucleus of the stria terminalis, dorsal
vagal complex (DVC), and spinal cord!**-'8I, Our electro-
physiological and immunofluorescence data demonstrate
that GD induces PVN hyperactivity, whereas EA normal-
izes this state, supporting the role of the PVN as a key
relay in the regulation of gastric function.

Stress-related gastrointestinal disorders are closely
linked to CRH signaling. Within the PVN, CRH neu-
rons release CRH to brainstem nuclei, such as the DVC,
where they modulate the output of the dorsal motor
nucleus of the vagus and inhibit gastric motility!®!*-21,
This pathway has been implicated in functional dys-
pepsia and other stress-related gastric disorders?>-3,
In line with this framework, we observed that EA
markedly suppressed GD-induced activation of PVN
CRH neurons, suggesting that acupuncture allevi-
ates gastric dysfunction, at least in part, by inhibiting
stress-responsive CRH signaling. Notably, PVN CRH
neuronal activation was negatively correlated with
gastric motility amplitude, a trend observed even in
the sham EA group. This indicates that the observed
negative correlation reflects the intrinsic inhibitory
role of CRH neurons on gastric motility, rather than
a specific effect of EA. Consequently, the modulation
of PVN CRH neurons by EA may restore gastric func-
tion by rebalancing central stress circuits, highlighting
a mechanistic link between central CRH signaling and
visceral motor output.

Previous studies have reported that GD activates
hypothalamic stress circuits and disrupts gastric motor
function, whereas acupuncture enhances gastrointestinal
motility under both physiological and pathological con-
ditions?*2¢l. Our findings extend this body of work by
demonstrating that dual Shu—-Mu acupoint stimulation
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Figure 5. CRH receptor blockade restores gastric motility and synergizes with electroacupuncture. (A) Experimental timeline. Rats underwent
overnight fasting, anesthesia, stereotaxic fixation, gastric balloon placement, and baseline motility recording, followed by GD and motility record-
ings (as applicable to each group). EA was applied for 20 min, after which post-EA gastric motility was recorded. Perfusion was performed 90 min
after microinjection. (B) Schematic of bilateral PVN microinjection (300 nL/side) of Astressin or vehicle. (C-D) EGG analysis showing amplitude (C)
and frequency (D) across groups. (E) Representative traces of gastric motility under the indicated conditions. (F-G) Quantification of gastric motility
amplitude (F) and frequency (G). Astressin significantly restored motility amplitude in GD rats, and combined EA + Astressin produced additive
improvements, whereas frequency remained unaffected. (H) Representative immunofluorescence images of PVN neurons showing c-Fos (green)
and CRH (red) under each condition at 400x and 600x magnifications. Scale bars: 100 and 50 pm. (I) Quantification of CRH-neuron activation
in the PVN: CRH/c-Fos co-labeling ratio, defined as (c-Fos*CRH*cells/total CRH* cells) x 100%. All data are presented as mean + SEM; n = 6.
*P < 0.05, ***P < 0.001. c-Fos: Cellular Fos proto-oncogene; CRH: Corticotropin-releasing hormone; Ctrl: Control; EA: Electroacupuncture; EGG:
Electrogastrography; GD: Gastric distension; ns: Not significant; PVN: Paraventricular nucleus; SEM: Standard error of the mean.
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(RN12 + BL21) exerts more pronounced modulatory
effects than single-site stimulation, which is consistent
with clinical evidencel® and basic research!'®?* suggest-
ing that compatible acupoint combinations yield supe-
rior outcomes in functional dyspepsia. The observed
synergy between EA and CRH blockade further suggests
that acupuncture acts not only through CRH-dependent
mechanisms but also via additional PVN microcircuits
and vagal pathways, thereby maximizing its regulatory
impact on gastric motor function.

These results identify CRH neurons in the PVN as key
mediators of EA-induced regulation of gastric motility.
Given the established role of CRH signaling in stress-
related gut dysfunction, our findings provide a neurobi-
ological rationale for the clinical benefits of acupuncture
in conditions such as functional dyspepsia. Moreover,
the synergy between EA and CRH antagonism suggests
that combined pharmacological and neuromodulatory
strategies could offer an effective approach to restoring
gastric homeostasis in stress-sensitive patients.

Although our study focused on CRH neurons, the
PVN is a heterogeneous nucleus containing oxyto-
cin, vasopressin, glutamatergic, and GABAergic neu-
rons, all of which contribute to visceral regulation?-2%,
Oxytocin neurons projecting to the DVC enhance vagal
drive and facilitate gastric motility, while vasopressin
neurons influence autonomic outflow?*= and local
GABAergic interneurons modulate the excitability of
CRH neuronsB!, Therefore, EA may influence a broader
PVN microcircuit®), Future studies employing cell-type-
specific manipulations such as optogenetics or chemoge-
netics are required to dissect the distinct contributions of
these neuronal populations.

Our study is limited by its reliance on an acute GD
rat model, which may not fully capture the complexity
of chronic human gastrointestinal disorders. Moreover,
although our results strongly implicate CRH neurons,
causal confirmation requires the selective manipulation
of CRH and non-CRH PVN subtypes. Future stud-
ies using chronic models, cell-specific approaches, and
translational research will be necessary to establish the
therapeutic relevance of these findings. Nevertheless, by
demonstrating that EA suppresses GD-induced CRH
hyperactivity and that CRH antagonism potentiates EA,
we provide mechanistic evidence that acupuncture acts
through both CRH-dependent and CRH-independent
pathways within the PVN. This cellular-level insight
advances our understanding of the gut-brain axis and
supports EA as a promising intervention for stress-
related gastric dysmotility.
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