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Purpose: Studies showed that post-ischemic spastic hemiplegia can be linked to neuroinflammation mediated by microglial
polarization. Microglial M1/M2 polarization is regulated by the PI3K/Akt pathway. We previously reported that acupuncture alleviated
spasticity after permanent middle cerebral artery occlusion (p-MCAO). This study investigated whether its antispastic effects were
associated with activation of the spinal PI3K/Akt pathway and promotion of microglial M2 polarization.

Methods: p-MCAO was induced in Sprague-Dawley rats to establish a model of spastic hemiplegia. Yanglingquan (GB34) was
needled using waggle needling, a motion-style acupuncture technique. Its association with spasticity alleviation and motor recovery
was evaluated by behavioral assessments, TTC staining, and the H-reflex test. Molecular analyses were performed to investigate the
underlying mechanisms. Minocycline was used to examine the role of microglial polarization, while LY294002 and 740Y-P were used
to determine whether the effects of acupuncture were mediated through the PI3K/Akt pathway.

Results: Rats with p-MCAO-induced spastic hemiplegia exhibited neurological deficits, increased muscle tone, motor dysfunction, and
spinal hyperexcitability, together with microglial M1 polarization, inflammatory responses, spinal excitatory/inhibitory imbalance, and
suppressed PI3K/Akt activity. Acupuncture at GB34 alleviated spasticity and promoted motor recovery. It also activated the spinal PI3K/Akt
pathway, promoted microglial M2 polarization, reduced IL-6 and TNF-o, and increased IL-10 and TGF-B. In addition, acupuncture
attenuated spinal hyperexcitability, as indicated by improvement in the H-reflex, and restored spinal excitatory/inhibitory balance, as
reflected by regulation of vGluT1/vGAT-associated synaptic markers and Glu/GABA levels. Minocycline produced partially similar
improvements, whereas LY294002 partially blocked the effects of acupuncture and 740Y-P only partially mimicked them.

Conclusion: Acupuncture alleviates spastic hemiplegia by activating the PI3K/Akt pathway and promoting spinal microglial M2
polarization. These findings support its potential clinical application for post-stroke spasticity and identify the PI3K/Akt pathway as
a potential therapeutic target.
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Introduction

Ischemic stroke remains a major cause of long-term disability despite advances in recanalization therapy.' > Post-stroke
spastic hemiplegia is a key contributor to persistent motor dysfunction and reduced quality of life, and its development is
closely associated with neuroinflammation.*® Microglia represent one of the quintessential immune cell populations
within the central nervous system, orchestrating neuroinflammatory responses via a finely tuned equilibrium between the
M1 and M2 polarization states.”® M1-polarized microglia intensify the inflammatory cascade by secreting a repertoire of
proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a)), whereas M2-polarized
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microglia counteract this process by releasing anti-inflammatory cytokines such as interleukin-10 (IL-10) and transform-
ing growth factor-beta (TGF-f), along with neurotrophic factors.”'® Therefore, driving M1-to-M2 phenotypic polariza-
tion represents a promising strategy for functional recovery after stroke.

Current research on modulating microglial polarization to improve post-stroke functional recovery has predominantly
focused on the primary brain lesion site."'"'* While it is crucial to note that the critical circuits for motor execution reside
at the spinal level. Following upper motor neuron injury, the distal spinal cord undergoes adaptive reorganization,
resulting in sensory-motor abnormalities and hyperreflexia.'* This is driven by increased proprioceptive afferents,
impaired Ia presynaptic inhibition, and KCC2 downregulation, together raising motor neuron excitability.'>'® Spinal
microglia are involved in this process, particularly within the subacute and chronic stages of stroke, indicating their
importance in motor disorders such as spasticity.'”"'® Available evidence suggests that spinal microglial activation
emerges early after ischemia and remains prominent during the first week after MCAO.'*** Moreover, marked spinal
microglial activation, together with pathological changes related to spinal circuit remodeling and hyperreflexia, can still
be detected on postoperative day 10 after corticospinal tract injury.'”'® Previous studies have also shown that muscle
tone in MCAO rats begins to increase on postoperative day 3 and remains elevated until day 10 before gradually
recovering thereafter.’'?> These temporal dynamics support postoperative days 4 to 10 as a biologically relevant
intervention window in the present study.

Recent studies have shown that activation of the PI3K/Akt signaling pathway contributes to post-stroke recovery by
exerting protective effects through anti-apoptosis, anti-inflammation, anti-oxidation, angiogenesis, and neurogenesis,
thereby facilitating the restoration of brain tissue structure and neurological function.”>** In particular, emerging
evidence has demonstrated that modulation of the PI3K/Akt signaling pathway promotes microglial M2 polarization
and alleviates microglia-mediated neuroinflammation, thereby ameliorating neurological deficits and motor dysfunction
after ischemic stroke.”> % Previous studies have further shown that acupuncture may modulate PI3K/Akt signaling in the
central nervous system after ischemic injury, thereby contributing to neuroprotection through multiple mechanisms,
including suppression of neuroinflammation, promotion of angiogenesis, and enhancement of neural repair, ultimately
improving stroke outcomes.?” > Collectively, these findings suggest that PI3K/Akt signaling may represent an important
molecular link between acupuncture and microglia-mediated recovery after stroke.

Clinical guidelines recommend acupuncture for post-stroke rehabilitation, particularly for improving motor function
and alleviating spasticity.’' > Meta-analyses have demonstrated that acupuncture reduces post-stroke spasticity, espe-
cially when combined with conventional rehabilitation (standardized mean difference [SMD] = —0.73), while acupunc-
ture alone also provides modest benefit (SMD = —0.22).>* Higher treatment frequency and more sessions may improve
outcomes, but optimal timing and standardized parameters remain unclear. Thus, preclinical studies are needed to
elucidate the mechanisms and reinforce the translational value of acupuncture for post-stroke spasticity. Yanglingquan
(GB34), known as the influential point of sinews in classical acupuncture theory, is commonly used in acupuncture for
post-stroke lower limb motor dysfunction.>> Previous clinical and experimental studies have suggested that GB34
stimulation is associated with improvement in motor recovery and spasticity-related abnormalities after stroke.*®>’
Notably, sensory signals evoked by acupuncture at lower-limb acupoints are conveyed by somatic afferents to the
relevant spinal segments, where they may directly modulate spinal circuits involved in spasticity and motor function,
before being integrated at supraspinal levels.*>*' Consistent with this, GB34 has been shown to modulate spinal motor-
related neural activity and reduce lumbar spinal neuronal hyperexcitability, which supports its potential to influence
spinal circuits regulating spasticity and motor function.*'~%*

Studies have shown that acupuncture mitigates acute ischemic brain injury by modulating microglial activation and
polarization, suppressing neuroinflammation, and promoting vascular remodeling and neurogenesis, thereby improving
neurological and motor outcomes.*** Therefore, elucidating the spinal molecular mechanisms underlying acupuncture’s
anti-spasticity effects following stroke is of paramount importance.

Hyperexcitability of the spinal cord is a hallmark of post-stroke spasticity, involving enhanced excitatory synaptic
transmission and attenuated inhibitory control, and can be functionally reflected by an augmented H-reflex.* In spinal motor
circuits, vGluT1, together with its cognate neurotransmitter Glu, reflects excitatory glutamatergic input, whereas vGAT,
along with GABA and Gly, reflects inhibitory GABAergic and glycinergic transmission.*’"** When these excitatory and
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inhibitory systems become dysregulated, the excitatory/inhibitory (E/I) balance is disrupted, thereby contributing to spinal
hyperexcitability and spasticity.*” Moreover, pro-inflammatory microglial activation may further aggravate this process by
weakening inhibitory signaling and promoting inflammatory synaptic remodeling.’”" Such sustained spinal hyperexcit-
ability may in turn obstruct adaptive neuroplasticity and impede motor recovery. Our prior research has confirmed that
acupuncture administered during the subacute phase post-cerebral ischemia can mitigate the heightened excitability of the
spinal cord, alleviate limb spasticity, and facilitate motor recovery by upregulating spinal KCC2 expression.*’

However, the precise spinal mechanisms by which acupuncture modulates inflammation and improves post-stroke
spasticity remain unclear. In particular, whether acupuncture regulates spinal microglial polarization through the PI3K/Akt
pathway has yet to be elucidated. Therefore, we hypothesize that acupuncture at GB34 may modulate spinal microglial
polarization through a PI3K/Akt-mediated anti-inflammatory pathway, normalizing the aberrant hyper-excitability of motor
neurons after stroke, facilitating adaptive synaptic plasticity, thereby promoting functional motor recovery.

Materials and Methods

Animals

Healthy male Sprague-Dawley rats (260 + 20 g, 7-8 weeks of age, Vital River Laboratory, China) were used for this
study. All rats were acclimatized for one week and kept in cages of 4 under standard SPF housing conditions at room
temperature (22 + 2°C) with a 12-h light/dark cycle with standard rodent food and water. All experimental procedures
were approved by the Ethics Committee of Animal Experimentation at Beijing University of Chinese Medicine (BUCM-
1-2,025,010,501-1042), were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, and
adhered to the principles of Replacement, Reduction, and Refinement (3Rs).

Drug Preparation and Treatment

Minocycline hydrochloride (HY-17412, MedChemExpress), a widely used microglial activation inhibitor, was shown to
selectively suppress M1 polarization of microglia.’” It was administered intraperitoneally at a dose of 45 mg/kg,
dissolved in phosphate-buffered saline before injection,”® once daily for one week.

The PI3K agonist 740 Y-P (HY-P0175, MedChemExpress; 10 mg/kg) and inhibitor LY294002 (HY-10108,
MedChemExpress; 20 mg/kg) were used at doses selected on the basis of previous in vivo studies involving central
nervous system injury and PI3K/Akt pathway modulation.’*° All drugs were administered intraperitoneally once daily
for one week, from postoperative day 4 to day 10, 30 minutes before acupuncture treatment.

Study Design
To assess acupuncture’s efficacy on MCAO rats with spastic hemiplegia, four groups were set: sham-operated group (S),
Spastic hemiplegia following MCAO group (M), acupuncture at acupoint group (M+AP), and acupuncture at control
non-acupoint group (M+CP). To probe the role of microglial polarization, the minocycline hydrochloride (MC) was
administered, four groups were set: S, M, M+MC, and vehicle group (M+Veh). To define the involvement of the PI3K/
Akt pathway, the inhibitor LY294002 (LY) and agonist 740Y-P were administered, five groups were set: M, M+AP+LY,
M+AP+Veh, M+Veh, and M+740Y-P.

All animals were randomly allocated to distinct groups before the model- establishing surgical procedure based on
a random number table generated by Microsoft Excel 2019. The assessment and analysis of experimental indices were
conducted by independent investigators who remained blinded to the treatment group assignments throughout the study.
The experimental design and reporting in this study adhered to the ARRIVE guidelines.

Surgical Procedure and Model Evaluation

Following anesthesia with 3% isoflurane in 97% oxygen, rats were subjected to the permanent middle cerebral artery
occlusion (p-MCAO).>” After a midline skin incision on the ventral neck, the right common carotid artery was exposed,
and a poly-L-lysine-coated monofilament nylon suture with a diameter of 0.36 + 0.02 mm (Beijing Cinontech, China)
was precisely advanced through the right external carotid artery to the internal carotid artery and further to the origin of
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the middle cerebral artery to achieve significant occlusion of its blood flow.>® Subsequently, the suture was secured, and
the incision was closed in layers. Throughout surgery, body temperature was maintained at 37.0 = 0.5°C. Postoperative
care included thermoregulation and the provision of a soft diet. Sham-operated rats received the same anesthesia, scalp
incision and muscle dissection as the MCAO group, but without middle cerebral artery occlusion. This procedure
controlled for non-specific effects such as surgical stress and handling, enabling clear distinction between specific effects
of MCAO and acupuncture.

Cerebral blood flow (CBF) in the middle cerebral artery territory was monitored before and after modeling using laser
speckle contrast imaging (PeriCam PSI system, Stockholm, Sweden) to confirm successful occlusion (Figure 1A). The
spastic hemiplegia model after MCAO was considered successful only if the following criteria were met: the reduction in
CBF of >70%, the Zea Longa score of 1-3 immediately after recovery from anesthesia, and the Modified Ashworth Scale
(MAS) grade > 1 together with a swim test score > 1 on postoperative day 3. All assessments were performed by
independent investigators blinded to the group assignments.

A total of 355 rats were employed in this experiment. Sample size was determined based on preliminary data and

prior research findings,?'**~>°

which indicated a spasticity incidence rate of approximately 65% in the p-MCAO model.
This parameter was used to calculate the minimum number of rats required for each surgical group to ensure adequate
statistical power for detecting inter-group differences. Excluding 36 rats assigned to the sham-operation group, 319 rats
were subjected to p-MCAO surgery. Of these, 207 rats fulfilled the inclusion criteria for the spastic hemiplegia model and

were thus incorporated into the experimental cohort (Supplementary Table 1).

Acupuncture Intervention

From postoperative day 4 to day 10, the M+AP and M+CP groups received daily acupuncture treatment. All acupuncture
procedures were performed by the same trained and licensed acupuncturist. In the M+AP group, a sterile acupuncture
needle (0.18 x 13 mm) was inserted perpendicularly to a depth of 4—5 mm at GB34 on the affected (left) side, which is
located in the depression distal to the head of the fibula on the hind limb (Figure 1B). The needle was then withdrawn to
the subcutaneous level, and a motion-style acupuncture technique, waggle needling, was performed according to
a previously described standardized protocol,”” involving multi-directional lifting and thrusting at GB34 for 1 min
combined with passive movement of the affected left hind limb for 1 min. Finally, the needle was reinserted to a depth of
4-5 mm and retained for 30 min. In the M+CP group, a sterile needle was inserted superficially (1 mm) at the midpoint
of the tail and retained for 30 min without any manipulation. This site was selected as a non-acupoint control because it

has been commonly used as a control point in previous acupuncture studies.?'-*%-¢0-61

Behavioral Assessments

Modified Neurological Severity Score (mNSS)

To evaluate overall neurological function, the mNSS (0-18 points) was performed, where score 0 meant normal
neurological function and score 18 indicated the maximum neuronal injury. This composite score examines motor
function, sensory response, beam walking, as well as reflex absence and abnormal movements.®*

MAS

To measure muscle tone, the MAS was applied. All MAS scoring was performed by two independent investigators
blinded to group allocation using a standardized scoring procedure. In this study, the scale ranged from 0 to 5, with
a grade of “1+” counted as 2 points for the purpose of data analysis. Higher scores represent more severe hypertonia and
greater limitation of joint movement.®®

Swimming Test

To quantify hindlimb spasticity of rats, a swimming test was conducted in a water tank maintained at a constant 23°C.
Spasticity was scored (0—4) based on the angle between the torso and the water surface during swimming. The scoring
criteria were as follows: a non-spastic posture (torso parallel to water surface, angle 10°-30°) was scored as 0. For rats that
swam for less than half of the trial in a mild spastic position (angle 30°-55°) or a severe spastic position (angle 55°—90°),
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Figure | Acupuncture ameliorated neurological deficits, muscle spasticity, motor dysfunction, spinal hyperreflexia and ischemic brain injury in MCAO rats with spastic
hemiplegia. (A) Representative laser speckle images for illustrating cortical blood flow dynamic following MCAO. (B) Locations of acupuncture sites. (C) Experimental
procedures. (D) mNSS for neurologic deficits assessments. (E) MAS for muscle tension evaluations. (F) Foot fault test for motor coordination assessments. Swimming test
for lower limb spasticity evaluations: representative pictures (G); spasm scores (H); spasm frequency (). TTC staining (J) and quantitative analysis (K) in cerebral infarcted
areas (n=6). H-reflex for spinal excitability assessments: Hmax/Mmax ratio (L), frequency-dependent depression (FDD) of the H-reflex (M) and representative traces
recorded at 0.3 Hz, 5 Hz, and 10 Hz (N). S (sham-operated) group (n = 18), M (model) group (n = 19), M+AP (model + acupuncture point) group (n = 19), M+CP (model +
control point) group (n = 18). Data were expressed as mean * SD. *P<0.05, *¥%<0.001 versus M+AP group; #P<0.001 versus M group.
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scores of 1 and 3 were assigned, respectively. Scores of 2 and 4 were given when rats swam for more than half of the trial in
a mild or severe spastic position, respectively."4 The frequency was expressed as the percentage of spastic episodes
observed over 10 trials.®

Foot Fault Test

To assess motor coordination, rats underwent the foot-fault test on a horizontal ladder (1 m long, 30 cm high) with
variable rung intervals (1-3 cm). The performance was quantified by calculating the percentage of hindlimb slips as
described previously.®®

Electrophysiological Evaluation

The excitability of spinal cord was assessed through recording the H-reflex from spastic muscles using a BL420n bio-
functional data acquisition system (Chengdu Taimeng Technology). Under anesthesia, the left sciatic nerve was isolated
and connected to a bipolar hook electrode. A pair of electrodes (approximately 2 mm apart) were inserted into the
interosseous muscles of the left hind paw for electromyography recording, and the reference electrode was inserted

superficially into the tail. Consistent with previous studies,?'***>

the H-reflex was elicited by delivering single bipolar
electrical pulses (100 ps width) to the sciatic nerve at incrementally increased intensities ranging from 0.1 to 10 mA in
0.2 mA steps. Both H-waves and M-waves were continuously monitored and recorded across all stimulating intensities.
Using the stimulus intensity that evoked Hmax, the H-reflex amplitude was recorded at frequencies of 0.3, 5, and 10 Hz.
Frequency-dependent depression (FDD) was determined as the percentage of the response amplitude at 5 Hz and 10 Hz

relative to that at 0.3 Hz.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

Cerebral infarct size was measured by TTC staining. Coronal brain sections with a thickness of 2 mm were prepared after
brief freezing, stained with 0.3% TTC solution at 37°C for 20-30 min in darkness. The cerebral infarct area was
determined from photographed sections using ImageJ software (U.S. National Institutes of Health). The infarct area
percentages were calculated as: (Contralateral area - Non-infarcted ipsilateral area)/Contralateral area x 100%.°”

Motor Neuron Tracing

For retrograde labeling of motor neurons innervating the hindlimb calf muscles, after anesthetization, 5 pL. of Cholera
Toxin Subunit B (CTB, BrainVTA) was microinjected into the epineurium of the left sciatic nerve near its branches to the
tibial, common peroneal, and gastrocnemius nerves, on postoperative day 3.8

Immunofluorescence

After perfusion, the lumbar spinal cord segments L4-L6 were harvested and sectioned into 10 pum slices. After blocking
with 10% goat serum, the slices were incubated overnight at 4°C with various primary antibodies: CD32 (1:1000,
#AF4348, Affinity Biosciences), CD206 (1:100, AG2664, Beyotime), Iba-1 (1:500, ab178847, Abcam), VGAT (1:500,
sc-166711, HUABIO), and vGluT1 (1:500, ab272913, Abcam). Following washes, the sections were incubated with
appropriate fluorescence secondary antibodies for 1 h at room temperature. After rinsing, the sections were mounted.
Images were acquired using a laser scanning confocal microscope (Olympus FV3000). For each group, six animals were
analyzed, with three non-consecutive sections per animal. Analysis of the mean fluorescence intensity for microglial
polarization markers was performed using Fiji software.”” The number of vGluT1 boutons on CTB-labeled motor
neurons, and the ratio of vGluT1 boutons adjacent to vGAT to the total vGluT1 boutons, were counted and calculated
manually separately, as described in previous studies.*® All immunofluorescence quantification was performed by an
investigator blinded to group allocation.

Western Blotting

Proteins were extracted from the lumbar spine tissues, and the protein concentrations were determined with a BCA assay
kit (#23225, Thermo Fisher Scientific). Equal amounts of protein (30 ng per lane) were separated by SDS-PAGE and
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transferred to PVDF membranes. After blocking with 5% BSA, membranes were incubated overnight at 4°C with the
following primary antibodies:anti-CD32 (1:1000, AF4648, Affinity Biosciences), anti-CD206 (1:1000, DF4149,
HUABIO), anti-vGAT (1:1000, ab42939, Abcam), anti-vGluT1 (1:2000, ab272913, Abcam), anti-PI3K (1:1000, bs-
10657R, Bioss), anti-phospho-PI3K (1:2000, bs-6417R, Bioss), anti-Akt (1:2000, bsm-52010R, Bioss), anti-phospho-Akt
(1:2000, bsm-52130R, Bioss), and anti-GAPDH (1:5000, bsm-33033M, Bioss). After incubating with secondary anti-
bodies, images were visualized using an ECL kit (#34096, Thermo Fisher Scientific) and a chemiluminescence imaging
system (Liuyi Biotechnology). Each sample was analyzed in triplicate, and band intensity was semi-quantitatively
analyzed using ImageJ software, with GAPDH as the loading control.

RT-qPCR

Total RNA was isolated from the spinal cord tissues of rats using the RNA Easy Fast Tissue/Cell Kit (DP451, Tiangen).
Subsequently, one-step reverse transcription and qPCR amplification were performed on a CFX Connect RT-PCR
Detection System (Bio-Rad) using the Evo M-MLV One Step RT-PCR Kit (AG11606, Accurate Biology). GAPDH
served as the internal control, and the relative gene expression was quantified using the 2* (—AACt) method. Primer
sequences used are provided in Supplementary Table 2. Each sample was analyzed in triplicate. All primer sequences

were validated by melt curve analysis, which showed a single peak for each target gene, and the amplification efficiency
of all primers ranged from 90% to 110%.

ELISA

The concentrations of neurotransmitters and inflammatory cytokines in the spinal cord were detected using ELISA kits
according to the manufacturers’ instructions. The levels of TNF-a (EK0526, Boster Biological), IL-6 (EK0412, Boster
Biological), and TGF-f (EK0514, Boster Biological), IL-10 (EK0418, Boster Biological) were determined to assess
neuroinflammation. Meanwhile, the concentrations of the excitatory and inhibitory neurotransmitters, Glutamate (Glu,
ZC-141377, Beijing Zhichao Weiye Biotechnology) and Gamma-aminobutyric acid (GABA, ZC-141160, Beijing
Zhichao Weiye Biotechnology) were quantified. Absorbance was read at 450 nm using a microplate reader
(PerkinElmer Enspire). The levels of all targets were calculated based on their respective standard curves.

Statistical Analyses

Data analyses of the present study were performed using SPSS Statistics 25.0 and GraphPad Prism 9.5.0. One-way ANOVA
or two-way repeated-measures ANOVA, with Bonferroni or Tukey post hoc testing, were used appropriately to assess the
significance. Data were presented as mean =SD, and a P value of less than 0.05 was considered statistically significant.

Results
Acupuncture Ameliorated Neurological Deficits, Muscle Spasticity, and Motor
Dysfunction and Reduced Infarct Area in MCAO Rats with Spastic Hemiplegia

First, to evaluate the therapeutic effects of acupuncture, behavioral tests were conducted at multiple time points after surgery
and the experimental timelines are shown in Figure 1C. All rats exhibited no neurological deficits before surgery. Significant
differences were observed over time (F[3,159] = 38.328, P < 0.001), between groups (F[2,53] = 150.528, P < 0.001), and in
their interaction (F[6,159] = 67.233, P <0.001). Except for the sham-operated group, the mNSS scores increased in other three
groups on day 3 postoperatively, indicating MCAO-induced neurological deficits. Following intervention, the mNSS scores in
the M+AP group decreased significantly (P < 0.001, Figure 1D), demonstrating that acupuncture alleviated neurological
deficits following MCAO.

Before surgery, all rats had a comparable MAS score of 0. There was a gradual increase in muscle tone starting
from day 3 in the M group, which remained elevated over the following 10 days, consistent with previous findings.?!
Significant differences in MAS scores were observed across time points (F[8,46] = 63.212, P < 0.001), between groups
(F[2,53] = 13.41, P <0.001), and in their interaction (F[16,92] = 6.006, P < 0.001). The MAS scores in the M+AP group
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started to decrease from day 6 post-surgery (p < 0.05, Figure 1E) and continuously declined on day 10 following surgery
(P < 0.001), indicating acupuncture’s effect of reducing spasticity induced by MCAO.

No differences in foot-fault rates were observed among the groups prior to modeling. The foot-fault rates began to
increase on postoperative day 3 in all groups. Significant differences were observed across time points (F[2,69] = 1431.232,
P <0.001), between groups (F[3,70] = 319.355, P <0.001), and in their interaction (F[6,138] = 289.807, P < 0.001). On
postoperative day 10, the M+AP group showed a significant reduction in foot-fault rate (P < 0.001, Figure 1F), suggesting
that acupuncture improved motor coordination after ischemic stroke.

In addition to MAS scoring, we employed swimming test to monitor changes in spasticity of the rat hindlimbs.
Swimming spasm scores and spasm frequency showed no differences among all groups at baseline prior to modeling,
starting to increase on postoperative day 3. Spasticity scores were significantly influenced by time (F[1,53] = 76.851, P <
0.001), group (F[2,53]1=97.179, P <0.001), and their interaction (F[2,53] = 184.867, P < 0.001). Following intervention,
rats in the M+AP group exhibited a significantly smaller trunk-water surface angle and a marked reduction in spasticity
scores (P < 0.001, Figure 1G and H). Significant differences in spasm frequency were observed across time points (F
[1,53] = 32.751, P < 0.001), groups (F[2,53] = 30.877, P < 0.001), and their interaction (F[2,53] = 39.152, P < 0.001).
Spasm frequency significantly decreased in the M+AP group following intervention as well (P < 0.001, Figure 1I). These
results suggested that acupuncture resisted MCAO-induced increased muscle tone.

TTC staining exhibited distinct infarct lesions in all groups except the sham-operated group (F[2,15] = 73.27, P <
0.001). Results revealed that, after acupuncture, the infarct area in the M+AP group rats was significantly reduced
compared to the M group on day 10 following surgery (P < 0.001, Figure 1J and K), indicating that acupuncture reduced
cerebral injury after ischemia.

In contrast, the M+CP group showed no significant differences from the M group at any time point for all of these
indicators (all P> 0.05). This suggested that acupuncture at a control non-acupoint was unable to perform the above effects.

Acupuncture Decreased Spinal Excitability in MCAO Rats with Spastic Hemiplegia
We further evaluated the effect of acupuncture on spinal hyperexcitability through objective recording of the H-reflex.
Supplementary Table 3 summarizes the characteristics of H-reflex of each group. There were significant differences in

Hmax/Mmax ratios among groups (F(3,70) = 273.2, P < 0.001). The results showed that acupuncture intervention at
GB34 significantly decreased the Hmax/Mmax ratios (P < 0.001; Figure 1L). Generally, in post-stroke spasticity, FDD of
the H-reflex is typically impaired, defined by sustained high Hmax/Mmax ratios across different stimulation
frequencies.”® There were significant differences in FDD of the H-reflex under different stimulation frequencies (F
[1,70] = 310.639, P < 0.001). The effects of different groups on FDD were also statistically significant (F[3,70] =
1179.863, P < 0.001). Meanwhile, the interaction between stimulation frequency and group was also statistically
significant (F[3,70] = 38.724, P < 0.001). The FDD in the M+AP group showed significant improvement at both 5 Hz
and 10 Hz stimulation (both P < 0.001; Figure 1M and N). In contrast, the M+CP group showed no significant effects on
any of these parameters (all P > 0.05). The above findings indicated that acupuncture at GB34 effectively reduced motor
neuron excitability and promoted spinal reflex regulation, whereas acupuncture at the control non-acupoint was
ineffective.

Acupuncture Shifted Spinal Microglia Toward the M2 Phenotype and Modified Spinal
Inflammation Milieu in MCAO Rats with Spastic Hemiplegia

We subsequently aimed to clarify whether the polarization state of spinal microglia was associated with above therapeutic
effects of acupuncture on spastic hemiplegia induced by MCAQO. Mean fluorescence intensity, mRNA expression, and
protein expression of CD32 (F[3,20] = 127.6; F[3,20] = 147.9; F[3,20] = 791.7, all P < 0.001) and CD206 F[3,20]=112.8; F
[3,20] = 346.9; F[3,20] = 385.5, all P <0.001) all showed significant differences among the four groups. IF analysis showed
that acupuncture significantly decreased the mean fluorescence intensity of the CD32/Iba-1 cells (P < 0.001; Figure 2A and
C) while increasing that of the CD206/Iba-1 cells (P < 0.001; Figure 2B and D). RT-qPCR and WB results confirmed that
acupuncture concurrently suppressed mRNA and protein expression of the CD32 and up-regulated those of the CD206 (all
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Figure 2 Acupuncture shifted spinal microglia toward the M2 phenotype, modified spinal inflammation milieu, restored the E/I balancing in the spinal motor circuit and
activated the spinal PI3K/Akt pathway in MCAO rats with spastic hemiplegia. Inmunofluorescence of microglial polarization state: representative images of CD32 (M|
marker, green) and Iba-| (microglial marker, red) co-localization by immunofluorescence (A); representative images of CD206 (M2 marker, green) and Iba-| (red) co-
localization by immunofluorescence (B) with all nuclei of cells stained by DAPI (blue); scale bar, 50 um; the semi-quantitative fluorescent intensity results of CD32 (C) and
CD206 (D). Immunofluorescence of synaptic boutons in motor circuit: representative images of vGluT| immunoreactive boutons (marking the proprioceptive terminals,
red) on CTB-labeled motor neurons (MNs, green) (E); representative images of vGIuT| boutons (red) contacting vGAT immunoreactive boutons (marking GABAergic
synapses, green) (F); scale bar; 10 um, 2 pm; fold change of vGIuT | boutons on MNs (G); ratio of vGluT | boutons opposed by VGAT boutons (H). Representative Western
blot bands (I) and quantitative results for CD32 (J), CD206 (K), vGluT| (L), vGAT (M), p-PI3K/PI3K (N), and p-Akt/Akt (O) protein expressions relative to GAPDH
protein. The mRNA levels of CD32 (P) and CD206 (Q) were detected by RT-qPCR. The concentrations of TNF-a (R), IL-6 (S), TGF-B (T), IL-10 (U), Glu (V), GABA (W)
were detected by ELISA. N = 6 per group. Data were expressed as mean % SD. ¥P<0.01,%P<0.001 versus M+AP group; **P<0.001 versus M group.
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P <0.001; Figure 2I-K and 2—Q). Meanwhile, the spinal cord levels of TNF-a, IL-6, TGF-B, and IL-10 in the four groups
measured by ELISA differed significantly (F[3,20] =359.1; F[3,20] = 149.3; F[3,20] = 314.1; F[3,20] = 132.0, all P <0.001).
ELISA results demonstrated that acupuncture significantly reduced pro-inflammatory cytokine (TNF-a, IL-6) levels and
conversely elevated anti-inflammatory factor (TGF-f, IL-10) levels (all P < 0.001; Figure 2R—U). No significant difference
was observed in these indicators between the M group and the M+CP group (all P > 0.05). These results suggested that
acupuncture at GB34 drove microglia polarization toward the M2 anti-inflammatory phenotype, thereby alleviating the
spinal inflammatory milieu, while acupuncture at the control non-acupoint failed to exert such effects.

Acupuncture Restored the E/lI Balancing in the Spinal Motor Circuit of MCAO Rats
with Spastic Hemiplegia

To investigate how acupuncture modulates excitatory input to spinal motor neurons, we labeled and analyzed relevant synaptic
boutons of the motor circuit by immunofluorescence. Significant differences were observed in both the number of vGluT1-
positive excitatory synapses (F[3,20] =293, P < 0.001) and the proportion of vGluT1 synaptic boutons adjacent to vGAT (F
[3,20]=126.3, P <0.001) in the spinal cord among the four groups. Results showed that after MCAO, VGIuT1 immunoreactive
boutons (marking the proprioceptive terminals) on CTB-labeled motor neurons were significantly increased (P < 0.001;
Figure 2E, and Supplementary Figure 1), whereas VGIuT1 boutons contacting vGAT immunoreactive boutons (marking

GABAergic synapses) were markedly reduced (P < 0.001; Figure 2F, and Supplementary Figure 2). Acupuncture effectively

reversed these abnormalities, significantly reducing the excessive proprioceptive afferents (P < 0.001; Figure 2E and G) and
enhancing presynaptic inhibition (P < 0.001; Figure 2F and H). Furthermore, WB and ELISA results showed that the relative
expression levels of vGluT1 and vGAT (F[3,20] = 142.2; F[3,20] =393.2, all P <0.001) as well as the concentrations of Glu and
GABA (F[3,20] = 35.42; F[3,20] = 96.29, all P <0.001) in the spinal cord were significantly different among the four groups.
Acupuncture downregulated the vGluT1 protein expression and the concentration of the excitatory neurotransmitter Glu (P <
0.001; Figure 2I, and V), while simultaneously upregulating the vGAT protein expression and the concentration of the inhibitory
neurotransmitter GABA (P < 0.001; Figure 21, and W). Compared with the M group, the M+CP group showed no significant
differences in the above indicators (all P> 0.05). The above results indicated that acupuncture at GB34 restored the E/I balance
in the spinal motor circuit. While acupuncture at the control non-acupoint produced none of these effects.

Acupuncture Activated the PI3K/Akt Pathway in the Spinal Cord of MCAO Rats with
Spastic Hemiplegia

To explore the mechanism by which acupuncture promotes M2 polarization, we examined the PI3K/Akt pathway. The relative
protein expression levels of p-PI3K and p-AKT showed significant differences among groups (F[3,20] = 514.7; F[3,20] =242.1,
both P < 0.001). WB results showed that MCAO significantly suppressed the expression of p-PI3K and p-Akt (both P <0.001;
Figure 21, and O). In contrast, acupuncture intervention effectively reversed this trend, significantly increasing the phosphoryla-
tion levels of both proteins (both P < 0.001), indicating that acupuncture activates the PI3K/Akt pathway in vivo. No such effect
was observed in the M+CP group (both P> 0.05), suggesting that acupuncture at the control non-acupoint failed to activate this
pathway.

Inhibition M| Polarization of Spinal Microglia Partially Reproduced the Benefits of
Acupuncture on Enhancing Motor Recovery and Reducing Spinal Hyperexcitability in
MCAO Rats with Spastic Hemiplegia

To verify whether inhibiting M1 polarization of spinal microglia is a key mechanism underlying acupuncture’s effects,
we administered minocycline to MCAO rats (Figure 3A) and the experimental timelines are shown in Figure 3B.
Behavioral results showed that, compared with the M group, minocycline significantly improved neurological deficit
scores (all P < 0.001; Figure 3C), reduced muscle tone (all P < 0.05; Figure 3D), and decreased the foot-fault rate (P <
0.001; Figure 3E), swimming spasticity score (P < 0.001; Figure 3F and H, and spasticity frequency (P < 0.001;
Figure 3G). Electrophysiological results indicated that minocycline lowered the Hmax/Mmax ratio (P < 0.001; Figure 31)
and improved FDD at 5Hz and 10Hz (both P < 0.001; Figure 3J and K). No significant difference was observed in these
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Figure 3 Inhibition of M| polarization of spinal microglia partially reproduced the therapeutic benefits of acupuncture on enhancing motor recovery and reducing spinal
hyperexcitability in MCAO rats with spastic hemiplegia. (A) Experimental Intervention Diagram. (B) Experimental procedures. MC, minocycline hydrochloride; Veh, vehicle.
(€) mNSS for neurologic deficits assessments. (D) MAS for muscle tension evaluations. (E) Foot fault test for motor coordination assessments. Swimming test for lower
limb spasticity evaluations: spasm scores (F); spasm frequency (G); representative pictures (H). H-reflex for spinal excitability assessments: Hmax/Mmax ratio (l); FDD (J)
and representative traces recorded at 0.3 Hz, 5 Hz, and 10 Hz (K). S (sham-operated) group (n = 18), M (model) group (n = 19), M+MC (model + minocycline
hydrochloride) group (n = 20), M+Veh (model + vehicle) group (n = 18). Data were expressed as mean + SD. *P<0.05, **P<0.01, ***P<0.001 versus M+MC group;
###P<0.001 versus M group.
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indicators between the M+veh group and the M group at any time point (all P > 0.05). These results demonstrated that
inhibiting M1 polarization could mimic the effect of acupuncture in improving post-stroke functional recovery, whereas
the vehicle had no impact on this effect.

Inhibition of M| Polarization of Microglia Mitigated Spinal Inflammatory Milieu and
Facilitated the Restoration of Spinal E/l Balance in MCAOQO Rats with Spastic Hemiplegia

To confirm the specific inhibitory effect of minocycline on M1 polarization, we assessed related indicators following
minocycline intervention. IF, Western blot, and RT-qPCR results consistently demonstrated that minocycline specifically
suppressed CD32 expressions (P < 0.001; Figure 4A and N) and promoted CD206 expressions (P < 0.001; Figure 4B and
O) compared with the M group, accompanied by decreased TNF-a, IL-6 levels and increased TGF-§, IL-10 levels (all
P < 0.001; Figure 4P-S). The aforementioned outcomes in the M+Veh group were not different from those of the
M group (P > 0.05), demonstrating that minocycline effectively inhibited microglia M1 polarization and ameliorated the
spinal inflammatory milieu, while the vehicle was unable to exert this effect.

To investigate whether inhibition of microglial M1 polarization modulates E/I balance in the spinal motor circuit, we assessed
the relevant indicators. Results showed that minocycline reduced abnormal excitatory input to motor neurons, as evidenced by
decreased vGIuT1 immunoreactive boutons on Motor Neurons (MNs) and increased vGluT1 immunoreactive boutons adjacent
to vGAT immunoreactive boutons (both P < 0.001; Figure 4E-H and Supplementary Figures 3, 4). In addition, it downregulated

the vGluT1 protein expression and decreased the Glu concentration (both P < 0.001; Figure 4L and T), upregulated the vGAT
protein expression and increased the GABA concentration (both P < 0.001; Figure 4M and U). None of these effects were
observed in the M+Veh group (all P > 0.05). These data showed that minocycline effectively reversed MCAO-induced E/I
imbalance in the spinal cord, while the vehicle had no effect.

Acupuncture Alleviated Post-Stroke Spastic Hemiplegia by Promoting Spinal Microglial
M2 Polarization via the PI3K/Akt Signaling Pathway

To determine the role of the PI3K/Akt signaling pathway in acupuncture-mediated improvement of post-stroke spastic
hemiplegia, we administered the pathway inhibitor LY294002 and agonist 740Y-P, and the experimental timelines are
shown in Figure 5A. Behavioral and electrophysiological results demonstrated that acupuncture significantly improved
neurological function, reduced muscle spasticity, restored motor dysfunction, and decreased spinal excitability (all P <
0.001; Figure 5B—J). While the M+AP+LY group still showed better outcomes than the M+Veh group (all P < 0.01), the
effects were partially suppressed compared to the M+AP+Veh group (all P < 0.01). Administration of the agonist 740Y-P
also improved these indexes, though its effects were weaker than those in the M+AP+Veh group (all P < 0.01),
suggesting that the PI3K/Akt pathway is critical for the therapeutic effects of acupuncture. There were no significant
differences between the M+Veh group and the M group in any of the above indicators (all P > 0.05), showing that the
vehicle did not influence these effects.

Molecular results further revealed that acupuncture significantly suppressed M1 microglial marker and pro-inflammatory
factors while promoting M2 microglial marker and anti-inflammatory factors (all P < 0.001; Figures 6A-D and 7A-G, 7-0).
LY294002 partially blocked this regulatory effect, whereas 740Y-P partially mimicked it, albeit with weaker efficacy than
acupuncture (all P < 0.001). In addition, acupuncture effectively reduced the abnormal excitatory input of proprioceptive
sensory information to MNs, enhanced the presynaptic inhibition, downregulated the excitatory neurotransmitter level, and
elevated the inhibitory neurotransmitter level (all P < 0.001; Figure 7A-E, H-I, P-Q and Supplementary Figure 5, 6). These
effects were also partially inhibited by LY294002 (all P < 0.001) and partially reproduced by 740Y-P (all P < 0.01). No
significant difference was observed between the M+Veh group and M group in any of these results (all P > 0.05), indicating

that the vehicle had no effect on the above outcomes.

Discussion
Our study demonstrates that the MCAO rat with spastic hemiplegia exhibits high muscle tone, severe neurological
deficits, spinal reflex hyperactivity, and motor dysfunction, accompanied by polarization of spinal microglia towards the
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Figure 4 Inhibition of M| polarization of microglia mitigated spinal inflammatory milieu and facilitated the restoration of spinal E/I balance in MCAQO rats with spastic
hemiplegia. Immunofluorescence of microglial polarization state: representative images of CD32 (green) and lba-| (red) co-localization by immunofluorescence (A)
representative images of CD206 (green) and Iba-| (red) co-localization by immunofluorescence (B) with all nuclei of cells stained by DAPI (blue); scale bar, 50 um; the semi-
quantitative fluorescent intensity results of CD32 (C) and CD206 (D). Immunofluorescence of synaptic boutons in motor circuit: representative images of vGIuT|
immunoreactive boutons (red) on CTB-labeled MNs (green) (E) representative images of vGluT | boutons (red) contacting vGAT immunoreactive boutons (green) (F) scale
bar, 10 um, 2 pm; fold change of vGIuT| boutons on MNs (G) ratio of vGIuT| boutons opposed by VGAT boutons (H). Representative Western blot bands () and
quantitative results for CD32 (J) CD206 (K) vGIuT| (L) vGAT (M) protein expression relative to GAPDH protein. The mRNA levels of CD32 (N) and CD206 (O) were
detected by RT-qPCR. The concentrations of TNF-a (P) IL-6 (Q) TGF-B (R) IL-10 (S) Glu (T) GABA (U) were detected by ELISA. N = 6 per group. Data were expressed as
mean % SD. ¥P<0.01, ¥*P<0.001 versus M+MC group; *#P<0.00! versus M group.
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Figure 5 The PI3K/Akt pathway played an essential role in acupuncture-induced post-stroke spastic hemiplegia recovery. (A) Experimental procedures. LY, LY294002. (B)
mNSS for neurologic deficits assessments. (C) MAS for muscle tension evaluations. (D) Foot fault test for motor coordination assessments. Swimming test for lower limb
spasticity evaluations: spasm scores (E) spasm frequency (F) representative pictures (G). H-reflex for spinal excitability assessments: Hmax/Mmax ratio (H) FDD (I) and
representative traces recorded at 0.3 Hz, 5 Hz, and 10 Hz (J). S (sham-operated) group (n = 18), M+AP+LY (model + acupuncture point + LY294002) group (n = 19), M+AP
+Veh (model + acupuncture point + vehicle) group (n = 19), M+Veh (model + vehicle) group (n = 20), M+740Y-P (model + 740Y-P) group (n = 18). Data were expressed as
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Figure 6 Acupuncture promoted spinal microglial M2 polarization via PI3K/Akt pathway in MCAQ rats with spastic hemiplegia. Immunofluorescence of microglial
polarization state: representative images of CD32 (green) and Iba-| (red) co-localization by immunofluorescence (A); representative images of CD206 (green) and Iba-|
(red) co-localization by immunofluorescence (B) with all nuclei of cells stained by DAPI (blue); scale bar, 50 um, 10um; the semi-quantitative fluorescent intensity results of
CD32 (C) and CD206 (D). Data were expressed as mean * SD. ***P<0.001 versus M+AP+Veh group; ###P<0.001 versus M+Veh group.

M1 pro-inflammatory phenotype, abnormally increased excitation of proprioceptive afferents on motoneurons, an
imbalance between Glu and GABA, and suppressed activity of the PI3K/Akt pathway. The polarization state of microglia
is closely associated with the therapeutic efficacy of acupuncture. Acupuncture may promote the polarization of spinal
microglia towards the M2 anti-inflammatory phenotype by activating the PI3K/Akt signaling pathway, restore normal
excitatory input from proprioceptive afferents to motoneurons, and correct the Glu/GABA imbalance, thereby reducing
spinal hyperexcitability, alleviating limb spasticity, and facilitating the recovery of motor function after stroke (Figure 8).

Microglia exert a pivotal role in initiating inflammatory responses in the post-ischemic inflammatory response.”’
Strong evidence indicates that post-ischemic Wallerian degeneration can extend along the corticospinal tract to the spinal
cord, which induces early microglial activation and triggers secondary inflammatory responses. This process is strongly
associated with poor long-term motor recovery after stroke.’*’* Therefore, this study focused on inflammatory regulation
mechanisms at the spinal level. Microglia exhibit a dual role following stroke, exerting both neuroprotective effects and
exacerbating neuronal damage, which is a characteristic closely associated with their multi-phenotypic polarization.”
Therefore, blanket inhibition may hinder the repair process, whereas specific targeted modulation holds greater ther-
apeutic value. This study focuses on the inflammatory regulatory mechanisms at the spinal cord level, elucidating for the
first time the mechanism by which acupuncture induces polarization of spinal microglia toward the M2 anti-inflammatory
phenotype, thereby ameliorating post-stroke spastic hemiplegia.
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Figure 7 Acupuncture mitigated excitability of spinal motor circuits and inflammatory milieu via PI3K/Akt pathway in MCAO rats with spastic hemiplegia. Inmunofluorescence
of synaptic boutons in motor circuit: representative images of vGIuT | immunoreactive boutons (red) on CTB-labeled MNs (green) (A); representative images of vGIuT |
boutons (red) contacting vGAT immunoreactive boutons (green) (B); scale bar, 10 um, 2 um; fold change of vGIuT | boutons on MNs (C); ratio of vGIuT | boutons opposed by
VGAT boutons (D). Representative Western blot bands (E) and quantitative results for CD32 (F) CD206 (G) vGIuT| (H) vGAT (l) protein expression relative to GAPDH
protein. The mRNA levels of CD32 (J) and CD206 (K) were detected by RT-qPCR. The concentrations of TNF-a (L) IL-6 (M) TGF-$ (N) IL-10 (O) Glu (P) GABA (Q) were
detected by ELISA. N = 6 per group. Data were expressed as mean * SD. ¥*P<0.001 versus M+AP+Veh group; "P<0.01, ##P<0.001 versus M+Veh group.

Acupuncture is a safe, simple, and multi-target therapy whose efficacy in improving post-stroke functional recovery has
been clinically validated.”” GB34, a standard point for lower limb spasticity, demonstrated treatment specificity in our
study, as control non-acupoint needling produced no comparable benefit. In rats, GB34 is located in the lateral lower leg and
is mainly innervated by the common peroneal nerve, with afferent projections projecting to the spinal segments.”® Waggle
needling at GB34 activates somatic afferent fibers, which convey peripheral sensory signals into the spinal dorsal horn of
the lumbar enlargement. This afferent transmission pathway establishes the anatomical basis of the skin-spinal cord axis,
through which acupuncture may modulate downstream spinal microglia, synaptic plasticity, and neuroinflammation.

Although prior work implies that microglial polarization may be involved, our study provides direct evidence of
a spinal mechanism. In MCAO rats with spastic hemiplegia, we found a pro-inflammatory spinal environment dominated
by M1 microglia and hyperexcitability. In this study, we found that acupuncture effectively reversed these abnormalities,
and observed elevated levels of M2 polarization-associated factors, including IL-10 and TGF-B, which modulates
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Figure 8 Schematic diagram of the mechanism of acupuncture alleviates spastic hemiplegia following ischemic stroke. Acupuncture at GB34 ameliorates post-stroke spastic
hemiplegia by activating the PI3K/Akt pathway, promoting spinal M2 microglial polarization, mitigating spinal inflammatory milieu, and restoring spinal excitatory/inhibitory
equilibrium, which would provide evidence for acupuncture’s immunomodulatory role in post-stroke functional recovery.

excitatory and inhibitory transmission and counteracts synaptic dysfunction.””’® The parallel findings following mino-
cycline treatment further underscore the central role of spinal microglial polarization in post-stroke spasticity recovery.

Previous studies have shown that ischemic stroke leads to decreased p-PI3K and p-Akt expression associated with
neurological injuries and inflammation, while PI3K/Akt pathway activation can mitigate neuroinflammation.®**!
Furthermore, this pathway regulates microglial M1/M2 polarization through the Akt protein, and its inhibition promotes
M1 phenotypic switching, confirming its crucial role in polarization.*** In present study, we further validated the key
role of this signaling pathway in acupuncture treatment for MCAO-induced spastic hemiplegia using both PI3K/Akt
inhibitors and agonists. Our results demonstrated that acupuncture effectively activates this pathway, whereas the specific
inhibitor LY294002 partially blocked acupuncture’s therapeutic effects. Meanwhile, the agonist 740Y-P could only
partially mimic the effects of acupuncture. Although the present study highlights the pivotal role of PI3K/Akt signaling
in acupuncture-induced spinal microglial M2 polarization, acupuncture is widely considered a multi-target intervention,
and its anti-inflammatory effects are unlikely to depend on a single pathway alone. Previous studies have shown that
acupuncture can also modulate NF-kB- and MAPK-related signaling in ischemic stroke models, thereby suppressing
microglia-mediated neuroinflammation and reducing pro-inflammatory cytokine production.**** % These pathways may
interact with PI3K/Akt signaling and together contribute to the regulation of microglial polarization and neural circuit
remodeling after stroke. Therefore, in addition to PI3K/Akt, potential complementary pathways such as NF-kB and
MAPK deserve further investigation in future studies.

The normal function of spinal motor circuit depends on balanced glutamatergic excitation and GABAergic/glyciner-
gic inhibition, particularly presynaptic GABAergic control over primary afferent inputs.®” However, after stroke, the

88,89

compensatory enhancement of proprioceptive input, combined with weakened inhibitory control,’® disrupts this E/I

homeostasis, leading to spinal hyperexcitability and facilitating post-stroke spastic hemiplegia development. Studies
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demonstrate that vGIuT1 expression levels exhibit a positive correlation with presynaptic terminal Glu release into the
synaptic cleft, and its upregulation enhances excitatory neurotransmission.”’ Meanwhile, the vGAT fulfills analogous
vesicular loading and release functions within the inhibitory GABA system. Neuroinflammation milieu after stroke
further compromises GABAergic function by altering synthesis and release of GABA receptors, while simultaneously
promoting aberrant glutamate release, thereby exacerbating excitotoxicity and collectively disrupting spinal motor circuit
E/I balance.”** Our findings reveal that acupuncture intervention improves the spinal inflammatory microenvironment,
downregulates vGIuT1 expression to reduce synaptic Glu levels, and upregulates vGAT protein expression to restore
GABAergic inhibitory function. These results provide evidence for understanding the mechanism by which acupuncture
modulates E/I balance in spinal motor circuit.

Concurrently, our electrophysiological H-reflex data also demonstrated that acupuncture normalized motor neuron
hyperexcitability induced by ischemic stroke, rather than suppressing neuronal excitability below physiological levels.
This normalization may support synaptic functional remodeling, as evidenced by our present observation of significant
increase in the proportion of vGlutT1 boutons inhibited by vGAT boutons around motor neurons. These findings align
with the contemporary consensus that precise regulation of E/I balance is essential for post-stroke neuroplasticity.”*

Several studies demonstrated that acupuncture, exerted advantages in immunomodulation of inflammation by
activating somato-autonomic immune reflexes, since it is a minimally invasive peripheral nerve stimulation
technique.”” In this animal model study, the application of motion-style waggle needling technique at the GB34
effectively alleviated post-stroke lower limb spasticity and motor deficits. The underlying mechanism may involve the
creation of an anti-inflammatory microenvironment conducive to synaptic remodeling through promoting microglial M2
polarization by acupuncture. Although acupuncture may exert anti-spastic effects via multi-target mechanisms, the
findings of present study demonstrate that PI3K/Akt pathway-mediated anti-inflammatory regulation could represent
a potential key node. These findings may guide the design of future clinical trials by stratifying patients according to
PI3K/Akt pathway activity, thereby enabling the identification of subpopulations most likely to benefit from acupuncture.
In addition, comparing acupuncture administered at GB34 alone versus combined with other acupoints may help clarify
the optimal therapeutic regimen for post-stroke spasticity. Additionally, this study used fixed acupuncture frequency and
duration. Future research should explore dose-response effects, specifically whether increased frequency or prolonged
duration enhances spinal microglial polarization and functional recovery, to define optimal acupuncture parameters for
stroke rehabilitation. Future studies are also warranted to explore dose-response relationships regarding acupuncture
frequency and duration, as well as the long-term effects and synergistic efficacy of acupuncture combined with physical
therapy or pharmacological interventions. Moreover, incorporating standardized sham/placebo acupuncture controls and
extending the work to more clinically relevant human-based models will help clarify the specific needling effects and
further enhance translational value.

Collectively, these results provide a novel paradigm for developing an integrated “immunomodulation-
neuroremodeling” therapeutic strategy against post-stroke spastic hemiplegia, offering new perspectives to optimize
current symptom-oriented approaches and improve motor rehabilitation protocols for stroke patients.

Several limitations of the present study should be considered. First, MAS scoring was done independently by
two blinded investigators with a standardized protocol, but formal inter-rater reliability analysis was not performed
and it will be added in future work to enhance behavioral assessment validity. Although we have identified the
pivotal role of the PI3K/Akt signaling pathway in acupuncture-induced M2 polarization of spinal microglia, the
downstream effector molecules remain to be elucidated. Additionally, although LY294002 and 740Y-P were
administered at doses consistent with previous studies, their spinal cord tissue concentrations were not directly
measured, and future studies should validate drug exposure and pharmacokinetics in the spinal cord. Moreover, the
translational significance of the present findings should be interpreted cautiously. Species differences in microglia
and neuroinflammation between rodents and humans may limit their clinical translation. The standardized acu-
puncture used in this preclinical study also differs from individualized clinical treatment. Further clinical studies
are therefore warranted to validate these findings. To minimize sex hormone-related variability, only male rats
were used, but this limits the generalizability of the findings, as stroke affects both sexes, and acupuncture effects
may vary by sex.”®” Future research should explore potential sex-dependent effects by including female animals.
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Conclusion

In conclusion, our study demonstrates that acupuncture at GB34 alleviates post-stroke spastic hemiplegia by activating the
PI3K/Akt pathway, promoting spinal M2 microglial polarization, mitigating the spinal inflammatory milieu, and restoring
spinal excitatory/inhibitory equilibrium. Notably, the efficacy was specific to GB34, while non-acupoint needling showed no
comparable effect, supporting the critical role of acupoint specificity. This study provides a preclinical basis for clinical trials
of acupuncture at GB34 for post-stroke spasticity and identifies PI3K/Akt as a potential adjunctive therapeutic target. Future
studies are warranted to clarify optimal acupuncture parameters, long-term efficacy, and synergistic effects with other
interventions, while investigating complementary pathways to PI3K/Akt, validating findings in female animals, and
translating these results to human-based models to strengthen clinical relevance and broader application.
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