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Purpose: Transcranial direct current stimulation (tDCS) shows promise for chronic pain treatment; however, its efficacy and 
mechanisms in knee osteoarthritis (KOA)-associated pain remain unclear. This study aimed to evaluate the analgesic effects of 
primary motor cortex (M1)-targeted tDCS in a rat model of KOA and to investigate the underlying mechanisms.
Methods: A chronic KOA model was established via unilateral intra-articular monoiodoacetate (MIA) injection. Mechanical allodynia 
and thermal hyperalgesia were assessed using von Frey filaments and a hot plate test. Neuronal activation and microglial responses in the 
ventrolateral periaqueductal gray (vlPAG) were evaluated by immunohistochemistry, and inflammatory cytokines were quantified using 
qPCR. The effects of M1-targeted tDCS on vlPAGactivity, microglial activation, and pain behaviors were examined. Minocycline was 
administered into the vlPAG to inhibit microglial. CTB-555 retrograde tracing was used to map M1-vlPAG connectivity.
Results: MIA induced persistent pain hypersensitivity, accompanied by increased neuronal activity, microglial activation, and elevated 
pro-inflammatory cytokines in the contralateral vlPAG. Local administration of minocycline suppressed both microglial and neuronal 
activation and alleviated pain behaviors. M1-targeted tDCS significantly reduced pain hypersensitivity, suppressed vlPAG neuronal 
activity and microglial activation, and downregulated inflammatory cytokines expression.
Conclusion: KOA-associated chronic pain is linked to increased neuronal activity and neuroinflammation in the vIPAG. M1-targeted 
tDCS alleviates pain, likely by suppressing vIPAG activity and microglial-mediated inflammation via the M1-vlPAG pathway. 
However, given differences between the MIA model and human osteoarthritis, caution is required in clinical translation.
Keywords: transcranial direct current stimulation, knee osteoarthritis, chronic pain, microglial, neuroinflammation, M1-vlPAG pathway

Introduction
Knee osteoarthritis (KOA) is a degenerative joint disorder characterized by progressive articular cartilage degradation 
and chronic pain.1,2 Current management strategies for KOA include pharmacological treatment, patient education, 
weight management, and exercise-based physiotherapy.3 In particular, exercise therapy is widely recommended as a first- 
line intervention in major clinical guidelines due to its beneficial effects on pain, physical function, and quality of life.4 

However, despite these guideline-recommended approaches, a substantial proportion of patients continue to experience 
persistent pain and functional limitations. Moreover, pharmacological treatments often provide limited efficacy and may 
be associated with significant adverse effects.5 Notably, even after total joint arthroplasty, up to 20% of patients report 
persistent chronic pain,6 suggesting that KOA-related pain is not solely attributable to peripheral joint degeneration but is 
also closely linked to central sensitization mechanisms.7,8 The frequent discrepancy between structural imaging findings 
and subjective pain perception further underscores the critical contribution of central mechanisms to KOA-associated 
chronic pain.9 Therefore, it is necessary to explore novel adjunctive, non-pharmacological therapeutic strategies.
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Central sensitization is a key neuropathological mechanism underlying the initiation, development, and maintenance 
of chronic pain.10,11 The ventrolateral periaqueductal gray (vlPAG) is a key brain region involved in descending pain 
modulation, functioning through the PAG-rostral ventromedial medulla (RVM)-spinal dorsal horn (SDH) pathway.12,13 

Neurons within the vlPAG exhibit functional heterogeneity: activation of GABAergic neurons can induce hyperalgesia,14 

whereas activation of glutamatergic or dopaminergic neurons promotes analgesia.15 In addition, BDNF-expressing 
neurons within the vlPAG project to the RVM and contribute to both opioid-induced analgesia and inflammation- 
related hyperalgesia, highlighting the complex and bidirectional regulation of pain within this region.16,17 Given its 
central role in descending pain control, alterations in neuronal activity and neuroinflammatory processes within the 
vlPAG may critically contribute to central sensitization in chronic pain. However, whether the vlPAG is directly involved 
in the pathogenesis of KOA-associated chronic pain, and whether its modulation contributes to analgesia, remains 
unclear. Addressing these questions is of particular translational importance, as dysfunction of descending pain modula
tion is increasingly recognized as a major contributor to persistent pain in clinical populations.18–20

Microglial, the resident immune cells of the central nervous system, play a central role in the development and 
maintenance of chronic pain.21 Through dynamic interactions with neurons, microglial regulate synaptic transmission and 
plasticity.22 Upon injury or inflammatory stimulation, microglial become activated, exhibiting morphological changes and 
releasing pro-inflammatory mediators such as IL-1β, TNF-α, and IL-6.23 These cytokines promote the expression and function 
of neuronal NMDA receptors, enhance neuronal excitability, disrupt the excitatory/inhibitory balance, and thereby contribute 
to central sensitization.24 Conversely, neuronal signals such as CX3CL1 and ATP further activate microglial through receptors 
including CX3CR1 and P2X4/P2X7, forming a feed-forward loop that exacerbates neuroinflammation and pain signaling.25,26 

In osteoarthritis models, inhibiting microglial activation in the spinal dorsal horn effectively alleviates pain 
hypersensitivity.27,28 Similarly, microglial activation within the vlPAG has been shown to enhance descending facilitation 
pathways and amplifying pain signals.29 However, whether vlPAG microglial contribute to KOA-associated chronic pain 
remains unclear. Supraspinal neuroinflammation may help explain why osteoarthritis pain often persists independent of 
peripheral joint pathology, highlighting a promising central target for therapeutic intervention.

Transcranial direct current stimulation (tDCS) is a safe, non-invasive neuromodulation technique that applies a weak 
direct current (typically 0.5–1 mA) to the scalp to modulate cortical excitability.30 It has been widely investigated as an 
adjunctive treatment for chronic pain and various neurological and neuropsychiatric disorders due to its low cost, 
portability, and favorable safety profile.31 The analgesic effects of tDCS are thought to involve stimulation of the 
primary motor cortex (M1), which in turn engages descending pain inhibitorypathways.32 Previous studies have shown 
that M1-targeted tDCS suppresses microglial activation in the PAG and relieves chronic neuropathic pain following 
spinal cord injury.33 Our previous work further demonstrated that M1-targeted tDCS alleviates chronic pain in KOA rats 
by modulating the BDNF/TrkB signaling pathway and GluN2B expression within the PAG-RVM-SDH axis.34,35 

Although tDCS is applied at the cortical level,36 accumulating evidence suggests that its effects extend to subcortical 
structures, including the thalamus and PAG, via descending modulatory circuits.36,37 However, direct evidence demon
strating whether and how M1-targeted tDCS modulates neuronal activity and microglial-mediated neuroinflammation 
specifically within the vlPAG remains lacking. In addition, the exclusive use of male animals in preclinical studies limits 
the generalizability of findings, given known sex differences in pain processing. Although tDCS shows promise in 
clinical settings, the current level of evidence for KOA remains moderate, and it is not yet universally recommended in 
clinical guidelines.38,39 Therefore, further mechanistic studies are needed to elucidate its central neurobiological effects.

In the present study, we investigated the role of the vlPAG in chronic pain using a monoiodoacetate (MIA)-induced rat 
model of KOA. We further aimed to elucidate the supraspinal mechanisms by which M1-targeted tDCS exerts its analgesic 
effects, with a particular focus on neuronal activity and microglial-mediated neuroinflammation within the vlPAG.

Material and Methods
Animals and Ethics Statement
A total of 64 male Sprague-Dawley (SD) rats (200±20 g) were used in this study. Male animals were exclusively selected 
to maintain consistency and minimize biological variability associated with sex-dependent hormonal fluctuations during 
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this initial mechanistic investigation. All animals were obtained from Jinan Pengyue Experimental Animal Breeding Co., 
Ltd. Rats were housed 5 per cage under controlled environmental conditions (temperature 22±2°C, 12 h light/dark cycle) 
with ad libitum access to food and water. Animals were allowed to acclimatize to the laboratory environment for at least 
7 days prior to any experimental procedures. All experimental protocols were approved by the Animal Ethics and 
Welfare Committee of Qingdao University (Approval No.: 20240710SD6420240821092) and conducted in accordance 
with relevant guidelines.

Animal Model
Monoiodoacetate (MIA) induces cartilage degeneration by disrupting chondrocyte metabolism and reliably reproduces 
the histopathological changes and chronic pain associated with KOA.40 On day 0, rats under isoflurane anesthesia 
received an intra-articular injection of 60 μL of MIA solution (80 mg/mL; Sigma, USA) into the left knee joint cavity via 
the infrapatellar ligament.41 The sham group received an equal volume of 0.9% saline.

Experimental Design
This study consisted of two main parts:

Role of vlPAG in KOA-Associated Chronic Pain
Rats were randomly assigned to a sham-operated group (Sham) and an MIA group (n=5 per group). Pain-related 
behaviors were assessed at baseline (day −1) and on days 1, 3, 7, 14, and 23 post-injection. Based on behavioral 
outcomes and the established progression of the MIA model, day 14 was defined as the chronic pain stage, at which point 
pain hypersensitivity was stable Therefore, animals were euthanized on day 14, and brain tissues were collected for 
immunohistochemical analyses.

A separate cohort of MIA-treated rats were then randomly assigned into a MIA+NS control group and a MIA 
+minocycline intervention group (n=4 per group). All animals underwent stereotaxic cannulation targeting the vlPAG 7 
days prior to MIA injection. Starting from the day of modeling, animals received daily intra-vlPAG microinjections of 
minocycline or saline for 14 consecutive days. Behavioral assessments were conducted on day −1 and on days 1, 3, 7, 
and 14 after modeling. Brain tissues were collected on day 14 to evaluate the effects of microglial inhibition during both 
the development and maintenance phases of chronic pain.

Mechanisms of M1-Targeted tDCS
To examine anatomical connectivity, CTB-555 was injected into the vlPAG, and brain tissues were collected 2 weeks 
later to allow sufficient retrograde transport and stable neuronal labeling.42 Immunofluorescence staining was performed 
to identify direct projections from M1 to the vlPAG.

In a separate cohort, MIA-treated rats were randomly assigned to MIA+tDCS or MIA+StDCS (shamstimulation) 
groups (n=5 per group). tDCS treatment was initiated on day 14 post-MIA injection, corresponding to the established 
chronic pain phase, in order to evaluate therapeutic rather than preventive effects. Animals received daily stimulation for 
8 consecutive days. Behavioral tests were conducted 1 day and 7 days after treatment to assess both short-term and 
sustained effects. Brain tissues were collected 7 days after tDCS treatment to evaluate lasting neurobiological changes.

Sample sizes were determined based on our previous work, relevant published literature using comparable MIA- 
induced KOA models,34,35,43 and ethical considerations to minimize animal use in accordance with the 3Rs principle. 
Given that certain experiments were exploratory in nature, relatively small group sizes were employed. To ensure 
statistical rigor, appropriate statistical analyses were applied, and post hoc power analyses were conducted for key 
outcomes (Supplementary Table 1).

Randomization and Blinding
Animals were randomly assigned to experimental groups using a computer-generated randomization sequence. Each 
animal was assigned a coded identification number, and group allocation was concealed from investigators involved in 
behavioral testing, data acquisition, and analysis whenever feasible. Blinding was not possible during certain procedures 
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(eg., model induction, stereotaxic surgery, or tDCS administration) due to their technical nature. However, these 
procedures were performed by operators not involved in outcome assessment. Behavioral testing, histological analysis, 
and data quantification were conducted by investigators blinded to group allocations. All tissue samples and images were 
coded prior to analysis. Unblinding was performed only after completion of all primary data analyses.

Pain Behavioral Assessment
All behavioral tests were conducted under controlled environmental conditions (22–25°C) in a quiet room. To minimize 
environmental stress, noise and unnecessary disturbances were reduced as much as possible during testing. Mechanical 
sensitivity was assessed prior to thermal testing with a 2-hour interval to minimize potential interference. Animals were 
acclimated to the testing environment for at least 30 min prior to each session. All tests were conducted at consistent 
times of day. Behavioral assessments were performed on the ipsilateral hind paw, corresponding to the MIA-injected 
joint, to specifically evaluate localized pain hypersensitivity The contralateral hind paw was not analyzed, as the primary 
objective was to assess unilateral pain responses. Animals were excluded from behavioral analysis if they failed to adapt 
to the testing environment, exhibited abnormal baseline nociceptive thresholds, showed poor general condition, had 
unsuccessful model induction or tissue processing failure. A total of 8 animals were excluded All exclusion criteria were 
predefined and applied prior to data analysis, independent of experimental outcomes. All tests and measurements were 
performed by the same experimenter under standardized conditions, and all procedures were carried out with the 
experimenter blinded to group assignments.

Mechanical Allodynia
Mechanical nociceptive sensitivity was assessed by measuring the 50% paw withdrawal threshold (PWT) using von Frey 
filaments and “Dixon’s up-down method”.44 For mechanical sensitivity testing, von Frey filaments were used according 
to the manufacturer’s instructions. The integrity of the filaments was checked before each testing session to ensure 
consistent bending force. Rats were acclimated for 30 minutes in transparent enclosures placed on an elevated wire mesh 
floor. PWT was determined using the up-down method by applying a series of von Frey filaments (0.16g to 26.0g) to the 
mid-plantar surface of the left hind paw. Testing always commenced with the 2.0 g filament, and each filament was 
applied 5 times with an inter-stimulus interval of 7s. A rapid withdrawal was recorded as a positive response. This 
procedure was repeated three times per animal with ≥ 30 min inter-test intervals and the average PWT was calculated. 
The 50% threshold (in grams) was derived using the formula: 50% threshold = (10[Xf + Kδ])/10,000.

Thermal Hyperalgesia
Thermal pain sensitivity was assessed using a hot plate maintained at 55 ± 0.2°C. Before use, the apparatus was 
preheated, and the surface temperature was confirmed before each test according to the manufacturer’s instructions. The 
equipment was regularly calibrated to ensure measurement accuracy and consistency. The paw withdrawal latency 
(PWL), defined as the time to hind paw licking/flicking, jumping, or vocalization, was recorded.45 Each rat underwent 
three trials, with an inter-trial interval of ≥30 min, and the mean latency was calculated. A cut-off time of 30s was used to 
prevent tissue damage.

tDCS Treatment
Rats received tDCS (0.5 mA, 20 min/day) for 8 consecutive days beginning on day 14 post-MIA injection.34 During 
stimulation, animals were briefly anesthetized with isoflurane (5% induction;1.5–2% maintenance) to ensure stable electrode 
placement and minimize movement. To reduce potential confounding effects of repeated anesthesia, all groups underwent 
identical anesthetic procedures with standardized duration and depth. The duration of anesthesia was limited to the minimum 
required to complete electrode placement and stimulation (approximately 20 min per session). The depth of anesthesia was 
kept at a light level, sufficient to prevent struggling and allow stable electrode contact, while spontaneous respiration was 
maintained throughout the procedure. The depth of anesthesia was monitored throughout the procedure by assessing 
respiratory pattern and the absence of response to a paw pinch/toe pinch, and additional anesthetic was administered only 
when necessary. Two rubber surface electrodes (1.5 cm2 each) coated with conductive gel were placed on the scalp and 
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secured with adhesive tape to ensure stable electrode-skin contact throughout the stimulation period. The anode was 
positioned over the right primary motor cortex, and the cathode was placed over the contralateral supraorbital region. 
Current was gradually ramped up and down over 10–30s to ensure stable delivery. A constant current of 0.5 mA was 
delivered, corresponding to a current density of 0.33 mA/cm2, without causing brain lesions.46,47 Although real-time 
impedance monitoring was not available, variability was minimized by standardizing electrode placement, skin preparation, 
and stimulation parameters. All procedures were performed by the same trained experimenter. Sham stimulation involved 
identical procedures, with current delivered only during the initial 30s. After stimulation, animals were returned to their home 
cages and allowed to fully recover before any subsequent behavioral assessment.

Stereotaxic Surgery
Rats were anesthetized with isoflurane and placed in a stereotaxic frame. vlPAG coordinates relative to bregma 
(AP: −7.60 mm, ML: +0.65 mm, DV: −5.90 mm) were determined with reference to the Paxinos & Watson brain 
atlas and previous studies.29,48 A total of 250 nL of the retrograde tracer CTB-555 (1 μg/μL, BrainVTA) was 
microinjected at 0.03μL/min, and the needle was left in place for 10 min to prevent reflux. Animals were allowed 
to recover fully before subsequent procedures. During this period, their overall condition was continuously 
monitored, including activity, food intake, and wound healing, to ensure physiological stability. Although stereo
taxic surgery and anesthesia may induce nonspecific physiological effects, the purpose of this experiment was to 
determine the anatomical projection from M1 to the vlPAG rather than to evaluate stress or inflammation-related 
responses. All surgeries were performed under standardized conditions to minimize variability and potential 
confounding effects.

Local Drug Infusion in the vlPAG
Minocycline was administered via intra-vlPAG microinjection using a stereotaxically implanted guide cannula (OD 0.56 mm; 
ID 0.38 mm; RWD). The optimal coordinates (AP: −7.60 mm, ML: +0.65 mm, DV: −5.90 mm relative to bregma) were pre- 
validated in a separate cohort prior to the main experiments by infusing 500 nL of Evans Blue dye. Histological analysis 
confirmed that the infusion was confined to the vlPAG. During surgery, the cannula was firmly secured to the skull using 
stainless-steel screws and dental cement. Following cannula implantation, animals were allowed a 7-day postoperative 
recovery period prior to behavioral testing. During this period, their general physiological condition, including spontaneous 
activity, food intake, and wound healing, was closely monitored to ensure stability. For pharmacological intervention, 
minocycline (Selleckchem, USA) was dissolved in normal saline to a final concentration of 15 μg/μL.49 Drug microinjections 
were performed 20 minutes prior to behavioral testing in awake, freely moving animals to avoid anesthesia-related 
confounding effects. The drug was delivered using a microinjection pump (Stoelting, USA) connected to a Hamilton syringe 
via BC-22 tubing. An injection cannula (OD 0.36 mm; ID 0.20 mm; RWD), extending 1 mm beyond the tip of the guide 
cannula, was inserted. Each rat received a unilateral infusion of 500 nL minocycline or normal saline into the right vlPAG at 
a slow, controlled rate to minimize local tissue damage. After infusion, the injection cannula was left in place for an additional 
5 min before gentle withdrawal to prevent reflux along the needle tract. To minimize procedural variability, all surgicalpro
cedures, handling, and microinjections were performed by the same trained experimenter across all groups.

Immunofluorescence Staining
Under deep anesthesia, rats were transcardially perfused with 0.9% saline followed by 4% paraformaldehyde. After 
postfixation, brain were cryoprotected in 30% sucrose and coronally sectioned at 40μm. The vlPAG was identified 
according to the Paxinos and Watson atlas, and sections spanning approximately AP −7.50 mm to −8.70 mm were 
collected using the cerebral aqueduct as a landmark. Free-floating sections were blocked with 5% normal goat serum 
containing 0.3% Triton X-100 for 1.5 h, followed by incubation with primary antibodies at 4°C overnight. The next day, 
sections were incubated with secondary antibodies at room temperature for 1.5 h, and nuclei were counterstained with 
DAPI before mounting. Primary antibodies included rabbit anti-c-Fos (1:500, Cell Signaling Technology) and rabbit anti- 
Iba-1 (1:1000, Cell Signaling Technology). The secondary antibody was Alexa Fluor 488-conjugated goat anti-rabbit IgG 
(1:1000, ABclonal). Images were acquired using an Olympus VS120 virtual slide microscope. All images within the 
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same experiment were captured using identical acquisition settings to ensure comparability across groups. Image 
stitching and processing were performed using OLYMPUS OlyVIA software (version 3.3). For figure presentation, 
brightness and contrast were adjusted uniformly across entire images and applied consistently across all groups. No 
selective enhancement, deletion, or manipulation of specific image features was performed. Subsequent image processing 
and quantitative analysis were conducted using Fiji/ImageJ (version 1.54f). Morphological analyses were performed 
using the Analyze Skeleton and Sholl analysis plugins. For each animal, three representative vlPAG sections were 
selected, and 3–4 regions of interest (ROIs) per section were quantified.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from the vlPAG using the PureLink RNA Mini Kit (Thermo Fisher Scientific). After quantification 
with NanoDrop, RNA was reverse-transcribed into cDNA using SuperScript III Reverse Transcriptase (Invitrogen). 
Quantitative PCR was performed using the SYBR Green method (Qiagen) under the following cycling conditions: initial 
denaturation at 95°C for 5 min, followed by 40 cycles of 95°Cfor 5s, 60°C for 30s, and 72°C for 30s. Relative expression 
levels of target genes were calculated using the 2−ΔΔCT method, with Gapdh as the endogenous control.

The sequences of the PCR primers (Sangon Biotech) were:
Gapdh: F: 5’-TTGTGAAGCTCATTTCCTGGTA-3’, R: 5’-GGCCTCTCTCTTGCTCTCAGTA-3’
IL-6: F: 5’-AGTTGCCTTCTTGGGACTGA-3’, R: 5’-ACTGGTCTGTTGTGGGTGGT-3’
IL-1β: F: 5’-GCTGTGGCAGCTACCTATGTCTTG-3’, R: 5’-AGGTCGTCATCATCCCACGAG-3’
Tnf-α: F: 5’-GGTTCCGTCCCTCTCATACA-3’, R: 5’-AGACACCGCCTGGAGTTCT-3’
IL-4: F: 5’-CAACAAGGAACACCACGGAGAAC-3’, R: 5’-CTTCAAGCACGGAGGTACATCAC-3
IL-10: F: 5’-TGGAGTGAAGACCAGCAAAG-3’, R: 5’-GGCAACCCAAGTAACCCTTA-3’
c-Fos: F: 5’-CGTCTTCCTTTGTCTTCACCTACC-3’, R: 5’-GTTGCTGCTGCTGCCCTTTC-3’
All reactions were performed in triplicate.

Statistical Analysis
Data are presented as mean ± standard deviation (Mean ± SD). Statistical analyses were performed using GraphPad 
Prism (version 10.1.2). Normality and homogeneity of variance were assessed prior to analysis. Behavioral data were 
analyzed using two-way repeated-measures ANOVA followed by Sidak’s post hoc tests. Other comparisons were 
conducted used unpaired two-tailed Student’s t-test or appropriate nonparametric tests when assumptions were not 
met. To improve transparency, individual data points are presented in all figures. Post hoc power analyses were conducted 
for experiments with small sample sizes using G*Power 3.1.9.7 to strengthen the statistical rigor, and these results are 
reported in Supplementary Table 1. A P value < 0.05 was considered statistically significant.

Results
MIA Injection Induces vlPAG Activation in KOA Model Rats
Rats with comparable baseline pain thresholds were selected for model establishment. Following intra-articular MIA 
injection, nociceptive behaviors were evaluated at multiple time points (Figure 1A). Compared with the sham control 
group, the MIA group exhibited a significant decrease in PWT and PWL beginning on day 1 post-modeling, reaching the 
lowest levels on day 14. This pain hypersensitivity persisted until day 23, whereas no significant changes were observed 
in the sham control group (Figure 1B and C; Two-way repeated measure ANOVA and Sidak’s multiple comparisons test, 
Sham vs. MIA, PWT: d1-d23, P < 0.0001. PWL: d1-d23, P < 0.001 to P < 0.0001). These results indicate that the MIA 
model successfully induces stable chronic pain hypersensitivity. Based on this, day 14 after MIA injection was defined as 
the time point for successful establishment of KOA-related chronic pain.

To further explore central mechanisms underlying KOA pain, neuronal activation across PAG subregions was 
examined. Immunohistochemistry revealed a significant increase in c-Fos-positive neurons in the PAG of MIA-model 
rats, with the most marked activation observed in the vlPAG (Figure 1D–G; unpaired t-test, Sham vs. MIA, dlPAG: P < 
0.05; lPAG: P < 0.01; vlPAG: P < 0.0001). Taken together, these findings indicate that MIA-induced KOA not only 
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Figure 1 MIA-induced hyperalgesia and increased activity of the vlPAG in a KOA rat model. (A) Experimental design. (B and C) Behavioral tests. (B) PWT: treatment × 
Time F (5, 24) = 24.12, P <0.0001; time F (5, 24) = 45.90, P <0.0001; treatment F (1, 24) = 494.4, P<0.0001. (C) PWL: treatment × time F (5, 24) = 15.24, P <0.0001; 
treatment F (1, 24) = 243.1, P <0.0001; time F (5, 24) = 7.167, P <0.001. n = 6 rats per group. (D) Representative images showing c-Fos expression in sham and MIA-treated 
rats. Scale bar: 100 μm. (E–G) Quantitative analyses of c-Fos+ neurons in subregions of PAG. dlPAG (E): t=3.244, P < 0.05; lPAG (F): t =4.707, P < 0.01; and vlPAG (G): 
t =10.9, P <0.0001. n = 5 rats per group. (H) Representative images showing Iba-1+ microglial in the vlPAG and the corresponding heatmap. Scale bars: 100μm (left), 20μm 
(middle), 5μm (right). (I) Sholl analysis about intersections with concentric circles. Treatment × distance from soma F (11, 72) = 27.07, P <0.0001; treatment F (1, 72) = 
399.7, P <0.0001; distance from soma F (11, 72) = 119.9, P <0.0001. n = 4 rats per group. (J–N) microglial number and morphology analysis. Microglial counts/mm2 (J): 
t =6.035, P < 0.001; branches/cell (K): t =15.52, P <0.0001; soma size/cell (L): t =4.830, P < 0.01; terminal endpoints (M): t =13.52, P <0.0001; and maximum process length 
(N): t =5.308, P < 0.01. n = 4 rats per group. (O–S) RT-qPCR analyses for inflammatory factors expression in the vlPAG. IL-6 (O): t =9.258, P < 0.001; IL-1β (P): t =11.16, P < 
0.001; TNF-α (Q): t =11.31, P < 0.001; IL-4 (R): t =20.46, P <0.0001; and IL-10 (S): t =4.566, P < 0.05. n = 3 rats per group. All data are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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produces long-lasting pain hypersensitivity but is also accompanied by pronounced neuronal activation in the vlPAG, 
suggesting a critical role for this region in central pain modulation.

vlPAG Microglial Exhibit Pro-Inflammatory Activation in the KOA Model Rats
To determine whether vlPAG microglial activation involves in chronic KOA pain, we analyzed microglial status in this 
region. Immunofluorescence staining and the Sholl analysis heatmap showed a significant increase in Iba-1 expression in 
vlPAG microglial of MIA-model rats compared with sham controls (Figure 1H). Sholl analysis further revealed the pro- 
inflammatory activation of microglial in the MIA group: reduced intersections with concentric circles (Figure 1I; Two- 
way repeated measure ANOVA and Sidak’s multiple comparisons test, Sham vs. MIA, P <0.0001 at 13–33μm), greater 
counts, fewer branches, larger soma size, and shortened terminal branches and maximum branch length (Figure 1J–N; 
unpaired t- test, Sham vs. MIA, P < 0.01 to P < 0.0001), indicating a transition from a resting to an activated state. Our 
qPCR analysis revealed significant upregulation of pro-inflammatory cytokine IL-6, IL-1β, and TNF-αin the vlPAG of 
MIA-modeled rats (Figure 1O–Q; unpaired t test, Sham vs. MIA, P < 0.001), along with marked downregulation of anti- 
inflammatory cytokines IL-4 and IL-10 (Figure 1R and S; unpaired t-test, Sham vs. MIA, P < 0.05 to P < 0.0001). Taken 
together, these findings demonstrate pro-inflammatory activation of vlPAG microglial that may contribute to KOA 
chronic pain induced by MIA injection.

Inhibiting Microglial Activation in vlPAG Alleviates Chronic Pain Behaviors in KOA 
Model Rats
To confirm the involvement of vlPAG microglial in KOA pain, stereotaxic cannulation into the vlPAG was performed 7 
days before MIA injection, followed by 14 days of local administration of minocycline or normal saline (NS) starting on 
the day of MIA injection (Figure 2A). Prior to the formal experiments, cannula placement was verified using Evans Blue 
dye according to stereotaxic atlas coordinates, confirming that the injection sites were accurately localized within the vlPAG 
(Figure 2B). Behavioral assessments showed that, compared with the MIA+NS group, the MIA+ Mino group exhibited 
significantly increased PWT and PWL after the first day of injection, with this analgesic effect maintained throughout the 
14-day treatment period (Figure 2C and D; Two-way repeated measure ANOVA and Sidak’s multiple comparisons test, 
MIA+NS vs. MIA+Mino, PWT: d1-d14, P < 0.05 to P < 0.0001. PWL: d1-d14, P < 0.01 to P < 0.0001). These results 
indicate that inhibition of vlPAG microglial activation effectively alleviates pain-related behaviors.

Immunofluorescence further revealed a significantly lower number of c-Fos-positive neurons in the vlPAG of the 
MIA+Mino group compared with the MIA+NS group (Figure 2E and F; unpaired t-test, MIA+NS vs. MIA+Mino in 
vlPAG: P < 0.0001), indicating reduced neuronal activation following microglial inhibition. In addition, 
Immunofluorescence staining and the Sholl analysis heatmap showed the MIA+Mino group displayed reduced microglial 
density and a resting-state morphology (Figure 2G). Sholl analysis confirmed increased intersections (Figure 2H; Two- 
way repeated measure ANOVA and Sidak’s multiple comparisons test, MIA+NS vs. MIA+Mino, P < 0.0001 at 
13–37μm), greater cell counts, more branches, higher numbers of terminal branches, longer maximum branch length, 
and smaller soma size (Figure 2I–M; unpaired t-test, MIA+NS vs. MIA+Mino, P < 0.05 to P < 0.001). In summary, our 
findings indicate that inflammatory activation of vlPAG microglial contributes to chronic KOA pain, whereas suppressing 
microglial activation reduces vlPAG neuronal activity and alleviates pain behaviors.

M1-Targeted tDCS Significantly Alleviates Pain Hypersensitivity in KOA Model Rats
To evaluate the analgesic efficacy of tDCS in the KOA model, MIA-treated rats received either M1-targeted tDCS or 
sham stimulation for 8 consecutive days starting on day 15 after MIA injection. PWT and PWL were measured on day 
15, 22, and 29 (Figure 3A). Both PWT and PWL were significantly increased in the tDCS group, and this analgesic effect 
persisted until day 29 (Figure 3B and C; Two-way repeated measure ANOVA and Sidak’s multiple comparisons test, 
MIA+tDCS vs. MIA+StDCS, PWT: P < 0.001 to P <0.0001, PWL: P < 0.0001). These findings demonstrate that M1- 
targeted tDCS effectively reverses MIA-induced mechanical allodynia and thermal hyperalgesia.
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Figure 2 Minocycline administration in the vlPAG alleviates hyperalgesia and suppresses neuronal activity in KOA model rats by inhibiting microglial activation. (A) 
Experimental design. (B) Histological verification of the Evans Blue injection site in the vlPAG. (C and D) Behavioral tests. PWT (C): group × time F (4, 24) = 57.88, 
P <0.0001; time F (4, 24) = 227.4, P <0.0001; group F (1, 6) = 122.8, P <0.0001. PWL (D): group × time F (4, 24) = 24.00, P <0.0001; time F (4, 24) = 36.86, P <0.0001; group 
F (1, 6) = 87.09, P <0.0001. n = 4 rats per group. (E) Representative images showing c-Fos expression in the vlPAG. Scale bar: 100μm. (F) The number of c-Fos+ neurons in 
the vlPAG: t =13.89, P <0.0001. n = 4 rats per group. (G) Representative images showing Iba-1+ microglial in vlPAG and the corresponding heatmap. Scale bars: 100μm (left), 
50μm (middle), 5μm (right). (H) Sholl analysis about intersections with concentric circles. Group × distance from soma F (11, 48) = 13.78, P <0.0001; group F (1, 48) = 224.0, 
P <0.0001; distance from soma F (11, 48) = 104.5, P <0.0001. n = 3 rats per group. (I–M) microglial number and morphology analysis. Microglial counts/mm2 (I): t =12.58, P < 
0.001; branches/cell (J): t =5.714, P < 0.01; soma size/cell (K): t =4.309, P < 0.05; terminal endpoints (L): t =4.647, P < 0.01; maximum process length (M): t=3.742, P < 0.05. 
n = 3 rats per group. All data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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M1-Targeted tDCS Activates M1 Meanwhile Suppresses vlPAG Hyperactivity in KOA 
Model Rats
Although MIA alone did not activate M1 neurons (Figure 3D and E; unpaired t-test, Sham vs. MIA: P > 0.05), tDCS 
stimulation consistently increased activity of M1 neurons. In detail, MIA+tDCS group exhibited a significant increase in 
M1 c-Fos-positive neurons compared to the MIA+StDCS group (Figure 3D and F; unpaired t-test, MIA+tDCS vs. MIA 
+StDCS: P < 0.01), supporting the notion that the analgesic effect of tDCS may associated with M1 activation. 
Additionally, we observed that M1-targeted tDCS significantly reduce activity of vlPAG neurons but not DLPAG or 
LPAG neurons (Figure 3G–J; unpaired t-test, MIA+tDCS vs. MIA+StDCS, vlPAG: P <0.0001; dlPAG: P > 0.05; lPAG: 
P > 0.05). These findings suggest that M1 tDCS may exert its analgesic effect, at least partially via suppressing MIA- 
induced hyperactivity of vlPAG neurons.

Figure 3 M1-targeted tDCS treatment alleviates pain sensitization and activates M1 meanwhile suppresses vlPAG hyperactivity in KOA model rats. (A) Experimental design. 
(B and C) Behavioral tests. PWT(B): group × time F (6, 56) = 5.365, P <0.001; group F (1, 56) = 12.57, P <0.001; time F (6, 56) = 35.97, P <0.0001. PWL (C): group × time 
F (6, 48) = 40.23, P <0.0001; group F (1, 8) = 109.2, P < 0.0001; time F (6, 48) = 169.9, P < 0.0001., n = 5 rats per group. (D) Representative images showing c-Fos expression 
in the M1 region. Scale bars: 200μm (low magnification), 50μm (high magnification). (E and F) Number of c-Fos+ neurons in the M1 region. Sham vs. MIA (E): t =2.500, P > 
0.05; MIA+tDCS vs. MIA+StDCS (F): t =8.050, P < 0.01. n = 5 rats per group. (G) Representative images showing c-Fos expression in the PAG. Scale bar: 100μm. (H–J) 
Number of c-Fos+ neurons in PAG subregions. DLPAG (H): t =0.5164, P > 0.05, LPAG (I): t =1.131, P > 0.05, and VLPAG (J): t =9.055, P <0.0001. n = 5 rats per group. All 
data are expressed as mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns indicates not significant.
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M1-Targeted tDCS Rescues Abnormal Activation of vlPAG Microglial in KOA Model 
Rats
We further evaluated the effect of M1-targeted tDCS on microglial morphology and inflammatory factors expression in 
the vlPAG of KOA model rats. Immunofluorescence combined with Sholl analysis revealed that microglial in the MIA 
+tDCS group displayed features of a resting state (Figure 4A): increased branching complexity (Figure 4B; Two-way 
repeated measure ANOVA and Sidak’s multiple comparisons test, MIA+tDCS vs. MIA+StDCS, P < 0.0001 at 
13–37μm), more distal branches and terminal points, longer maximum branch length, reduced soma size, and decreased 
Iba-1-positive cells compared with the MIA+StDCS group (Figure 4C–G; unpaired t-test, MIA+tDCS vs. MIA+StDCS, 
P < 0.05 to P < 0.0001). These morphological changes indicate that tDCS markedly suppresses pro-inflammatory 
activation of vlPAG microglial. Our qPCR results further demonstrated that tDCS significantly downregulated pro- 
inflammatory cytokines (IL-6, IL-1β, TNF-α) and upregulated anti-inflammatory cytokines (IL-4 and IL-10) in the 
vlPAG (Figure 4H–L; unpaired t-test, MIA+tDCS vs. MIA+StDCS, P < 0.05 to P < 0.0001), suggesting that tDCS 
effectively alleviates microglial activation and neuroinflammation.

The M1 Region Projects Directly to the vlPAG Region via Neural Fibers
Although previous studies have shown that electrical stimulation of M1 produces significant analgesic effects,32,50 the 
circuit mechanisms remain unclear. To check whether there were direct projections from M1 to the vlPAG, we injected 
the retrograde tracer CTB-555 into the vlPAG. Fluorescence-labeled neurons were observed in M1 following CTB-555 
injection into the vlPAG (Figure 4M). This anatomical evidence supports the hypothesis that M1 stimulation may induce 
analgesia by directly modulating vlPAG neuronal activity and engaging descending pain pathways.

Discussion
Pain associated with KOA is characteristically chronic and persistent, with central sensitization serving as a key 
underlying mechanism.51 Compared with other osteoarthritis (OA) models, the MIA model more effectively disrupts 
cartilage and replicates end-stage OA pathology.52 Previous work has shown that intra-articular injection of high-dose 
MIA induces robust pain hypersensitivity and central sensitization.41 In the present study, both PWT and PWL decreased 
progressively following MIA injection and reached their lowest values on day 14, consistent with sustained pain 
hypersensitivity. These results are in line with previous reports.34,35,41 Therefore, day 14 after MIA injection was 
selected as the time point indicating successful KOA model establishment.

Recent studies have identified the PAG as a central hub in chronic pain regulation, integrating ascending nociceptive input 
and descending modulatory signals.53,54 The vlPAG, in particular, plays a critical role in chronic neuropathic pain.29 In this 
study, we observed a significant increase in c-Fos-positive neurons in the vlPAG of MIA-induced KOA model rats, indicating 
neuronal activation in this area during chronic KOA pain. In contrast, other PAG subregions showed less pronounced 
activation, suggesting that they may be more likely involved in regulating emotion, anxiety, or avoidance behaviors.55 Our 
data thus support the idea that the vlPAG is a key brain region in the central regulation of KOA-related chronic pain.

Microglial, as resident immune cells of the CNS, are essential for the development and maintenance of chronic pain and 
central sensitization.56 Previous studies have reported significant microglial activation in the anterior cingulate cortex in chronic 
arthritic hyperalgesia and in the vlPAG in neuropathic pain models.29,57 Because of the close interaction between neurons and 
microglial, neuronal hyperactivity can trigger microglial activation, which in turn releases pro-inflammatory cytokines that 
exacerbate central sensitization.58 In our MIA-induced KOA pain model, we observed a typical pro-inflammatory activation state 
of vlPAG microglial. These inflammatory mediators, such as IL-6, IL-1β, and TNF-α, may enhance neuronal excitability and 
amplify pain signaling by acting on neuronal receptors (eg., IL-1R1, TNF-R) and downstream signaling pathways (eg., NF-κB, 
MAPK), thereby inducing immediate-early genes expression, such as c-Fos.59

Minocycline, a microglial inhibitor, has been shown to effectively alleviate chronic pain in various models.60 In this 
study, pre-microinjection of minocycline into the vlPAG significantly prevent microglial activation, reduced neuronal 
activity and c-Fos expression, and improved PWT and PWL, thereby exerting robust analgesic effects. These findings 
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Figure 4 M1-targeted tDCS treatment significantly suppresses microglial activation and pro-inflammatory cytokine release in the vlPAG of MIA-induced KOA rats, possibly 
mediated by direct neural fiber projections. (A) Representative images showing Iba-1+ microglial in vlPAG and the corresponding heatmap. Scale bars: 100μm (left), 20μm 
(middle), 5μm (right). (B) Sholl analysis about intersections with concentric circles. Group × distance from soma F (11, 72) = 28.21, P <0.0001; group F (1, 72) = 587.1, 
P <0.0001; distance from soma F (11, 72) = 108.0, P <0.0001. n = 3 rats per group. (C–G) Microglial number and morphology analysis. Microglial counts/mm2 (C): t =2.562, 
P <0.05; branches/cell (D): t =9.435, P <0.0001; soma size/cell (E): t =7.345, P <0.001; terminal endpoints (F): t =10.09, P <0.0001;maximum process length (G): t =4.806, P < 
0.01. n = 4 rats per group. (H–L) RT-qPCR analyses for inflammatory factors expression in the vlPAG. IL-6 (H): t =4.294, P <0.05; IL-1β(I): t =5.327, P <0.01;TNF-α(J): 
t =4.975, P< 0.01;IL-4 (K): t =5.278, P < 0.01; IL-10 (L): t =47.10, P <0.0001. n = 3 rats per group. (M) A direct projection from M1 to vlPAG revealed by retrograde tracing. 
An retrograde tracer CTB-555 was microinjected into the vlPAG. Two weeks later CTB-555-labeled neurons (red) were observed in the M1 cortex. Scale bars: 200 μm (low 
magnification), 50 μm (high magnification). All data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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further support the concept that microglial activation in the vlPAG is a key pathophysiological mechanism in KOA- 
associated chronic pain, and that microglial-neuron interactions critically shape neuronal activity in this region.

In recent years, tDCS has gained increasing attention as a non-invasive neuromodulation approach for chronic pain 
management. Studies have shown that tDCS can alleviate various pain conditions, including fibromyalgia and neuro
pathic pain, by activating endogenous opioid and noradrenergic systems, and modulating neuronal membrane 
potentials.61,62 Our previous studies demonstrated that M1-targeted tDCS exerts significant analgesic effects in KOA 
model rats.34,35 The present study further shows that the analgesic effect of M1 tDCS persists for at least 7 days, 
indicating sustained efficacy. However, the mechanism by which weak cortical stimulation influences remote structures 
such as the PAG remains incompletely understood.63,64 Using CTB-555 retrograde tracing, we identified direct neural 
projections from Layer V neurons in M1 to the vlPAG, providing an anatomical substrate for tDCS-mediated modulation 
of vlPAG function. This finding is consistent with recent reports and suggests that tDCS may regulate vlPAG activity 
through the M1-vlPAG direct pathway.65

In MIA-induced KOA pain model rats, c-Fos expression in M1 region did not differ significantly from that in sham 
animals, suggesting that M1 itself does not directly participate in KOA pain signaling. Clinical studies have also reported 
that motor cortex excitability in KOA patients does not differ markedly from healthy controls, potentially reflecting 
reduced movement and suppressed motor cortex activation associated with chronic pain.66 Following tDCS, however, 
M1 exhibited marked activation, accompanied by reduced vlPAG neuronal activity and suppressed microglial activation, 
indicating functional coupling between these regions. Given the heterogeneity of vlPAG neuronal population, this effect 
may involve specific neuron subtypes or local interneurons.67

Based on our findings, we propose that M1-targeted tDCS exerts its analgesic effects, at least partially, by modulating 
neuronal and microglial activity in the vlPAG via a direct M1-vlPAG pathway. tDCS significantly suppresses microglial 
activation, reduces pro-inflammatory cytokine expression, and attenuates neuronal hyperactivity, highlighting this 
“cortex-midbrain” regulatory pathway as a promising target for chronic pain management.

Our present study has several limitations. First, some experiments were conducted with relatively small sample sizes, 
which may increase the risk of type II error and limit the generalizability of the findings. To enhance statistical rigor, post 
hoc power analyses were performed for experiments with small sample sizes using G*Power 3.1.9.7, and the results are 
provided in Supplementary Table 1. Accordingly, the present findings should be considered supportive rather than 
definitive and require further validation in larger, independent cohorts. Second, tDCS was administered under brief 
isoflurane anesthesia. Although this approach ensured stable electrode placement and minimized stress-related move
ment, isoflurane itself may influence pain-related behaviors, neuronal excitability, and neuroinflammatory responses, 
including microglial activation.68 In addition, a dedicated sham-anesthesia control group was not included. Future studies 
employing awake stimulation paradigms or incorporating additional sham-anesthesia controls are warranted to better 
isolate the specific effects of tDCS from those of anesthetic exposure. Third, this study exclusively used male rats. While 
this approach reduced biological variability, it limits the generalizability of the findings. Accumulating evidence indicates 
that pain processing and microglial-mediated hypersensitivity are highly sex-dependent, often exhibiting greater micro
glial involvement in males than in females.69,70 Consequently, the effects of tDCS and minocycline on vlPAG microglial 
observed in this study may differ in females. Therefore, caution is required when extrapolating these findings to clinical 
populations, and future studies including female animals are necessary to clarify sex-specific mechanisms and improve 
translational relevance. Fourth, a dedicated vehicle or site-specific control was not included. As a result, non-specific 
behavioral effects related to local infusion or tissue disturbance cannot be completely excluded. Although a small 
injection volume and slow infusion rate were used to minimize these effects, future studies incorporating vehicle controls 
and adjacent-site injections will be necessary to more rigorously confirm the anatomical and pharmacological specificity 
of the observed effects. Fifth, the MIA-induced KOA model is chemically driven and does not fully recapitulate the 
gradual progression of human degenerative OA. While this limits direct clinical translation, the model remains a well- 
established and widely accepted tool for investigating pain mechanisms and evaluating potential therapeutic strategies.
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Conclusion
In summary, this study demonstrates that M1-targeted tDCS alleviates chronic pain-related behaviors in a rat model of 
KOA, at least in part, by modulating neuronal activity and microglial-mediated neuroinflammation within the vlPAG. 
Modulation of the direct M1-vlPAG pathway may underlie the observed analgesic effects. These findings provide novel 
preclinical evidence supporting the potential of non-invasive brain stimulation for the treatment of chronic pain. 
Although the results may have translational relevance, their implications for human pain management remain preliminary 
and require further clinical validation. Future studies should focus on elucidating the precise cellular and circuit-level 
mechanisms involved and identifying specific therapeutic targets within this pathway to enable the development of more 
targeted and effective interventions for chronic pain disorders, including KOA.

Description of Euthanasia and Anesthesia Methods
1. Pre-anesthesia preparation: Conduct a comprehensive physical examination of SD rats preoperatively. Based on 

their body weight (typically 200–300g), accurately calculate the dosages of various medications. Withhold food for 
4–6 hours and water for 2–3 hours (to prevent vomiting and aspiration during anesthesia). Ensure the operating 
environment is sterile and maintains an appropriate temperature (23–25°C), avoiding environmental stressors that 
may cause distress to the rats.

2. The anesthesia was administered via intraperitoneal injection using sodium pentobarbital (manufactured by Beijing 
Ludun Biotechnology Co., Ltd). The dosage was calculated at 50 mg/kg based on the body weight of the SD rats. 
The solution was slowly injected intraperitoneally until the rats exhibited the disappearance of the eyelid reflex, 
muscle relaxation, and stable respiration (respiratory rate maintained at 50–80 breaths per minute), indicating entry 
into an anesthetized state, at which point the injection was stopped. Respiratory and heart rate changes were 
monitored throughout the procedure.

3. Euthanasia was performed via intraperitoneal injection using sodium pentobarbital at a dosage approximately three 
times the anesthetic dose, calculated as roughly 100–150 mg/kg based on the body weight of the SD rats. The 
solution was administered slowly via intravenous push while closely monitoring the rat’s response, until cessation 
of both heart rate and respiration was observed.

4. Anesthesia was maintained via inhalation using isoflurane (specification: 100 mL/bottle; manufacturer: RWD), 
which was administered through a miniature anesthesia machine. The inhalation concentration was maintained at 
1.5%–2.0%. Vital signs were monitored continuously throughout the procedure, with heart rate, respiration, blood 
oxygen saturation, and body temperature (normal range for SD rats: 36.5–38.5°C) recorded every 3 minutes.71,72

5. Compliance Basis: The entire systemic anesthesia procedure for the SD rats strictly adhered to the American 
Veterinary Medical Association (AVMA) Guidelines for Animal Anesthesia (latest edition) and the Standard 
Protocol for Rodent Experimental Anesthesia. The selection of anesthetic agents, dosage calculations, and 
operational procedures (such as tail vein injection and the use of miniature anesthesia equipment) all complied 
with the relevant specifications for systemic anesthesia in SD rats outlined in these guidelines. This ensured the 
safety and efficacy of anesthesia while minimizing stress and discomfort for the rats.
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