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Abstract 22 

Post-myocardial infarction (MI) depression is a prevalent, severe clinical complication, 23 

yet the precise molecular mechanism underlying heart–brain pathological heart–brain 24 

crosstalk in this disorder remains poorly elucidated. In this study, we established a mouse MI 25 

model with distinct depressive susceptibility phenotypes, including MI-susceptible (MI-sus) 26 

and MI-resilient (MI-res) mice, to explore the functional role and regulatory mechanism of 27 

plasma extracellular vesicle (EV)-carried mitochondrial DNA (mtDNA) in the pathogenesis 28 

of post-MI depression. Our results revealed that MI-sus mice exhibited prominent neuronal 29 

injury, synaptic structural disruption and functional dysfunction in the prefrontal cortex (PFC). 30 

Mechanistically, plasma EVs derived from MI-sus mice were highly enriched with mtDNA; 31 

stereotaxic injection of these EVs into the PFC of healthy naive mice successfully 32 

recapitulated depressive-like behaviors and PFC pathological damage. At the molecular level, 33 

EV-encapsulated mtDNA triggered microglial innate immune response by activating the 34 

cGAS-STING signaling pathway, subsequently inducing microglial pyroptosis and secondary 35 

neuronal and synaptic damage in the PFC. Microglia-specific knockdown of cGAS or STING 36 

in the PFC markedly attenuated d epressive-like behaviors and reversed PFC pathological 37 

lesions in MI mice. Collectively, our findings identify the plasma EV–mtDNA–cGAS-38 

STING–pyroptosis signaling axis as a core molecular mechanism mediating pathological 39 

heart–brain crosstalk after myocardial ischemia, offering a novel and actionable therapeutic 40 



target for the clinical prevention and treatment of post-MI depression. 41 
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Introduction 45 

Despite substantial advances in the clinical diagnosis and intervention of acute 46 

myocardial infarction (MI), post-MI depression persists as a common, life-threatening 47 

comorbidity[1]. This neuropsychiatric complication not only exacerbates cardiac dysfunction 48 

and impairs patients’ quality of life but also significantly elevates long-term mortality, 49 

constituting a critical unmet clinical challenge[2, 3]. Accumulating clinical and preclinical 50 

evidence confirms that aberrant heart–brain crosstalk serves as the core pathological driver of 51 

post-MI depression[4].  52 

Peripheral myocardial ischemic injury can induce structural damage and functional 53 

dysfunction in corresponding brain regions[5]. The prefrontal cortex (PFC), as the core brain 54 

region regulating mood state, cognitive function and emotional homeostasis, is the most 55 

vulnerable to such injury[6, 7]. Accumulating evidence has confirmed that neuronal injury, 56 

synaptic structural impairment, and dysregulated neuroplasticity in the PFC are closely 57 

associated with the onset and severity of depressive phenotypes[8]. Nevertheless, the key 58 

molecular mediators that transmit peripheral myocardial ischemic stress signals to the central 59 

nervous system and trigger neuropathological damage in the PFC remain largely unclear, 60 

which limits the mechanistic interpretation and targeted therapeutic development of post-61 

myocardial infarction depression. 62 

Extracellular vesicles (EVs) are critical intercellular communication vectors capable of 63 

transporting diverse bioactive cargoes (proteins, lipids, nucleic acids) across the blood–brain 64 

barrier, enabling peripheral injury signals to remotely regulate central immune activation and 65 

neural function[9]. Mitochondrial DNA (mtDNA), a typical damage-associated molecular 66 

pattern (DAMP) released by damaged mitochondria, is highly enriched in EVs secreted by 67 

ischemic-injured cardiomyocytes and can trigger robust innate immune inflammatory 68 

responses[10]. Based on these findings, we proposed a core research hypothesis: circulating 69 

EVs isolated from depressive-susceptible MI mice carry excessive ischemic injury-derived 70 

mtDNA, which acts as a peripheral pathogenic signal targeting the PFC and ultimately 71 

induces the occurrence of post-MI depression. 72 

The cGAS-STING pathway is a canonical cytoplasmic DNA-sensing innate immune 73 

signaling axis and the primary downstream effector pathway activated by mtDNA 74 

stimulation[11]. Once triggered, cGAS-STING signaling initiates the phosphorylation and 75 

activation of downstream TBK1/IRF3, promotes NLRP3 inflammasome assembly, and 76 

ultimately induces microglial pyroptosis and persistent neuroinflammation[12–14]. As the 77 

resident innate immune cells of the CNS, microglia dominate the neuroinflammatory response, 78 

mediate synaptic stripping and neuronal injury, and participate in the progression of multiple 79 

neuropsychiatric disorders[15, 16]. We further hypothesized that EV-encapsulated mtDNA 80 

specifically activates microglial cGAS-STING signaling in the PFC, induces microglial 81 

pyroptosis and neuroinflammation, and further causes synaptic dysfunction and depressive-82 

like behaviors after MI. 83 

In the present study, we systematically constructed a mouse MI model with divergent 84 

depressive susceptibility phenotypes (MI-sus vs. MI-res) and confirmed that only MI-sus 85 

mice developed severe structural and synaptic damage in the PFC. Through EV isolation, 86 



identification and functional verification, interestingly, we validated that mtDNA-enriched 87 

plasma EVs from MI-sus mice are sufficient to independently induce depressive-like 88 

behaviors and PFC pathological impairment in naive mice. Mechanistically, we clarified that 89 

MI-sus-derived EVs specifically activate the cGAS-STING-pyroptosis signaling cascade in 90 

PFC microglia, leading to secondary neuronal synaptic dysfunction. Furthermore, microglia-91 

specific knockdown of cGAS or STING effectively reversed MI-induced depressive 92 

behaviors and PFC pathological lesions. In summary, this study elucidates a novel heart–brain 93 

crosstalk mechanism: plasma EVs shuttle myocardial ischemic mtDNA to the PFC, trigger 94 

microglial cGAS-STING-dependent pyroptosis and neuroinflammation, and ultimately 95 

mediate post-MI depression. This EV–mtDNA–cGAS-STING–pyroptosis axis provides a 96 

promising therapeutic target for post-MI depression. 97 

Methods 98 

Animals and Grouping 99 

Six‑to‑eight‑week‑old male C57BL/6J mice were purchased from the Guangdong 100 

Medical Laboratory Animal Center (SCXK (Guangdong) 2022-0002). All animal experiments 101 

were conducted in the SPF‑grade laboratory animal facility of the International Institute for 102 

Translational Chinese Medicine, Guangzhou University of Chinese Medicine (SYXK 103 

(Guangdong) 2024-0144), and approved by the Institutional Animal Ethics Committee 104 

(approval No. 20240307). Mice were housed under standardized conditions (23±2 °C, 60±10% 105 

relative humidity, 12 h light/dark cycle) with free access to standard chow and sterile water. 106 

After 1 week of adaptive feeding, mice were randomly assigned to experimental groups. 107 

The MI model was established via permanent left anterior descending (LAD) coronary artery 108 

ligation; sham-operated mice received identical thoracotomy procedures without arterial 109 

ligation[17]. 4 weeks after surgery, MI mice were stratified into MI‑sus and MI‑res subgroups 110 

through behavioral assessments and K‑means clustering. 111 

For EV intervention experiments, naive C57BL/6J mice received stereotaxic 112 

microinjection of Sham‑EV, MI‑res‑EV or MI‑sus‑EV into the bilateral PFC, with sample 113 

collection and behavioral tests performed 3 days after injection. 114 

For microglia-specific gene knockdown, Cx3Cr1 transgenic mice were stereotaxically 115 

injected with AAV‑shcGAS, AAV‑shSTING or control AAV‑shCON, followed by 5 116 

consecutive days of tamoxifen intraperitoneal injection to achieve microglia-specific gene 117 

silencing. Two weeks after viral transfection, mice underwent LAD ligation to establish MI 118 

models, and behavioral tests were conducted 4 weeks after MI surgery. 119 

Antibody Information 120 

For Western blotting, the following antibodies were used: PSD95 (Servicebio, GB11277, 121 

1:1000), GAP43 (Affinity, DF7766, 1:1000), Synaptophysin (Servicebio, GB11553, 1:1000), 122 

cGAS (GeneTex, GTX02874, 1:1000), STING (CST, 50494, 1:1000), p-STING (CST, 72971, 123 

1:1000), p-IRF3 (CST, 29047, 1:1000), p-TBK1 (CST, 5483, 1:1000), NLRP3 (Adipogen, 124 

Ag-20b-0014-C100, 1:1000), ASC (Santa Cruz, sc-514414, 1:100), GSDMD (Abcam, 125 

ab219800, 1:1000), GSDMD-N (HUABIO, ER1901-37, 1:1000), IL-1β (Bioworld, BS3506, 126 

1:1000), IL-18 (Bioworld, BS6823, 1:1000), Caspase-1 (HUABIO, ET1608-69, 1:50000), 127 

P20 (Affinity, AF4005, 1:1000), β-tubulin (Affinity, AF7011, 1:5000), GAPDH (Affinity, 128 

AF7021, 1:5000), Vinculin (HUABIO, ET1705-94, 1:5000), TSG101 (ABMART, T55985, 129 

1:5000), CD9 (ABMART, T55337, 1:5000), CD63 (ABMART, M051014, 1:5000), Histone 130 

H3 (ABMART, T56587, 1:5000), HRP-conjugated secondary antibodies: Goat anti-rabbit IgG 131 

(Signalway Antibody, L3012, 1:5000), Goat anti-Mouse IgG (Signalway Antibody, L3020, 132 



1:5000). 133 

For immunofluorescence: NeuN (Abcam, ab104224, 1:500), GFAP (CST, 3670, 1:400), 134 

IBA1 (FUJIFILM Wako, 019-19741, 1:800). cGAS (GeneTex, GTX02874, 1:100), STING 135 

(CST, 50494, 1:100), GSDMD (Abcam, ab219800, 1:100), Alexa Fluor® 488 Goat Anti-136 

Rabbit IgG (Abcam, ab150077, 1:500), Alexa Fluor® 594 Goat Anti-Rabbit IgG (Abcam, 137 

ab150080, 1:500), Alexa Fluor® 594 Goat Anti-Mouse IgG (Abcam, ab150116, 1:500), Alexa 138 

Fluor® 488 Goat Anti-Mouse IgG (Abcam, ab150113, 1:500). 139 

Behavioral Tests 140 

All behavioral tests were initiated 4 weeks after MI modeling. Mice were placed in the 141 

behavioral test room for 1 h environmental adaptation before testing. All behavioral 142 

performances were recorded by an overhead camera and analyzed by an automatic tracking 143 

system with blinded group evaluation[8, 18]. 144 

Sucrose Preference Test (SPT): Mice were individually housed for a 72 h adaptive period, 145 

followed by 24 h water deprivation. Subsequently, one bottle of 1% sucrose solution and one 146 

bottle of sterile water were provided for 24 h. Bottle positions were swapped at 12 h to avoid 147 

positional bias. Sucrose preference percentage was calculated as sucrose intake divided by 148 

total fluid intake to evaluate anhedonic behaviors. 149 

Open Field Test (OFT): The open field apparatus (50 cm × 50 cm × 40 cm) was divided 150 

into central and peripheral zones. Each mouse was placed in the central area for 10 min free 151 

exploration. Total movement distance and central zone activity were analyzed to assess 152 

locomotor function and anxiety-like behaviors. The apparatus was thoroughly disinfected 153 

with 75% ethanol after each test. 154 

Tail Suspension Test (TST): Each mouse was suspended 30 cm above the floor by fixing 155 

the distal one-third of the tail with adhesive tape, with no access to climbing support. The 156 

total test duration was 6 minutes: the first 2 minutes were for adaptation, and the last 4 157 

minutes were recorded. The immobility time (duration of complete stillness without 158 

struggling) was measured as an indicator of behavioral despair. 159 

Forced Swimming Test (FST): Mice were placed in a cylindrical tank filled with water 160 

(depth: 30 cm, temperature: 24–26 ℃). The total test duration was 6 minutes: the first 2 161 

minutes were for adaptation, and the last 4 minutes were recorded. Immobility time (floating 162 

without active swimming or climbing, only keeping nostrils above water) was measured to 163 

assess depression-like despair behavior. After testing, mice were dried and warmed, and the 164 

water was replaced before the next test. 165 

Echocardiography 166 

Four weeks after model establishment, mice were anesthetized with pentobarbital 167 

sodium (50 mg/kg, i.p.) and fixed in a supine position. After chest depilation and disinfection, 168 

M-mode echocardiography was performed using a VINNO6 ultrasound system equipped with 169 

a ≥15 MHz high-frequency probe at the left ventricular short-axis papillary muscle level. 170 

LVEDD and LVESD were measured, and EF and FS were calculated to evaluate cardiac 171 

systolic function. All data were averaged from no less than three independent cardiac cycles. 172 

Histological Staining 173 

Dissected heart and PFC tissues were fixed in 4% paraformaldehyde for 24 h, 174 

dehydrated by graded ethanol, cleared with xylene, and embedded in paraffin to prepare 5 μm 175 

continuous sections. For H&E staining, sections were deparaffinized, rehydrated, stained with 176 

hematoxylin and eosin, differentiated, blued, dehydrated and mounted with neutral balsam for 177 

histological morphological observation. For Nissl staining, sections were incubated with 0.1% 178 



toluidine blue solution at 37 °C for 30 min, differentiated with 95% ethanol, fully dehydrated 179 

and sealed to observe neuronal morphology and Nissl body distribution. 180 

Transmission electron microscopy (TEM) and Golgi Staining 181 

For synaptic ultrastructural observation, fresh PFC tissues were cut into 1 mm³ cubes, 182 

fixed in pre-cooled electron microscopy fixative at 4 °C for 4 h, post-fixed with 1% osmium 183 

tetroxide, fully dehydrated by graded ethanol and pure acetone, infiltrated and embedded with 184 

812 embedding medium, and polymerized at 60 °C. Ultrathin 70 nm sections were stained 185 

with 2% uranyl acetate and 2.6% lead citrate for synaptic structure imaging. For EV 186 

morphological identification, purified EV suspension was dropped onto copper grids, 187 

naturally dried, and negatively stained with 2% uranyl acetate for TEM observation. 188 

Golgi staining was performed using a commercial Golgi staining kit (Servicebio, G1069). 189 

Isolated brain tissues were fixed and impregnated in the dark at 4 °C for 7–14 days, 190 

dehydrated with 30% sucrose, and prepared into 40 μm frozen sections. After development, 191 

cleaning, dehydration and transparency, sections were mounted for observation of neuronal 192 

dendritic complexity. 193 

EV Isolation, NTA Detection and mtDNA Quantification 194 

Mouse plasma was collected via EDTA anticoagulation, placed at room temperature for 195 

30 min, and centrifuged at 3000 rpm for 15 min to obtain supernatant plasma. EVs were 196 

isolated by gradient centrifugation and ultracentrifugation (120000 g, 70 min, 4 °C), and 197 

resuspended in sterile PBS. EV particle size distribution and concentration were detected by 198 

nanoparticle tracking analysis. EV mtDNA was extracted using the mtDNA Extractor CT Kit 199 

(FUJIFILM Wako, 291-55301). mtDNA quantification was performed via qPCR using SYBR 200 

Green qPCR Kit (GOONIE, 500-102) with COXIII-specific primers (Forward: 5'-201 

CCCAGCTACTACCATCATTCAAGT-3'; Reverse: 5'-CAGCCTCATGGTAAACACGTTC-202 

3'). 203 

Immunofluorescence Staining 204 

Mice were perfused with PBS and 4% paraformaldehyde. Brain tissues were post-fixed, 205 

dehydrated with 20% and 30% sucrose, embedded in OCT, and cut into 40 μm frozen sections. 206 

After citrate antigen retrieval, permeabilization and blocking, sections were incubated with 207 

primary antibodies overnight at 4 °C, followed by corresponding fluorescent secondary 208 

antibodies. Finally, sections were mounted with anti-fade medium and observed under a 209 

fluorescence microscope. 210 

PFC Stereotaxic Injection 211 

Mice were anesthetized with isoflurane and fixed on a stereotaxic instrument. The 212 

adeno-associated viruses used in this study were rAAV-SFFV-DIO-mCherry-5'-miR-30a-213 

shRNA(scramble)-3'-miR-30a-WPREs、rAAV-SFFV-DIO-mCherry-5'-miR-30a-shRNA 214 

(Cgas)-3'-miR-30a-WPREs and rAAV-SFFV-DIO-mCherry-5'-miR-30a-shRNA (sting)-3'-215 

miR-30a-WPREs, all purchased from Wuhan Shumi Brain Science Technology Co., Ltd. PFC 216 

injection coordinates were set as AP +1.94 mm, ML ±0.2 mm, DV −2.4 mm. For EV injection, 217 

40 μg EVs were bilaterally injected at a rate of 0.2 μL/min, with the needle retained for 4 min 218 

after injection to ensure full diffusion. For AAV injection, a total volume of 0.5 μL virus was 219 

injected into each hemisphere with identical injection parameters. Postoperative mice were 220 

placed on a constant-temperature heating platform for recovery before rearing。 221 

Cell Culture and Intervention 222 

BV2 microglial cells (CL-0493) and HT-22 neuronal cells (CL-0697) were purchased 223 

from Procell Life Science & Technology Co., Ltd., and cultured at 37 °C with 5% CO₂. For 224 



siRNA transfection, BV2 cells were transfected with si-Cgas (RX25061906456, Hippobio) 225 

and si-Sting (RX25061906457, Hippobio) using Lipofectamine 2000 (Thermo Fisher, 226 

11668019) for 48 h. EVs were labeled with FluoExo® Exosome Tracing Kit (Engreen 227 

Biosystem, FE-01-02) for cell internalization detection. BV2 cells were treated with 32 228 

μg/mL Sham-EV, MI-res-EV or MI-sus-EV for 24 h. The conditioned medium of EV-229 

activated BV2 cells was collected to treat HT-22 neurons for synaptic function evaluation. 230 

Statistical Analysis 231 

Data were analyzed using SPSS 21.0 and GraphPad Prism 9.2.0, presented as mean ± SD. 232 

Shapiro–Wilk test was used for normality assessment. Normally distributed data with 233 

homogeneous variance were analyzed by one-way ANOVA; data with heterogeneous variance 234 

were analyzed by Brown-Forsythe and Welch ANOVA, followed by Bonferroni multiple 235 

comparison test. Non-normal data were analyzed by Kruskal–Wallis H test. P < 0.05 was 236 

considered statistically significant. 237 

Results 238 

MI induces depressive-like behaviors and PFC tissue damage in mice 239 

To explore the behavioral and pathological changes of depression after MI, a mouse MI 240 

model was established via LAD artery ligation in male C57BL/6J mice (Fig. 1a). H&E 241 

staining showed disordered myocardial tissue structure, and echocardiographic detection 242 

confirmed significantly reduced ejection fraction (EF%) and fractional shortening (FS%) in 243 

MI groups (Fig. S1a–d), verifying the successful construction of a stable and reliable mouse 244 

MI model. 245 

28 days after surgery, depressive-like behaviors of mice were evaluated via behavioral 246 

tests, TEMand K-means clustering analysis was applied to stratify MI mice into two 247 

subgroups with distinct phenotypes: MI-resilient (MI-res) and MI-susceptible (MI-sus)[19, 248 

20]. Behavioral results showed that MI-sus mice exhibited typical depressive-like phenotypes, 249 

including significant anhedonia in the sucrose preference test and prolonged immobility time 250 

in the tail suspension test (TST) and forced swim test (FST) (Fig. 1b, e, f). No significant 251 

difference in spontaneous locomotor activity was observed among groups in the open field 252 

test (Fig. 1c, d), indicating that the behavioral differences were independent of motor function 253 

and truly reflected depressive susceptibility. 254 

Histopathological staining revealed obvious structural damage in the PFC of MI-sus 255 

mice, characterized by disordered neuronal arrangement, nuclear pyknosis and decreased 256 

Nissl body number (Fig. 1g, h). TEM further demonstrated disrupted synaptic ultrastructure 257 

(Fig. 1i–m). Golgi staining showed reduced dendritic complexity and arborization of PFC 258 

neurons (Fig. 1n–t). Consistent with morphological changes, Western blot results confirmed 259 

the significant downregulation of synaptic functional proteins (PSD95, GAP43, SYN) in the 260 

PFC of MI-sus mice (Fig. 1u–x). Notably, MI-res mice only presented mild PFC pathological 261 

changes without obvious depressive-like behaviors, indicating that the severity of PFC 262 

structural and synaptic damage is positively correlated with individual depressive 263 

susceptibility after MI, and MI-res mice may possess endogenous compensatory protective 264 

mechanisms against post-MI emotional dysfunction. 265 

EVs from MI-sus mice trigger depressive-like phenotypes and synaptic impairment in 266 

the PFC 267 

EVs are key intercellular communication carriers that cross the blood–brain barrier to 268 

transmit peripheral injury signals and regulate central neural function, which is considered a 269 



critical medium for peripheral-central crosstalk[21]. Combined with the specific PFC damage 270 

in MI-sus mice, we further explored whether plasma EVs mediate the occurrence of post-MI 271 

depression. 272 

Plasma EVs were isolated from Sham, MI-res and MI-sus mice, and EV morphology, 273 

particle size distribution and specific marker expression were verified by TEM, nanoparticle 274 

tracking analysis (NTA) and Western blotting (Fig. 2b–d), confirming the high purity and 275 

quality of isolated EVs for subsequent experiments[22]. Quantitative detection showed that 276 

mtDNA content was significantly elevated in EVs derived from MI-sus mice (Fig. 2e), 277 

suggesting that myocardial ischemic injury induces mitochondrial damage and releases 278 

abundant mtDNA into circulating EVs, which may serve as a key pathogenic cargo mediating 279 

peripheral-to-central signal transmission. 280 

Stereotaxic injection of MI-sus-derived EVs into the PFC of naive healthy mice (Fig. 2a) 281 

successfully induced typical depressive-like behaviors, including reduced sucrose preference 282 

and increased immobility in TST and FST, with no alteration in locomotor activity (Fig. 2f–j). 283 

In contrast, EVs from MI-res mice failed to induce obvious depressive phenotypes, indicating 284 

that the neuro-pathogenic effect of circulating EVs is specifically dependent on the depressive 285 

susceptibility of MI mice. 286 

Consistent with behavioral changes, MI-sus-EV treatment caused severe neuronal 287 

damage in the mouse PFC, including disordered cell arrangement, nuclear pyknosis and 288 

reduced Nissl bodies. Meanwhile, the expression levels of synaptic proteins PSD95, GAP43 289 

and SYN were significantly downregulated (Fig. 2k–p). The above neuronal and synaptic 290 

impairments were negligible in the MI-res-EV intervention group. Collectively, these results 291 

demonstrate that mtDNA-enriched EVs from MI-sus mice independently mediate PFC 292 

structural destruction and synaptic dysfunction, thereby driving the development of post-MI 293 

depressive-like behaviors. 294 

Activation of cGAS-STING and pyroptosis in PFC and EV-mediated BV2 cells in post-295 

MI depression 296 

Given that mtDNA is a specific agonist of the microglial cGAS-STING innate immune 297 

pathway, we further explored whether EV-carried mtDNA induces PFC damage by activating 298 

cGAS-STING signaling and downstream pyroptosis in post-MI depression. 299 

Western blot analysis of mouse PFC tissues showed that the key proteins of the cGAS-300 

STING signaling pathway (cGAS, p-STING, p-TBK1, p-IRF3) and pyroptosis-related 301 

proteins (NLRP3, ASC, Caspase 1, P20, GSDMD-N, IL-1β, IL-18) were significantly 302 

upregulated in the MI-sus group, while no obvious activation was observed in the MI-res 303 

group (Fig. 3a–c). These results indicate that the cGAS-STING-pyroptosis signaling cascade 304 

is specifically hyperactivated in the PFC of depression-susceptible MI mice. 305 

In vivo EV intervention experiments further verified that stereotaxic injection of MI-sus-306 

EVs into naive mice was sufficient to activate cGAS-STING signaling and upregulate 307 

pyroptosis-related protein expression in the PFC (Fig. 3d–f), confirming that MI-sus-EVs are 308 

the key trigger for central cGAS-STING pathway activation. 309 

Immunofluorescence co-localization staining showed that cGAS, STING and GSDMD 310 

were predominantly expressed in IBA-1-positive microglia in the mouse PFC (Fig. 4a–f), 311 

confirming that microglia are the primary cellular substrate for cGAS-STING-dependent 312 

pyroptosis in post-MI brain injury. 313 

In vitro, consistent with in vivo findings, MI-sus-EV intervention significantly activated 314 

the cGAS-STING pathway and pyroptosis in BV2 microglial cells (Fig. S2a–d). Moreover, 315 



the conditioned medium of MI-sus-EV-treated BV2 cells markedly reduced the expression of 316 

synaptic proteins PSD95 and SYN in HT22 hippocampal neurons (Fig. S2e–g). These in vitro 317 

and in vivo results jointly demonstrate that EV-induced microglial cGAS-STING activation 318 

and pyroptosis trigger secondary neuronal synaptic damage, forming a pathogenic microglia-319 

neuron crosstalk loop in post-MI depression. 320 

cGAS-STING deficiency ameliorates post-MI depression and PFC synaptic injury 321 

To further validate the indispensable role of microglial cGAS-STING signaling in post-322 

MI depression, we constructed microglia-specific cGAS/STING knockdown mouse models 323 

via stereotaxic injection of AAV-shcGAS, AAV-shSTING or control AAV into the PFC of 324 

Cx3Cr1 mice, with tamoxifen-induced targeted gene knockdown (Fig. 5a). Fluorescence 325 

imaging confirmed accurate viral targeting in the PFC (Fig. S3e). Cardiac H&E staining and 326 

echocardiography verified consistent myocardial injury and cardiac dysfunction among all MI 327 

groups, with no significant differences between virus intervention subgroups (Fig. S3a–d), 328 

excluding the confounding effect of cardiac function changes on behavioral and central 329 

pathological results. 330 

Behavioral tests showed that microglial cGAS or STING knockdown significantly 331 

alleviated MI-induced anhedonia and despair-like behaviors in mice (Fig. 5b–f). 332 

Histopathological staining showed that cGAS/STING silencing effectively improved MI-333 

induced PFC neuronal disorder and nuclear condensation, restored Nissl body abundance (Fig. 334 

5g, h). TEM and Golgi staining further confirmed that cGAS-STING inhibition rescued 335 

synaptic ultrastructural damage and reversed the reduction of neuronal dendritic complexity 336 

in the PFC of MI mice (Fig. 5i–t). 337 

Molecular detection results showed that microglial cGAS/STING knockdown 338 

significantly reversed the downregulation of synaptic plasticity proteins (PSD95, GAP43, 339 

SYN) and inhibited the excessive activation of cGAS-STING signaling and downstream 340 

pyroptosis in the PFC of MI mice (Fig. 6a–g). In vitro experiments also verified that 341 

cGAS/STING gene silencing blocked MI-sus-EV-induced cGAS-STING activation and 342 

pyroptosis in BV2 microglia (Fig. 6h–j). Collectively, these loss-of-function experiments fully 343 

demonstrate that microglial cGAS-STING signaling is an essential molecular switch for EV-344 

mediated PFC pyroptotic injury and post-MI depressive-like behaviors. The detailed 345 

regulatory mechanism is summarized in the schematic diagram (Fig. 6k). 346 

Discussion 347 

Although growing research has identified aberrant heart–brain crosstalk as a pivotal 348 

pathological driver of post-MI depression[23], mounting evidence has validated that 349 

dysfunction of prefrontal cortical synaptic plasticity is closely involved in the onset and 350 

exacerbation of depression[8, 24, 25]. Structural synaptic loss and impaired synaptic 351 

remodeling within the PFC are well-established core pathological features mediating 352 

emotional disturbance and depressive-like behaviors, the intrinsic mechanisms underlying the 353 

variable susceptibility to depressive symptoms following MI remain poorly elucidated, 354 

restricting the in-depth understanding and targeted intervention of this common MI 355 

comorbidity. In the present study, we successfully constructed a mouse MI model with 356 

distinct individual susceptibility to post-MI depression and comparatively analyzed the 357 

pathological alterations in the PFC between MI-sus and MI-res mice. Consistent with our 358 

hypothesis, the severity of neuronal injury and synaptic structural impairment in the PFC was 359 

verified to be a key determinant of individual differences in post-MI depressive vulnerability. 360 



These findings clarify the central pathological difference accounting for the heterogeneous 361 

onset of post-MI depression, offering novel neuropathological evidence to elaborate the 362 

heart–brain regulatory mechanism of post-MI emotional dysfunction. 363 

Different from previous studies focusing on central neuroinflammation after MI[17], 364 

emerging researches have demonstrated that EVs participate in the pathological processes of 365 

myocardial injury and depression[26, 27], and serve as important messengers for peripheral-366 

central signal transmission. This study further innovatively identified plasma EVs as the key 367 

peripheral mediator linking myocardial ischemic insult to prefrontal cortex damage. Multiple 368 

lines of evidence in our study support this conclusion: EVs isolated from MI-sus mice with 369 

depressive phenotypes are highly enriched with mtDNA, a typical injury-related molecular 370 

pattern; exogenous supplementation of MI-sus-EVs alone can recapitulate post-MI depressive 371 

behaviors and PFC pathological damage in healthy mice, while EVs from resilient mice have 372 

less neuro-pathogenic effect. Myocardial ischemia induces severe mitochondrial damage in 373 

cardiomyocytes, leading to the release of a large amount of mtDNA into the peripheral 374 

circulation[10]. This study verified that ischemic mtDNA is wrapped and protected by EVs. 375 

Given that EVs have been proven in prior studies to penetrate the blood–brain barrier and 376 

target the PFC[28, 29], our results clarify the specific molecular pattern of peripheral 377 

ischemic signals invading the central nervous system and address the research gap in the 378 

upstream mechanism of heart–brain crosstalk in post-MI depression. Notably, our work shifts 379 

the focus from inflammatory mediators to circulating EVs as the primary upstream carrier, 380 

establishing a direct and specific molecular link between cardiac ischemia and PFC injury. 381 

The cGAS-STING pathway is a classic innate immune sensor for cytoplasmic foreign 382 

DNA and damage-derived self-DNA[30]. In this study, we verified that mtDNA carried by 383 

MI-sus-EVs specifically activates the cGAS-STING signaling cascade in PFC microglia, 384 

rather than neurons or astrocytes. Activated cGAS-STING signaling further promotes NLRP3 385 

inflammasome assembly, triggers microglial pyroptosis and massive release of pro-386 

inflammatory cytokines, ultimately causing synaptic destruction and neuronal dysfunction. 387 

Numerous prior studies have confirmed that cGAS-STING pathway activation can initiate 388 

NLRP3 inflammasome response and induce cellular pyroptosis[14, 31, 32], which is also 389 

fully verified in our current study. In vitro co-culture experiments verified that pyroptotic 390 

microglia release inflammatory mediators and impair neuronal synaptic integrity. Previous 391 

studies have demonstrated that microglia regulate neuronal synaptic plasticity via synaptic 392 

pruning[33–35]. Notably, this study merely confirmed the paracrine damage effect induced by 393 

inflammatory factors, without exploring direct contact interaction between microglia and 394 

neurons. Collectively, these results establish a complete pathological cascade: peripheral EV-395 

carried mtDNA triggers cGAS-STING signaling and pyroptosis in microglia, further leading 396 

to neuronal synaptic defects and ultimately facilitating the development of depressive-like 397 

behaviors. This finding clarifies the cell-specific regulatory mechanism of cGAS-STING 398 

signaling in post-MI depression and enriches the mechanistic understanding of microglia-399 

mediated neuroinflammatory psychiatric disorders. 400 

More importantly, microglia-specific cGAS or STING knockdown in vivo can 401 

significantly inhibit PFC pyroptosis and neuroinflammation, restore synaptic structural 402 

integrity and neuronal function, and fundamentally improve MI-induced depressive-like 403 

behaviors, without affecting the degree of myocardial injury. These functional verification 404 

results confirm that microglial cGAS-STING signaling is a necessary and sufficient condition 405 

for post-MI depression, providing precise and targeted therapeutic targets for the clinical 406 



intervention of post-MI depression and avoiding the non-specific side effects of systemic 407 

immune pathway intervention. 408 

This study has important translational clinical implications. First, mtDNA has already 409 

been recognized as a promising circulating biomarker for myocardial infarction and 410 

depression, with established value in disease stratification and prognostic prediction[36–38]. 411 

On this basis, plasma EV-encapsulated mtDNA can serve as a novel non-invasive biomarker 412 

for early screening of populations susceptible to post-MI depression, facilitating early risk 413 

prediction and targeted intervention in high-risk patients. Second, the newly identified EV–414 

mtDNA–cGAS-STING–pyroptosis axis systematically explains the molecular mechanism of 415 

heart–brain crosstalk in post-MI depression, providing a theoretical framework for subsequent 416 

related basic and clinical research. Third, targeted inhibition of microglial cGAS-STING 417 

signaling or pyroptosis is expected to become a new therapeutic strategy for preventing and 418 

treating post-MI depression. 419 

This study also has certain limitations that need to be improved in future research. First, 420 

this study only focused on plasma EVs as the core regulatory vector; other circulating 421 

cytokines[39, 40] and EV subtypes may also participate in the progression of post-MI 422 

depression and mediate peripheral-central neural transmission between the heart and brain[41, 423 

42], which warrants further exploration. Second, besides mtDNA, MI-sus-EVs contain 424 

multiple bioactive cargoes, and whether these molecules synergistically regulate central 425 

neuroinflammation as well as heart-brain neural communication remains to be verified. Third, 426 

the endogenous protective compensatory mechanism of MI-res mice against post-MI 427 

depression was not deeply explored in this study, which is worthy of further excavation to 428 

develop new protective therapeutic targets.  429 

In conclusion, this study elucidates a novel heart–brain crosstalk mechanism in post-MI 430 

depression: plasma EVs transport myocardial ischemia-derived mtDNA to the PFC, 431 

specifically activate microglial cGAS-STING signaling pathway, induce microglial pyroptosis 432 

and persistent neuroinflammation, and ultimately lead to neuronal synaptic damage and 433 

depressive-like behaviors. This study establishes a new pathogenic signaling axis for post-MI 434 

depression and provides a reliable theoretical basis for the development of targeted 435 

therapeutic strategies. 436 
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 592 

Fig 1 MI induces depressive-like behaviors and PFC tissue damage in mice 593 

(a) Schematic diagram of the experimental timeline. 594 

(b–f) Quantitative analysis of sucrose preference (b), total movement distance (c), central 595 

region distance (d), immobility time in TST (e)and immobility time in FST (f) among groups, 596 

n = 11 (Sham), 18 (MI-res), 16 (MI-sus), One-way ANOVA (b, d, e) and Kruskal-Wallis test 597 

(c, f), *p<0.05, **p<0.01, vs Sham, #p<0.05, ##p<0.01, vs MI-sus. 598 

(g) Representative H&E staining of the PFC in the three groups. Scale bar, 100 μm. 599 

(h) Representative Nissl staining of the PFC in the three groups. Scale bar, 100 μm. 600 

(i) Representative TEM micrographs of synapses in the PFC, with presynaptic 601 

membrane (PM), postsynaptic density (PD), synaptic cleft (SC), and synaptic vesicles (SV) 602 

labeled. Scale bar, 500 nm and 200 nm. 603 

(j–m) Quantification of PSD thickness (j), PSD length (k), width of the synaptic cleft (l) 604 

and synaptic curvature (m) in the PFC, n=3 mice per group, with 10 synapses analyzed per 605 

mouse, One-way ANOVA (l) and Kruskal-Wallis test (j, k, m), *p<0.05, **p<0.01, vs Sham, 606 
#p<0.05, ##p<0.01, vs MI-sus,(n) Representative Golgi staining of pyramidal neurons in the 607 

PFC and corresponding Sholl analysis diagrams showing dendritic complexity. Arrows point 608 

to representative pyramidal neurons, scale bar, 50 μm. 609 

(o–r) Quantification of the number of dendritic branches (o), total dendritic length (p), 610 

longest dendritic length (q), and number of intersections (r) by Sholl analysis, n=3 mice per 611 

group, with 10 neurons analyzed per mouse, One-way ANOVA (q) and Kruskal-Wallis test (o, 612 

p, r), *p<0.05, **p<0.01, vs Sham, #p<0.05, ##p<0.01, vs MI-sus. 613 

(s) Representative images of dendritic spines in the PFC. Scale bar, 10 μm. 614 

(t) Quantification of spine density in the three groups, n=3 mice per group, with 10 615 

dendritic segments analyzed per mouse, One-way ANOVA **p<0.01, vs Sham, #p<0.05, vs 616 

MI-sus. 617 

(u–x) Western blot analysis (u) and quantification of synaptic proteins PSD95 (v), 618 

GAP43 (w), and SYN (x) in the PFC, n=3 mice per group. One-way ANOVA, *p<0.05, 619 

**p<0.01, vs Sham, #p<0.05, vs MI-sus, Data are expressed as mean ± SD. 620 
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Fig 2 EVs from MI-sus mice trigger depressive-like phenotypes and synaptic 624 

impairment in the PFC 625 

(a) Schematic diagram of the experimental timeline. 626 

(b) Representative TEM images of EV isolated from Sham, MI-res, and MI-sus mice. 627 

Scale bar, 200 nm. 628 

(c) Western blot analysis of EV markers (TSG101, CD9, CD63) and the negative control 629 

(Histone H3) in isolated EVs. H9C2 whole-cell lysate was used as the control. 630 

(d) NTA showing the particle size distribution of EVs from Sham, MI-res, and MI-sus 631 

mice. (e) Quantification of EV particle concentration (fold change relative to Sham group). 632 

n=3 mice per group. *p<0.05, vs Sham, #p<0.05, Vs MI-sus. 633 

(f–j) Quantitative analysis of sucrose preference (f), total movement distance, (g) central 634 

region distance (h), immobility time in TST (i)and immobility time in FST (j) among groups. 635 

n=9 mice per group, One-way ANOVA (f, g, j), Kruskal-Wallis test (h), and Brown-Forsythe 636 

and Welch ANOVA (i), *p<0.05, **p<0.01, Vs Sham-EV, #p<0.05, ##p<0.01, Vs MI-sus-EV. 637 

(k) Representative H&E staining of the PFC in Sham-EV, MI-res-EV, and MI-sus-EV 638 

groups. Scale bar, 100 μm. 639 

(l) Representative Nissl staining of the PFC in the three groups. Scale bar, 100 μm. 640 

(m–p) Western blot analysis (m) and quantification of synaptic proteins PSD95 (n), 641 

GAP43 (o), and SYN (p) in the PFC. n=3 mice per group. One-way ANOVA, **p<0.01, Vs 642 

Sham-EV, #p<0.05, ##p<0.01, Vs MI-sus-EV. Data are expressed as mean ± SD. 643 
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Fig 3 Activation of cGAS-STING and pyroptosis in prefrontal cortex after 647 

myocardial infarction and intracerebral EV injection 648 

(a) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-649 

IRF3, p-STING) in the PFC of Sham, MI-res, and MI-sus mice. 650 

(b) Western blot analysis of pyroptosis-related proteins (NLRP3, Caspase1, P20, ASC, 651 

GSDMD, GSDMD-N, IL-18, IL-1β) in the PFC.  652 

(c) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related 653 

proteins in the PFC, n=3 mice per group. One-way ANOVA, **p<0.01 vs. Sham, #p<0.05, 654 
##p<0.01, vs MI-sus 655 

(d) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-656 

IRF3, p-STING) in the PFC of mice treated with Sham-EV, MI-res-EV, or MI-sus-EV. 657 

(e) Western blot analysis of pyroptosis-related proteins (GSDMD, GSDMD-N, IL-18, 658 

ASC, NLRP3, Caspase1, P20, IL-1β) in the PFC of EV-treated mice. 659 

(f) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related 660 

proteins in the PFC of EV-treated mice, n=3 mice per group. One-way ANOVA, *p<0.05, 661 

**p<0.01, Vs Sham-EV, #p<0.05, ##p<0.01, Vs MI-sus-EV. Data are expressed as mean ± SD. 662 
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Fig 4 cGAS-STING signaling and GSDMD-mediated pyroptosis are predominantly 666 

localized in PFC microglia 667 

(a–c) Representative immunofluorescence staining showing the co-localization of cGAS 668 

(a), STING (b), and GSDMD (c) with cell-type-specific markers in the PFC. GFAP (green) 669 

marks astrocytes, IBA-1 (green) marks microglia, and NEUN (green) marks neurons. Nuclei 670 

were counterstained with DAPI (blue). Scale bars, 50 μm and 20 μm. Fluorescence intensity 671 

profiles along the indicated lines are shown on the right. 672 

(d–f) Quantification of the percentage of cGAS-, STING-, and GSDMD-co-localized 673 

area with GFAP⁺, IBA-1⁺, and NEUN⁺ cells, respectively. n=3 mice per group, with 10 674 

images analyzed per mouse. One-way ANOVA, *p<0.05, **p<0.01, vs Sham, #p<0.05, 675 
##p<0.01, vs MI-sus, Data are expressed as mean ± SD. 676 
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Fig 5 cGAS-STING deficiency ameliorates post-MI depression and PFC synaptic 680 

injury 681 

(a) Schematic diagram of the experimental timeline for microglia-specific knockdown of 682 

cGAS or STING in Cx3Cr1Ert2-Cre mice using rAAV-DIO-shCgas-mCherry or rAAV-DIO-683 

shSting-mCherry. 684 

(b–f) Quantitative analysis of sucrose preference (b), total movement distance (c), central 685 

region distance (d), immobility time in TST (e)and immobility time in FST (f) among groups. 686 

n=10 mice per group. One-way ANOVA (b, e), Brown-Forsythe and Welch ANOVA  (f) and 687 

Kruskal-Wallis test (c, d), *p<0.05, **p<0.01, Sham-shCON, #p<0.05, ##p<0.01, MI+AAV-688 

shCON. 689 

(g) Representative H&E staining of the PFC in the six groups. Scale bar, 100 μm. 690 

(h) Representative Nissl staining of the PFC in the six groups. Scale bar, 100 μm. 691 

(i) Representative TEM micrographs of synapses in the PFC. Presynaptic membrane 692 

(PM), postsynaptic density (PD), synaptic cleft (SC), and synaptic vesicles (SV) are labeled. 693 

Scale bar, 500 nm and 200 nm. 694 

(j–m) Quantification analysis of PSD thickness (j), PSD length (k), width of the synaptic 695 

cleft (l), and synaptic curvature (m) in the PFC. n=3 mice per group, with 10 synapses 696 

analyzed per mouse. One-way ANOVA (j, k) and Kruskal-Wallis test (l, m), **p<0.01, Sham-697 

shCON, #p<0.05, ##p<0.01, MI+AAV-shCON. 698 

(n) Representative Golgi staining of pyramidal neurons in the PFC and corresponding 699 

Sholl analysis diagrams showing dendritic complexity. Arrows point to representative 700 

pyramidal neurons, scale bar, 50 μm. 701 

(o–r) Quantification of the number of dendritic branches (o), total dendritic length (p), 702 

longest dendritic length (q) and number of intersections (r) by Sholl analysis, Kruskal-Wallis 703 

test, *p<0.05, **p<0.01, vs Sham+AAV-shCON, ##p<0.01, vs MI+AAV-shCON. 704 

(s) Representative images of dendritic spines in the PFC. Scale bar, 10 μm. 705 

(t) Quantification of spine density in the three groups, n=3 mice per group, with 10 706 

dendritic segments analyzed per mouse. Kruskal-Wallis test, *p<0.05, **p<0.01, vs 707 

Sham+AAV-shCON, ##p<0.01, vs MI+AAV-shCON. Data are expressed as mean ± SD. 708 
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Fig 6 cGAS-STING blockade suppresses microglial cGAS-STING activation and 712 

pyroptosis both in vivo and in vitro 713 

 (a) Western blot analysis of synaptic proteins (PSD95, GAP43, SYN) in the PFC of 714 

mice. 715 

(b–d) Quantification of PSD95, GAP43, and SYN protein levels, n=3 mice per group. 716 

One-way ANOVA, **p<0.01, vs Sham+AAV-shCON, #p<0.05, ##p<0.01, vs MI+AAV-717 

shCON. 718 

(e) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-719 

IRF3, p-STING) in the PFC. 720 

(f) Western blot analysis of pyroptosis-related proteins (NLRP3, GSDMD, GSDMD-N, 721 

ASC, IL-1β, IL-18, Caspase1, P20) in the PFC. 722 

(g) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related 723 

proteins levels, n=3 mice per group. One-way ANOVA, **p<0.01, vs Sham+AAV-shCON, 724 
#p<0.05, ##p<0.01, vs MI+AAV-shCON. 725 

(h) Western blot analysis of cGAS-STING pathway proteins (p-TBK1, cGAS, p-IRF3, p-726 

STING) in BV2 cells. 727 

(i) Western blot analysis of pyroptosis-related proteins (NLRP3, GSDMD, GSDMD-N, 728 

ASC, IL-1β, IL-18, Caspase1, P20) in BV2 cells. 729 

(j) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related 730 

proteins in BV2 cells. n=3 independent experiments per group. **p<0.01, vs Sham-EV+ 731 

sICON, #p<0.05, ##p<0.01, vs MI-sus-EV+siCON. Data are expressed as mean ± SD. 732 

(k) Schematic diagram of the proposed mechanism. 733 
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Fig S1 Cardiac histology and function assessment in post-myocardial infarction 737 

mice. 738 

(a) Representative H&E staining of heart sections from Sham, MI-res, and MI-sus mice. 739 

Scale bar, 2 mm and 200 μm. 740 

(b) Representative M-mode echocardiography images of the left ventricle in the three 741 

groups. 742 

(c–d) Quantification of ejection fraction (EF) (c) and fractional shortening (FS) (d) in the 743 

three groups. n = 11 (Sham), 18 (MI-res), 16 (MI-sus)m One-way ANOVA, *p<0.05, 744 

**p<0.01, vs Sham. Data are expressed as mean ± SD. 745 
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Fig S2 EV-induced cGAS-STING activation and pyroptosis in BV2 cells impairs 749 

neuronal synaptic integrity  750 

(a) Representative immunofluorescence images showing the internalization of EVs (green) by 751 

BV2 cells, with nuclei counterstained by DAPI (blue). Scale bar, 20 μm. 752 

(b) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-IRF3, 753 

p-STING) in BV2 cells treated with Sham-EV, MI-res-EV, or MI-sus-EV. 754 

(c) Western blot analysis of pyroptosis-related proteins (GSDMD, GSDMD-N, ASC, IL-1β, 755 

Caspase1, NLRP3, P20, IL-18) in EV-treated BV2 cells. 756 

(d) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related 757 

proteins in EV-treated BV2 cells, n=3 independent experiments per group. One-way ANOVA, 758 

*p<0.05, **p<0.01, Vs Sham-EV, #p<0.05, ##p<0.01, Vs MI-sus-EV  759 

(e) Western blot analysis of synaptic proteins (PSD95, SYN) in HT22 neurons treated with 760 

the supernatant of EV-stimulated BV2 cells. 761 

(f–g) Quantification of PSD95 and SYN protein levels, n=3 independent experiments per 762 

group. One-way ANOVA, *p<0.05, **p<0.01 vs. Sham-EV, ##p<0.01, Vs MI-sus-EV.  763 
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Fig S3 cGAS-STING signaling and GSDMD-mediated pyroptosis are 768 

predominantly localized in PFC microglia 769 

(a) Representative H&E staining of heart sections from Sham+AAV-shCON, 770 

Sham+AAV-shcGAS, Sham+AAV-shSTING, MI+AAV-shCON, MI+AAV-shcGAS, and 771 

MI+AAV-shSTING mice. Scale bars: 2 mm and 200. 772 

(b) Representative M-mode echocardiography images of the left ventricle in each group. 773 

(c–d) Quantification of EF (c) and FS (d). n=10 mice per group. One-way ANOVA, 774 

**p<0.01 vs. Sham+AAV-shCON; ##p<0.01 vs. Sham+AAV-shcGAS, ##p<0.01 vs. 775 

Sham+AAV-shcGAS, ††p<0.01 vs. Sham+AAV-shSTING.  776 

(e) Representative fluorescence images showing microglial-specific AAV-mCherry 777 

expression in the mouse brain. Scale bar: 500 μm and 125 μm. Data are expressed as mean ± 778 

SD. 779 


