Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

cGAS-STING Pathway Activation Drives PFC
Microglial Pyroptosis in Extracellular Vesicle-
Related Post-Myocardial Infarction Depression

Rong Zhang

zhangrong®gzucm, edu, cn

Guangzhou University of Chinese Medinicine

Mengxue Chen
Guangzhou University

Fangyuan Chen
Guangzhou University
Ziyi Zeng
Guangzhou University
Ying Yang
Guangzhou University
Qingying Yu
Liuchang Zhou
Yafei Shi
Yuanyuan Cheng
Deng Di

Article

Keywords: Myocardial infarction, Depression, Heart—brain crosstalk, Extracellular vesicles, Mitochondrial
DNA, cGAS-STING pathway, Microglial pyroptosis, Prefrontal cortex

Posted Date: October 7th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-10350958/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: The authors have declared there is NO conflict of interest to disclose


https://doi.org/10.21203/rs.3.rs-10350958/v1
https://doi.org/10.21203/rs.3.rs-10350958/v1
https://doi.org/10.21203/rs.3.rs-10350958/v1
https://creativecommons.org/licenses/by/4.0/

A W ON

a1

13
14

15
16
17

18
19

20

21

22
23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

cGAS-STING Pathway Activation Drives PFC Microglial
Pyroptosis in Extracellular Vesicle-Related Post-Myocardial

Infarction Depression
Mengxue Chen”!, Fangyuan Chen™!, Ziyi Zeng', Ying Yang?, Qingying Yu®, Liuchang Zhou*,

Yafei Shi%, Yuanyuan Cheng', Di Deng*!, Rong Zhang *!

1 State Key Laboratory of Traditional Chinese Medicine Syndrome, Chinese Medicine
Guangdong Laboratory, Guangdong Key Laboratory for Translational Cancer Research of
Chinese Medicine, Joint International Research Laboratory of Translational Cancer Research
of Chinese Medicines, International Institute for Translational Chinese Medicine, Guangzhou
University of Chinese Medicine, Guangzhou, 510006, China.

2 School of Fundamental Medical Sciences, Guangzhou University of Chinese Medicine,
Guangzhou, 510006, China.

3. The Tenth Clinical Medical College of Guangzhou University of Traditional Chinese
Medicine; Zhongshan Hospital of Traditional Chinese Medicine, Zhongshan, 528401, China.

4. Guangdong Provincial Key Laboratory of Clinical Research on Traditional Chinese
Medicine Syndrome, The Second Affiliated Hospital of Guangzhou University of Chinese
Medicine, Guangzhou, 510120, China.

* Corresponding authors at: 232 Outer Ring East Road, Guangzhou University City, Panyu
District, Guangzhou, Guangdong 510006, China.

E-mail addresses: dengdi@gzucm.edu.cn (D Deng), zhangrong@gzucm.edu.cn (R Zhang).

*These authors contributed equally.

Abstract

Post-myocardial infarction (MI) depression is a prevalent, severe clinical complication,
yet the precise molecular mechanism underlying heart—brain pathological heart—brain
crosstalk in this disorder remains poorly elucidated. In this study, we established a mouse MI
model with distinct depressive susceptibility phenotypes, including MI-susceptible (MI-sus)
and Ml-resilient (MI-res) mice, to explore the functional role and regulatory mechanism of
plasma extracellular vesicle (EV)-carried mitochondrial DNA (mtDNA) in the pathogenesis
of post-MI depression. Our results revealed that MI-sus mice exhibited prominent neuronal
injury, synaptic structural disruption and functional dysfunction in the prefrontal cortex (PFC).
Mechanistically, plasma EVs derived from MI-sus mice were highly enriched with mtDNA;
stereotaxic injection of these EVs into the PFC of healthy naive mice successfully
recapitulated depressive-like behaviors and PFC pathological damage. At the molecular level,
EV-encapsulated mtDNA triggered microglial innate immune response by activating the
cGAS-STING signaling pathway, subsequently inducing microglial pyroptosis and secondary
neuronal and synaptic damage in the PFC. Microglia-specific knockdown of cGAS or STING
in the PFC markedly attenuated d epressive-like behaviors and reversed PFC pathological
lesions in MI mice. Collectively, our findings identify the plasma EV-mtDNA—cGAS-
STING—pyroptosis signaling axis as a core molecular mechanism mediating pathological
heart-brain crosstalk after myocardial ischemia, offering a novel and actionable therapeutic
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target for the clinical prevention and treatment of post-MI depression.
Keywords

Myocardial infarction; Depression; Heart—brain crosstalk; Extracellular vesicles;
Mitochondrial DNA; cGAS-STING pathway; Microglial pyroptosis; Prefrontal cortex
Introduction

Despite substantial advances in the clinical diagnosis and intervention of acute
myocardial infarction (MI), post-MI depression persists as a common, life-threatening
comorbidity[1]. This neuropsychiatric complication not only exacerbates cardiac dysfunction
and impairs patients’ quality of life but also significantly elevates long-term mortality,
constituting a critical unmet clinical challenge[2, 3]. Accumulating clinical and preclinical
evidence confirms that aberrant heart—brain crosstalk serves as the core pathological driver of
post-MI depression[4].

Peripheral myocardial ischemic injury can induce structural damage and functional
dysfunction in corresponding brain regions[5]. The prefrontal cortex (PFC), as the core brain
region regulating mood state, cognitive function and emotional homeostasis, is the most
vulnerable to such injury[6, 7]. Accumulating evidence has confirmed that neuronal injury,
synaptic structural impairment, and dysregulated neuroplasticity in the PFC are closely
associated with the onset and severity of depressive phenotypes[8]. Nevertheless, the key
molecular mediators that transmit peripheral myocardial ischemic stress signals to the central
nervous system and trigger neuropathological damage in the PFC remain largely unclear,
which limits the mechanistic interpretation and targeted therapeutic development of post-
myocardial infarction depression.

Extracellular vesicles (EVs) are critical intercellular communication vectors capable of
transporting diverse bioactive cargoes (proteins, lipids, nucleic acids) across the blood—brain
barrier, enabling peripheral injury signals to remotely regulate central immune activation and
neural function[9]. Mitochondrial DNA (mtDNA), a typical damage-associated molecular
pattern (DAMP) released by damaged mitochondria, is highly enriched in EVs secreted by
ischemic-injured cardiomyocytes and can trigger robust innate immune inflammatory
responses[10]. Based on these findings, we proposed a core research hypothesis: circulating
EVs isolated from depressive-susceptible MI mice carry excessive ischemic injury-derived
mtDNA, which acts as a peripheral pathogenic signal targeting the PFC and ultimately
induces the occurrence of post-MI depression.

The cGAS-STING pathway is a canonical cytoplasmic DNA-sensing innate immune
signaling axis and the primary downstream effector pathway activated by mtDNA
stimulation[11]. Once triggered, cGAS-STING signaling initiates the phosphorylation and
activation of downstream TBK1/IRF3, promotes NLRP3 inflammasome assembly, and
ultimately induces microglial pyroptosis and persistent neuroinflammation[ 12—14]. As the
resident innate immune cells of the CNS, microglia dominate the neuroinflammatory response,
mediate synaptic stripping and neuronal injury, and participate in the progression of multiple
neuropsychiatric disorders[15, 16]. We further hypothesized that EV-encapsulated mtDNA
specifically activates microglial cGAS-STING signaling in the PFC, induces microglial
pyroptosis and neuroinflammation, and further causes synaptic dysfunction and depressive-
like behaviors after MI.

In the present study, we systematically constructed a mouse MI model with divergent
depressive susceptibility phenotypes (MI-sus vs. MI-res) and confirmed that only MI-sus
mice developed severe structural and synaptic damage in the PFC. Through EV isolation,
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identification and functional verification, interestingly, we validated that mtDNA-enriched
plasma EVs from MI-sus mice are sufficient to independently induce depressive-like
behaviors and PFC pathological impairment in naive mice. Mechanistically, we clarified that
Ml-sus-derived EVs specifically activate the cGAS-STING-pyroptosis signaling cascade in
PFC microglia, leading to secondary neuronal synaptic dysfunction. Furthermore, microglia-
specific knockdown of cGAS or STING effectively reversed MI-induced depressive
behaviors and PFC pathological lesions. In summary, this study elucidates a novel heart—brain
crosstalk mechanism: plasma EVs shuttle myocardial ischemic mtDNA to the PFC, trigger
microglial cGAS-STING-dependent pyroptosis and neuroinflammation, and ultimately
mediate post-MI depression. This EV-mtDNA—cGAS-STING—pyroptosis axis provides a
promising therapeutic target for post-MI depression.

Methods

Animals and Grouping
Six-to-eight-week-old male C57BL/6J mice were purchased from the Guangdong

Medical Laboratory Animal Center (SCXK (Guangdong) 2022-0002). All animal experiments
were conducted in the SPF-grade laboratory animal facility of the International Institute for
Translational Chinese Medicine, Guangzhou University of Chinese Medicine (SYXK
(Guangdong) 2024-0144), and approved by the Institutional Animal Ethics Committee
(approval No. 20240307). Mice were housed under standardized conditions (23+2 °C, 60=10%
relative humidity, 12 h light/dark cycle) with free access to standard chow and sterile water.

After 1 week of adaptive feeding, mice were randomly assigned to experimental groups.
The MI model was established via permanent left anterior descending (LAD) coronary artery
ligation; sham-operated mice received identical thoracotomy procedures without arterial
ligation[17]. 4 weeks after surgery, MI mice were stratified into MI-sus and Ml-res subgroups
through behavioral assessments and K-means clustering.

For EV intervention experiments, naive C57BL/6J mice received stereotaxic
microinjection of Sham-EV, MI-res-EV or MI-sus-EV into the bilateral PFC, with sample
collection and behavioral tests performed 3 days after injection.

For microglia-specific gene knockdown, Cx3Cr1 transgenic mice were stereotaxically
injected with AAV-shcGAS, AAV-shSTING or control AAV-shCON, followed by 5
consecutive days of tamoxifen intraperitoneal injection to achieve microglia-specific gene
silencing. Two weeks after viral transfection, mice underwent LAD ligation to establish MI
models, and behavioral tests were conducted 4 weeks after MI surgery.

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

1:1000), GAP43 (Affinity, DF7766, 1:1000), Synaptophysin (Servicebio, GB11553, 1:1000),
cGAS (GeneTex, GTX02874, 1:1000), STING (CST, 50494, 1:1000), p-STING (CST, 72971,
1:1000), p-IRF3 (CST, 29047, 1:1000), p-TBK1 (CST, 5483, 1:1000), NLRP3 (Adipogen,
Ag-20b-0014-C100, 1:1000), ASC (Santa Cruz, sc-514414, 1:100), GSDMD (Abcam,
ab219800, 1:1000), GSDMD-N (HUABIO, ER1901-37, 1:1000), IL-1p (Bioworld, BS3506,
1:1000), IL-18 (Bioworld, BS6823, 1:1000), Caspase-1 (HUABIO, ET1608-69, 1:50000),
P20 (Affinity, AF4005, 1:1000), B-tubulin (Affinity, AF7011, 1:5000), GAPDH (Affinity,
AF7021, 1:5000), Vinculin (HUABIO, ET1705-94, 1:5000), TSG101 (ABMART, T55985,
1:5000), CD9 (ABMART, T55337, 1:5000), CD63 (ABMART, M051014, 1:5000), Histone
H3 (ABMART, T56587, 1:5000), HRP-conjugated secondary antibodies: Goat anti-rabbit IgG
(Signalway Antibody, L3012, 1:5000), Goat anti-Mouse IgG (Signalway Antibody, 1.3020,
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1:5000).

For immunofluorescence: NeuN (Abcam, ab104224, 1:500), GFAP (CST, 3670, 1:400),
IBA1 (FUJIFILM Wako, 019-19741, 1:800). cGAS (GeneTex, GTX02874, 1:100), STING
(CST, 50494, 1:100), GSDMD (Abcam, ab219800, 1:100), Alexa Fluor® 488 Goat Anti-
Rabbit IgG (Abcam, ab150077, 1:500), Alexa Fluor® 594 Goat Anti-Rabbit IgG (Abcam,
ab150080, 1:500), Alexa Fluor® 594 Goat Anti-Mouse IgG (Abcam, ab150116, 1:500), Alexa
Fluor® 488 Goat Anti-Mouse IgG (Abcam, ab150113, 1:500).

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

behavioral test room for 1 h environmental adaptation before testing. All behavioral
performances were recorded by an overhead camera and analyzed by an automatic tracking
system with blinded group evaluation[8, 18].

Sucrose Preference Test (SPT): Mice were individually housed for a 72 h adaptive period,
followed by 24 h water deprivation. Subsequently, one bottle of 1% sucrose solution and one
bottle of sterile water were provided for 24 h. Bottle positions were swapped at 12 h to avoid
positional bias. Sucrose preference percentage was calculated as sucrose intake divided by
total fluid intake to evaluate anhedonic behaviors.

Open Field Test (OFT): The open field apparatus (50 cm x 50 cm x 40 cm) was divided
into central and peripheral zones. Each mouse was placed in the central area for 10 min free
exploration. Total movement distance and central zone activity were analyzed to assess
locomotor function and anxiety-like behaviors. The apparatus was thoroughly disinfected
with 75% ethanol after each test.

Tail Suspension Test (TST): Each mouse was suspended 30 cm above the floor by fixing
the distal one-third of the tail with adhesive tape, with no access to climbing support. The
total test duration was 6 minutes: the first 2 minutes were for adaptation, and the last 4
minutes were recorded. The immobility time (duration of complete stillness without
struggling) was measured as an indicator of behavioral despair.

Forced Swimming Test (FST): Mice were placed in a cylindrical tank filled with water
(depth: 30 cm, temperature: 2426 °C). The total test duration was 6 minutes: the first 2
minutes were for adaptation, and the last 4 minutes were recorded. Immobility time (floating
without active swimming or climbing, only keeping nostrils above water) was measured to
assess depression-like despair behavior. After testing, mice were dried and warmed, and the
water was replaced before the next test.

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

sodium (50 mg/kg, i.p.) and fixed in a supine position. After chest depilation and disinfection,
M-mode echocardiography was performed using a VINNOG ultrasound system equipped with
a >15 MHz high-frequency probe at the left ventricular short-axis papillary muscle level.
LVEDD and LVESD were measured, and EF and FS were calculated to evaluate cardiac
systolic function. All data were averaged from no less than three independent cardiac cycles.

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

dehydrated by graded ethanol, cleared with xylene, and embedded in paraffin to prepare 5 pm
continuous sections. For H&E staining, sections were deparaffinized, rehydrated, stained with
hematoxylin and eosin, differentiated, blued, dehydrated and mounted with neutral balsam for
histological morphological observation. For Nissl staining, sections were incubated with 0.1%
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toluidine blue solution at 37 °C for 30 min, differentiated with 95% ethanol, fully dehydrated
and sealed to observe neuronal morphology and Nissl body distribution.

Transmission electron microscopy (TEM) and Golgi Staining
For synaptic ultrastructural observation, fresh PFC tissues were cut into 1 mm? cubes,

fixed in pre-cooled electron microscopy fixative at 4 °C for 4 h, post-fixed with 1% osmium
tetroxide, fully dehydrated by graded ethanol and pure acetone, infiltrated and embedded with
812 embedding medium, and polymerized at 60 °C. Ultrathin 70 nm sections were stained
with 2% uranyl acetate and 2.6% lead citrate for synaptic structure imaging. For EV
morphological identification, purified EV suspension was dropped onto copper grids,
naturally dried, and negatively stained with 2% uranyl acetate for TEM observation.

Golgi staining was performed using a commercial Golgi staining kit (Servicebio, G1069).
Isolated brain tissues were fixed and impregnated in the dark at 4 °C for 7-14 days,
dehydrated with 30% sucrose, and prepared into 40 pm frozen sections. After development,
cleaning, dehydration and transparency, sections were mounted for observation of neuronal
dendritic complexity.

EV Isolation, NTA Detection and mtDNA Quantification
Mouse plasma was collected via EDTA anticoagulation, placed at room temperature for

30 min, and centrifuged at 3000 rpm for 15 min to obtain supernatant plasma. EVs were
isolated by gradient centrifugation and ultracentrifugation (120000 g, 70 min, 4 °C), and
resuspended in sterile PBS. EV particle size distribution and concentration were detected by
nanoparticle tracking analysis. EV mtDNA was extracted using the mtDNA Extractor CT Kit
(FUJIFILM Wako, 291-55301). mtDNA quantification was performed via qPCR using SYBR
Green qPCR Kit (GOONIE, 500-102) with COXIII-specific primers (Forward: 5'-
CCCAGCTACTACCATCATTCAAGT-3'"; Reverse: 5'-CAGCCTCATGGTAAACACGTTC-
3.
Immunofluorescence Staining

Mice were perfused with PBS and 4% paraformaldehyde. Brain tissues were post-fixed,
dehydrated with 20% and 30% sucrose, embedded in OCT, and cut into 40 pm frozen sections.
After citrate antigen retrieval, permeabilization and blocking, sections were incubated with
primary antibodies overnight at 4 °C, followed by corresponding fluorescent secondary
antibodies. Finally, sections were mounted with anti-fade medium and observed under a
fluorescence microscope.
PFC Stereotaxic Injection

Mice were anesthetized with isoflurane and fixed on a stereotaxic instrument. The
adeno-associated viruses used in this study were rAAV-SFFV-DIO-mCherry-5'-miR-30a-
shRNA(scramble)-3'-miR-30a-WPREs. rAAV-SFFV-DIO-mCherry-5'-miR-30a-shRNA
(Cgas)-3'-miR-30a-WPREs and rAAV-SFFV-DIO-mCherry-5'-miR-30a-shRNA (sting)-3'-
miR-30a-WPREs, all purchased from Wuhan Shumi Brain Science Technology Co., Ltd. PFC
injection coordinates were set as AP +1.94 mm, ML £0.2 mm, DV —2.4 mm. For EV injection,
40 ug EVs were bilaterally injected at a rate of 0.2 pL./min, with the needle retained for 4 min
after injection to ensure full diffusion. For AAV injection, a total volume of 0.5 pL virus was
injected into each hemisphere with identical injection parameters. Postoperative mice were
placed on a constant-temperature heating platform for recovery before rearing,

Cell Culture and Intervention
BV2 microglial cells (CL-0493) and HT-22 neuronal cells (CL-0697) were purchased
from Procell Life Science & Technology Co., Ltd., and cultured at 37 °C with 5% CO.. For
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siRNA transfection, BV2 cells were transfected with si-Cgas (RX25061906456, Hippobio)
and si-Sting (RX25061906457, Hippobio) using Lipofectamine 2000 (Thermo Fisher,
11668019) for 48 h. EVs were labeled with FluoExo® Exosome Tracing Kit (Engreen
Biosystem, FE-01-02) for cell internalization detection. BV2 cells were treated with 32
pug/mL Sham-EV, Ml-res-EV or MI-sus-EV for 24 h. The conditioned medium of EV-
activated BV2 cells was collected to treat HT-22 neurons for synaptic function evaluation.
Statistical Analysis

Data were analyzed using SPSS 21.0 and GraphPad Prism 9.2.0, presented as mean + SD.
Shapiro—Wilk test was used for normality assessment. Normally distributed data with
homogeneous variance were analyzed by one-way ANOVA; data with heterogeneous variance
were analyzed by Brown-Forsythe and Welch ANOVA, followed by Bonferroni multiple
comparison test. Non-normal data were analyzed by Kruskal-Wallis H test. P < 0.05 was
considered statistically significant.

Results

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

To explore the behavioral and pathological changes of depression after MI, a mouse MI
model was established via LAD artery ligation in male C57BL/6J mice (Fig. 1a). H&E
staining showed disordered myocardial tissue structure, and echocardiographic detection
confirmed significantly reduced ejection fraction (EF%) and fractional shortening (FS%) in
MI groups (Fig. Sla—d), verifying the successful construction of a stable and reliable mouse
MI model.

28 days after surgery, depressive-like behaviors of mice were evaluated via behavioral
tests, TEMand K-means clustering analysis was applied to stratify MI mice into two
subgroups with distinct phenotypes: MI-resilient (MI-res) and MI-susceptible (MI-sus)[19,
20]. Behavioral results showed that MI-sus mice exhibited typical depressive-like phenotypes,
including significant anhedonia in the sucrose preference test and prolonged immobility time
in the tail suspension test (TST) and forced swim test (FST) (Fig. 1b, e, f). No significant
difference in spontaneous locomotor activity was observed among groups in the open field
test (Fig. 1c, d), indicating that the behavioral differences were independent of motor function
and truly reflected depressive susceptibility.

Histopathological staining revealed obvious structural damage in the PFC of MI-sus
mice, characterized by disordered neuronal arrangement, nuclear pyknosis and decreased
Nissl body number (Fig. 1g, h). TEM further demonstrated disrupted synaptic ultrastructure
(Fig. 1i-m). Golgi staining showed reduced dendritic complexity and arborization of PFC
neurons (Fig. 1n—t). Consistent with morphological changes, Western blot results confirmed
the significant downregulation of synaptic functional proteins (PSD95, GAP43, SYN) in the
PFC of MI-sus mice (Fig. 1u—x). Notably, MI-res mice only presented mild PFC pathological
changes without obvious depressive-like behaviors, indicating that the severity of PFC
structural and synaptic damage is positively correlated with individual depressive
susceptibility after MI, and MI-res mice may possess endogenous compensatory protective
mechanisms against post-MI emotional dysfunction.

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

EVs are key intercellular communication carriers that cross the blood—brain barrier to
transmit peripheral injury signals and regulate central neural function, which is considered a
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critical medium for peripheral-central crosstalk[21]. Combined with the specific PFC damage
in MI-sus mice, we further explored whether plasma EVs mediate the occurrence of post-MI
depression.

Plasma EVs were isolated from Sham, MI-res and MI-sus mice, and EV morphology,
particle size distribution and specific marker expression were verified by TEM, nanoparticle
tracking analysis (NTA) and Western blotting (Fig. 2b—d), confirming the high purity and
quality of isolated EVs for subsequent experiments[22]. Quantitative detection showed that
mtDNA content was significantly elevated in EVs derived from MI-sus mice (Fig. 2e),
suggesting that myocardial ischemic injury induces mitochondrial damage and releases
abundant mtDNA into circulating EVs, which may serve as a key pathogenic cargo mediating
peripheral-to-central signal transmission.

Stereotaxic injection of MI-sus-derived EVs into the PFC of naive healthy mice (Fig. 2a)
successfully induced typical depressive-like behaviors, including reduced sucrose preference
and increased immobility in TST and FST, with no alteration in locomotor activity (Fig. 2f—).
In contrast, EVs from Ml-res mice failed to induce obvious depressive phenotypes, indicating
that the neuro-pathogenic effect of circulating EVs is specifically dependent on the depressive
susceptibility of MI mice.

Consistent with behavioral changes, MI-sus-EV treatment caused severe neuronal
damage in the mouse PFC, including disordered cell arrangement, nuclear pyknosis and
reduced Nissl bodies. Meanwhile, the expression levels of synaptic proteins PSD95, GAP43
and SYN were significantly downregulated (Fig. 2k—p). The above neuronal and synaptic
impairments were negligible in the MI-res-EV intervention group. Collectively, these results
demonstrate that mtDNA-enriched EVs from MI-sus mice independently mediate PFC
structural destruction and synaptic dysfunction, thereby driving the development of post-MI
depressive-like behaviors.

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

Given that mtDNA is a specific agonist of the microglial cGAS-STING innate immune
pathway, we further explored whether EV-carried mtDNA induces PFC damage by activating
cGAS-STING signaling and downstream pyroptosis in post-MI depression.

Western blot analysis of mouse PFC tissues showed that the key proteins of the cGAS-
STING signaling pathway (cGAS, p-STING, p-TBK1, p-IRF3) and pyroptosis-related
proteins (NLRP3, ASC, Caspase 1, P20, GSDMD-N, IL-1p, IL-18) were significantly
upregulated in the MI-sus group, while no obvious activation was observed in the MlI-res
group (Fig. 3a—c). These results indicate that the cGAS-STING-pyroptosis signaling cascade
is specifically hyperactivated in the PFC of depression-susceptible MI mice.

In vivo EV intervention experiments further verified that stereotaxic injection of MI-sus-
EVs into naive mice was sufficient to activate cGAS-STING signaling and upregulate
pyroptosis-related protein expression in the PFC (Fig. 3d—f), confirming that MI-sus-EVs are
the key trigger for central cGAS-STING pathway activation.

Immunofluorescence co-localization staining showed that cGAS, STING and GSDMD
were predominantly expressed in IBA-1-positive microglia in the mouse PFC (Fig. 4a—f),
confirming that microglia are the primary cellular substrate for cGAS-STING-dependent
pyroptosis in post-MI brain injury.

In vitro, consistent with in vivo findings, MI-sus-EV intervention significantly activated
the cGAS-STING pathway and pyroptosis in BV2 microglial cells (Fig. S2a—d). Moreover,
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the conditioned medium of MI-sus-EV-treated BV2 cells markedly reduced the expression of
synaptic proteins PSD95 and SYN in HT22 hippocampal neurons (Fig. S2e—g). These in vitro
and in vivo results jointly demonstrate that EV-induced microglial cGAS-STING activation
and pyroptosis trigger secondary neuronal synaptic damage, forming a pathogenic microglia-
neuron crosstalk loop in post-MI depression.

c¢GAS-STING deficiency ameliorates post-MI depression and PFC synaptic injury

To further validate the indispensable role of microglial cGAS-STING signaling in post-
MI depression, we constructed microglia-specific cGAS/STING knockdown mouse models
via stereotaxic injection of AAV-shcGAS, AAV-shSTING or control AAV into the PFC of
Cx3Crl mice, with tamoxifen-induced targeted gene knockdown (Fig. 5a). Fluorescence
imaging confirmed accurate viral targeting in the PFC (Fig. S3e). Cardiac H&E staining and
echocardiography verified consistent myocardial injury and cardiac dysfunction among all MI
groups, with no significant differences between virus intervention subgroups (Fig. S3a—d),
excluding the confounding effect of cardiac function changes on behavioral and central
pathological results.

Behavioral tests showed that microglial cGAS or STING knockdown significantly
alleviated MI-induced anhedonia and despair-like behaviors in mice (Fig. 5b—f).
Histopathological staining showed that cGAS/STING silencing effectively improved MI-
induced PFC neuronal disorder and nuclear condensation, restored Nissl body abundance (Fig.
5g, h). TEM and Golgi staining further confirmed that cGAS-STING inhibition rescued
synaptic ultrastructural damage and reversed the reduction of neuronal dendritic complexity
in the PFC of MI mice (Fig. 5i-t).

Molecular detection results showed that microglial cGAS/STING knockdown
significantly reversed the downregulation of synaptic plasticity proteins (PSD95, GAP43,
SYN) and inhibited the excessive activation of cGAS-STING signaling and downstream
pyroptosis in the PFC of MI mice (Fig. 6a—g). In vitro experiments also verified that
cGAS/STING gene silencing blocked MI-sus-EV-induced cGAS-STING activation and
pyroptosis in BV2 microglia (Fig. 6h—j). Collectively, these loss-of-function experiments fully
demonstrate that microglial cGAS-STING signaling is an essential molecular switch for EV-
mediated PFC pyroptotic injury and post-MI depressive-like behaviors. The detailed
regulatory mechanism is summarized in the schematic diagram (Fig. 6k).

Discussion

Although growing research has identified aberrant heart—brain crosstalk as a pivotal
pathological driver of post-MI depression[23], mounting evidence has validated that
dysfunction of prefrontal cortical synaptic plasticity is closely involved in the onset and
exacerbation of depression[8, 24, 25]. Structural synaptic loss and impaired synaptic
remodeling within the PFC are well-established core pathological features mediating
emotional disturbance and depressive-like behaviors, the intrinsic mechanisms underlying the
variable susceptibility to depressive symptoms following MI remain poorly elucidated,
restricting the in-depth understanding and targeted intervention of this common MI
comorbidity. In the present study, we successfully constructed a mouse MI model with
distinct individual susceptibility to post-MI depression and comparatively analyzed the
pathological alterations in the PFC between MI-sus and MI-res mice. Consistent with our
hypothesis, the severity of neuronal injury and synaptic structural impairment in the PFC was
verified to be a key determinant of individual differences in post-MI depressive vulnerability.
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These findings clarify the central pathological difference accounting for the heterogeneous
onset of post-MI depression, offering novel neuropathological evidence to elaborate the
heart-brain regulatory mechanism of post-MI emotional dysfunction.

Different from previous studies focusing on central neuroinflammation after MI[17],
emerging researches have demonstrated that EVs participate in the pathological processes of
myocardial injury and depression[26, 27], and serve as important messengers for peripheral-
central signal transmission. This study further innovatively identified plasma EVs as the key
peripheral mediator linking myocardial ischemic insult to prefrontal cortex damage. Multiple
lines of evidence in our study support this conclusion: EVs isolated from MI-sus mice with
depressive phenotypes are highly enriched with mtDNA, a typical injury-related molecular
pattern; exogenous supplementation of MI-sus-EVs alone can recapitulate post-MI depressive
behaviors and PFC pathological damage in healthy mice, while EVs from resilient mice have
less neuro-pathogenic effect. Myocardial ischemia induces severe mitochondrial damage in
cardiomyocytes, leading to the release of a large amount of mtDNA into the peripheral
circulation[10]. This study verified that ischemic mtDNA is wrapped and protected by EVs.
Given that EVs have been proven in prior studies to penetrate the blood—brain barrier and
target the PFC[28, 29], our results clarify the specific molecular pattern of peripheral
ischemic signals invading the central nervous system and address the research gap in the
upstream mechanism of heart-brain crosstalk in post-MI depression. Notably, our work shifts
the focus from inflammatory mediators to circulating EVs as the primary upstream carrier,
establishing a direct and specific molecular link between cardiac ischemia and PFC injury.

The cGAS-STING pathway is a classic innate immune sensor for cytoplasmic foreign
DNA and damage-derived self-DNA[30]. In this study, we verified that mtDNA carried by
MI-sus-EVs specifically activates the cGAS-STING signaling cascade in PFC microglia,
rather than neurons or astrocytes. Activated cGAS-STING signaling further promotes NLRP3
inflammasome assembly, triggers microglial pyroptosis and massive release of pro-
inflammatory cytokines, ultimately causing synaptic destruction and neuronal dysfunction.
Numerous prior studies have confirmed that cGAS-STING pathway activation can initiate
NLRP3 inflammasome response and induce cellular pyroptosis[14, 31, 32], which is also
fully verified in our current study. In vitro co-culture experiments verified that pyroptotic
microglia release inflammatory mediators and impair neuronal synaptic integrity. Previous
studies have demonstrated that microglia regulate neuronal synaptic plasticity via synaptic
pruning[33-35]. Notably, this study merely confirmed the paracrine damage effect induced by
inflammatory factors, without exploring direct contact interaction between microglia and
neurons. Collectively, these results establish a complete pathological cascade: peripheral EV-
carried mtDNA triggers cGAS-STING signaling and pyroptosis in microglia, further leading
to neuronal synaptic defects and ultimately facilitating the development of depressive-like
behaviors. This finding clarifies the cell-specific regulatory mechanism of cGAS-STING
signaling in post-MI depression and enriches the mechanistic understanding of microglia-
mediated neuroinflammatory psychiatric disorders.

More importantly, microglia-specific cGAS or STING knockdown in vivo can
significantly inhibit PFC pyroptosis and neuroinflammation, restore synaptic structural
integrity and neuronal function, and fundamentally improve MI-induced depressive-like
behaviors, without affecting the degree of myocardial injury. These functional verification
results confirm that microglial cGAS-STING signaling is a necessary and sufficient condition
for post-MI depression, providing precise and targeted therapeutic targets for the clinical
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intervention of post-MI depression and avoiding the non-specific side effects of systemic
immune pathway intervention.

This study has important translational clinical implications. First, mtDNA has already
been recognized as a promising circulating biomarker for myocardial infarction and
depression, with established value in disease stratification and prognostic prediction[36-38].
On this basis, plasma EV-encapsulated mtDNA can serve as a novel non-invasive biomarker
for early screening of populations susceptible to post-MI depression, facilitating early risk
prediction and targeted intervention in high-risk patients. Second, the newly identified EV—
mtDNA—-cGAS-STING—pyroptosis axis systematically explains the molecular mechanism of
heart—brain crosstalk in post-MI depression, providing a theoretical framework for subsequent
related basic and clinical research. Third, targeted inhibition of microglial cGAS-STING
signaling or pyroptosis is expected to become a new therapeutic strategy for preventing and
treating post-MI depression.

This study also has certain limitations that need to be improved in future research. First,
this study only focused on plasma EVs as the core regulatory vector; other circulating
cytokines[39, 40] and EV subtypes may also participate in the progression of post-MI
depression and mediate peripheral-central neural transmission between the heart and brain[41,
42], which warrants further exploration. Second, besides mtDNA, MI-sus-EVs contain
multiple bioactive cargoes, and whether these molecules synergistically regulate central
neuroinflammation as well as heart-brain neural communication remains to be verified. Third,
the endogenous protective compensatory mechanism of MI-res mice against post-MI
depression was not deeply explored in this study, which is worthy of further excavation to
develop new protective therapeutic targets.

In conclusion, this study elucidates a novel heart—brain crosstalk mechanism in post-MI
depression: plasma EVs transport myocardial ischemia-derived mtDNA to the PFC,
specifically activate microglial cGAS-STING signaling pathway, induce microglial pyroptosis
and persistent neuroinflammation, and ultimately lead to neuronal synaptic damage and
depressive-like behaviors. This study establishes a new pathogenic signaling axis for post-MI
depression and provides a reliable theoretical basis for the development of targeted
therapeutic strategies.
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Fig 1 MI induces depressive-like behaviors and PFC tissue damage in mice

(a) Schematic diagram of the experimental timeline.

(b-f) Quantitative analysis of sucrose preference (b), total movement distance (c), central
region distance (d), immobility time in TST (e)and immobility time in FST (f) among groups,
n =11 (Sham), 18 (Ml-res), 16 (MI-sus), One-way ANOVA (b, d, e) and Kruskal-Wallis test
(c, ), *p<0.05, **p<0.01, vs Sham, *p<0.05, *p<0.01, vs MI-sus.

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

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

(i) Representative TEM micrographs of synapses in the PFC, with presynaptic
membrane (PM), postsynaptic density (PD), synaptic cleft (SC), and synaptic vesicles (SV)
labeled. Scale bar, 500 nm and 200 nm.

(j-m) Quantification of PSD thickness (j), PSD length (k), width of the synaptic cleft (1)
and synaptic curvature (m) in the PFC, n=3 mice per group, with 10 synapses analyzed per
mouse, One-way ANOVA (1) and Kruskal-Wallis test (j, k, m), *p<0.05, **p<0.01, vs Sham,
*p<0.05, #p<0.01, vs MI-sus,(n) Representative Golgi staining of pyramidal neurons in the
PFC and corresponding Sholl analysis diagrams showing dendritic complexity. Arrows point
to representative pyramidal neurons, scale bar, 50 pum.

(o-r) Quantification of the number of dendritic branches (o), total dendritic length (p),
longest dendritic length (q), and number of intersections (r) by Sholl analysis, #=3 mice per
group, with 10 neurons analyzed per mouse, One-way ANOVA (q) and Kruskal-Wallis test (o,
p, 1), *p<0.05, **p<0.01, vs Sham, *p<0.05, #p<0.01, vs MI-sus.

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

(t) Quantification of spine density in the three groups, =3 mice per group, with 10
dendritic segments analyzed per mouse, One-way ANOVA **p<0.01, vs Sham, *p<0.05, vs
MI-sus.

(u—x) Western blot analysis (u) and quantification of synaptic proteins PSD95 (v),
GAP43 (w), and SYN (x) in the PFC, #=3 mice per group. One-way ANOVA, *p<0.05,
*%p<0.01, vs Sham, *p<0.05, vs MI-sus, Data are expressed as mean + SD.
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Fig 2 EVs from MI-sus mice trigger depressive-like phenotypes and synaptic
impairment in the PFC

(a) Schematic diagram of the experimental timeline.

(b) Representative TEM images of EV isolated from Sham, Ml-res, and MI-sus mice.
Scale bar, 200 nm.

(c) Western blot analysis of EV markers (TSG101, CD9, CD63) and the negative control
(Histone H3) in isolated EVs. H9C2 whole-cell lysate was used as the control.

(d) NTA showing the particle size distribution of EVs from Sham, MI-res, and MI-sus
mice. (¢) Quantification of EV particle concentration (fold change relative to Sham group).
n=3 mice per group. *p<0.05, vs Sham, #»p<0.05, Vs MI-sus.

(f—) Quantitative analysis of sucrose preference (f), total movement distance, (g) central
region distance (h), immobility time in TST (i)and immobility time in FST (j) among groups.
n=9 mice per group, One-way ANOVA (f, g, j), Kruskal-Wallis test (h), and Brown-Forsythe
and Welch ANOVA (i), *p<0.05, **p<0.01, Vs Sham-EV, *p<0.05, #p<0.01, Vs MI-sus-EV.

(k) Representative H&E staining of the PFC in Sham-EV, MI-res-EV, and MI-sus-EV
groups. Scale bar, 100 ym.

(1) Representative Nissl staining of the PFC in the three groups. Scale bar, 100 um.
(m—p) Western blot analysis (m) and quantification of synaptic proteins PSD95 (n),

GAPA43 (0), and SYN (p) in the PFC. n=3 mice per group. One-way ANOVA, **p<0.01, Vs
Sham-EV, #p<0.05, #p<0.01, Vs MI-sus-EV. Data are expressed as mean + SD.
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Fig 3 Activation of cGAS-STING and pyroptosis in prefrontal cortex after
myocardial infarction and intracerebral EV injection

(a) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-
IRF3, p-STING) in the PFC of Sham, MI-res, and MI-sus mice.

(b) Western blot analysis of pyroptosis-related proteins (NLRP3, Caspasel, P20, ASC,
GSDMD, GSDMD-N, IL-18, IL-1p) in the PFC.

(c) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related
proteins in the PFC, n=3 mice per group. One-way ANOVA, **p<0.01 vs. Sham, “p<0.05,
#p<0.01, vs MI-sus

(d) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-
IRF3, p-STING) in the PFC of mice treated with Sham-EV, MI-res-EV, or MI-sus-EV.

(e) Western blot analysis of pyroptosis-related proteins (GSDMD, GSDMD-N, IL-18,
ASC, NLRP3, Caspasel, P20, IL-1pB) in the PFC of EV-treated mice.

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

proteins in the PFC of EV-treated mice, n=3 mice per group. One-way ANOVA, *p<0.05,
*%p<0.01, Vs Sham-EV, “p<0.05, #p<0.01, Vs MI-sus-EV. Data are expressed as mean + SD.
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Fig 4 cGAS-STING signaling and GSDMD-mediated pyroptosis are predominantly
localized in PFC microglia
(a—c) Representative immunofluorescence staining showing the co-localization of cGAS

(a), STING (b), and GSDMD (c) with cell-type-specific markers in the PFC. GFAP (green)
marks astrocytes, IBA-1 (green) marks microglia, and NEUN (green) marks neurons. Nuclei
were counterstained with DAPI (blue). Scale bars, 50 pm and 20 um. Fluorescence intensity
profiles along the indicated lines are shown on the right.

(d—f) Quantification of the percentage of cGAS-, STING-, and GSDMD-co-localized
area with GFAP*, IBA-1*, and NEUN™ cells, respectively. #=3 mice per group, with 10
images analyzed per mouse. One-way ANOVA, *p<0.05, **p<0.01, vs Sham, *p<0.05,
#p<0.01, vs MI-sus, Data are expressed as mean + SD.
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Fig 5 ¢cGAS-STING deficiency ameliorates post-MI depression and PFC synaptic
injury

(a) Schematic diagram of the experimental timeline for microglia-specific knockdown of
c¢GAS or STING in Cx3Cr1Ert2-Cre mice using rAAV-DIO-shCgas-mCherry or rAAV-DIO-
shSting-mCherry.

(b-f) Quantitative analysis of sucrose preference (b), total movement distance (c), central
region distance (d), immobility time in TST (e)and immobility time in FST (f) among groups.
n=10 mice per group. One-way ANOVA (b, ¢), Brown-Forsythe and Welch ANOVA (f) and
Kruskal-Wallis test (c, d), *p<0.05, **p<0.01, Sham-shCON, #p<0.05, #p<0.01, MI+AAV-
shCON.

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

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

(1) Representative TEM micrographs of synapses in the PFC. Presynaptic membrane
(PM), postsynaptic density (PD), synaptic cleft (SC), and synaptic vesicles (SV) are labeled.
Scale bar, 500 nm and 200 nm.

(j—m) Quantification analysis of PSD thickness (j), PSD length (k), width of the synaptic
cleft (1), and synaptic curvature (m) in the PFC. »=3 mice per group, with 10 synapses
analyzed per mouse. One-way ANOVA (], k) and Kruskal-Wallis test (I, m), **p<0.01, Sham-
shCON, “p<0.05, #p<0.01, MI+AAV-shCON.

(n) Representative Golgi staining of pyramidal neurons in the PFC and corresponding
Sholl analysis diagrams showing dendritic complexity. Arrows point to representative
pyramidal neurons, scale bar, 50 um.

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

longest dendritic length (q) and number of intersections (r) by Sholl analysis, Kruskal-Wallis
test, *p<0.05, **p<0.01, vs Sham+AAV-shCON, #p<0.01, vs MI+AAV-shCON.

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

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

dendritic segments analyzed per mouse. Kruskal-Wallis test, *p<0.05, **p<0.01, vs
Sham+AAV-shCON, #p<0.01, vs MI+AAV-shCON. Data are expressed as mean + SD.
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Fig 6 cGAS-STING blockade suppresses microglial cGAS-STING activation and

pyroptosis both in vivo and in vitro
(a) Western blot analysis of synaptic proteins (PSD95, GAP43, SYN) in the PFC of
mice.

(b—d) Quantification of PSD95, GAP43, and SYN protein levels, n=3 mice per group.
One-way ANOVA, **p<0.01, vs Sham+AAV-shCON, *p<0.05, #p<0.01, vs MI+AAV-
shCON.

(e) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-
IRF3, p-STING) in the PFC.

(f) Western blot analysis of pyroptosis-related proteins (NLRP3, GSDMD, GSDMD-N,
ASC, IL-1B, IL-18, Caspasel, P20) in the PFC.

(g) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related
proteins levels, n=3 mice per group. One-way ANOVA, **p<0.01, vs Sham+AAV-shCON,
*p<0.05, #p<0.01, vs MI+AAV-shCON.

(h) Western blot analysis of cGAS-STING pathway proteins (p-TBK1, cGAS, p-IRF3, p-
STING) in BV2 cells.

(1) Western blot analysis of pyroptosis-related proteins (NLRP3, GSDMD, GSDMD-N,
ASC, IL-1B, IL-18, Caspasel, P20) in BV2 cells.

(j) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related
proteins in BV2 cells. n=3 independent experiments per group. **p<0.01, vs Sham-EV+
sICON, #p<0.05, #p<0.01, vs MI-sus-EV+siCON. Data are expressed as mean + SD.

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

(a) Representative H&E staining of heart sections from Sham, Ml-res, and MI-sus mice.
Scale bar, 2 mm and 200 pm.

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

(c—d) Quantification of ejection fraction (EF) (¢) and fractional shortening (FS) (d) in the
three groups. n = 11 (Sham), 18 (Ml-res), 16 (MI-sus)m One-way ANOVA, *p<0.05,
**p<0.01, vs Sham. Data are expressed as mean + SD.
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Fig S2 EV-induced cGAS-STING activation and pyroptosis in BV2 cells impairs
neuronal synaptic integrity

(a) Representative immunofluorescence images showing the internalization of EVs (green) by
BV2 cells, with nuclei counterstained by DAPI (blue). Scale bar, 20 um.

(b) Western blot analysis of cGAS-STING pathway-related proteins (p-TBK1, cGAS, p-IRF3,
p-STING) in BV2 cells treated with Sham-EV, MI-res-EV, or MI-sus-EV.

(c) Western blot analysis of pyroptosis-related proteins (GSDMD, GSDMD-N, ASC, IL-1§,
Caspasel, NLRP3, P20, IL-18) in EV-treated BV2 cells.

(d) Heatmap showing the relative protein levels of cGAS-STING and pyroptosis-related
proteins in EV-treated BV2 cells, n=3 independent experiments per group. One-way ANOVA,
*p<0.05, **p<0.01, Vs Sham-EV, #p<0.05, ##p<0.01, Vs MI-sus-EV

(e) Western blot analysis of synaptic proteins (PSD95, SYN) in HT22 neurons treated with
the supernatant of EV-stimulated BV2 cells.

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

group. One-way ANOVA, *p<0.05, **p<0.01 vs. Sham-EV, ##p<0.01, Vs MI-sus-EV.
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Fig S3 ¢cGAS-STING signaling and GSDMD-mediated pyroptosis are
predominantly localized in PFC microglia

(a) Representative H&E staining of heart sections from Sham+AAV-shCON,
Sham+AAV-shcGAS, Sham+AAV-shSTING, MI+AAV-shCON, MI+AAV-shcGAS, and
MI+AAV-shSTING mice. Scale bars: 2 mm and 200.

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

(c—d) Quantification of EF (¢) and FS (d). »=10 mice per group. One-way ANOVA,
*%p<0.01 vs. Sham+AAV-shCON; #p<0.01 vs. Sham+AAV-shcGAS, #p<0.01 vs.
Sham+AAV-shcGAS, t1p<0.01 vs. Sham+AAV-shSTING.

(e) Representative fluorescence images showing microglial-specific AAV-mCherry
expression in the mouse brain. Scale bar: 500 um and 125 pum. Data are expressed as mean +

SD.



