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and neuroinflammation via the PI3K
pathway in the thalamus and hippocampus
and cognitive decline after cortical infarction
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Abstract

Background Cerebral infarction induces substantial neuronal apoptosis and neuroinflammation in the ipsilateral
nonischemic thalamus and hippocampus, with a critical correlation to post-stroke cognitive impairment. Poly (ADP-
ribose) polymerase 9 (PARP9) has been implicated in apoptosis and inflammation across various diseases, while its
role in remote brain damage after cerebral infarction remains unclear. This study aims to investigate the role of PARP9
in mediating neuronal apoptosis and neuroinflammation in remote brain regions after distal middle cerebral artery
occlusion (dMCAOQ) and explore its contribution to secondary brain damage and cognitive decline.

Methods Seventy-four hypertensive rats were randomly assigned to either the sham-operated group or the dMCAO
group. The dMCAQ group was further subdivided into PARP9 knockdown and overexpression subgroups, with their
respective control groups, modulated by adeno-associated viruses (AAV) carrying siScramble, siPARP9, Scramble,

or PARP9. Within the PARP9 knockdown subgroup, rats were further treated with either a phosphoinositide 3-kinase
(PI3K) inhibitor,2-(4-morpholinyl)-8-phenyl-chromone (LY294002), or vehicle. Spatial learning and memory deficits
were evaluated using the Morris water maze test. Secondary neuronal apoptosis and neuroinflammation were quanti-
fied 7 days post-dMCAO using Nissl staining, immunofluorescence, immunohistochemistry, TUNEL, and Western blot
analysis.

Results PARP9 expression was significantly upregulated in the ipsilateral thalamus and hippocampus after dMCAO,
correlating with neuronal apoptosis and neuroinflammation. PARP9 was localized in both neurons and microglia.
PARP9 knockdown reduced neuronal apoptosis, neuroinflammation, and microglial activation in the ipsilateral thala-
mus and hippocampus, and meanwhile improved the cognitive function. In contrast, PARP9 overexpression exacer-
bated these outcomes. Mechanistically, PARP9 knockdown activated the PI3K pathway, and inhibition of this pathway
with LY294002 partially reversed the effects, reinstating neuronal apoptosis, neuroinflammation, and cognitive deficits.

Conclusions Our findings demonstrate that PARP9 aggravates neural damage and cognitive decline after cerebral
infarction by promoting neuronal apoptosis and neuroinflammation, partly via the PI3K pathway.
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Introduction

Cerebral cortical infarction causes immediate ischemic
damage and also delayed secondary injury in remote
nonischemic brain regions, notably the ipsilateral thala-
mus and hippocampus [1]. These regions are particularly
susceptible to secondary damage after stroke and are
strongly associated with long-term neurological deficits
and cognitive decline [2, 3]. Unlike the ischemic penum-
bra, which has a narrow therapeutic window, remote
regions undergo gradual injury over several days [1], pro-
viding a broader window for interventions to mitigate
post-stroke cognitive impairments. Axonal degeneration
after cortical infarction disrupts fibral connections to the
above remote regions, where secondary neuronal loss
and glial proliferation subsequently arise [4, 5]. Neuronal
apoptosis, the major secondary neuronal death path-
way in remote regions after focal infarction, exacerbates
cell loss and compromises network integrity, thus creat-
ing an environment vulnerable to further damage [6, 7].
Concurrently, microglial activation amplifies inflamma-
tory responses through the release of pro-inflammatory
cytokines, such as interleukin-1f (IL-1p) and tumor
necrosis factor-alpha (TNF-«), which further aggravate
neuronal degeneration and brain tissue injury [8, 9]. This
interplay between apoptosis and neuroinflammation
creates a self-perpetuating cycle [10, 11], posing further
deterioration to these remote brain regions crucial for
cognitive functions. Targeting both apoptotic pathways
and neuroinflammation offers a compelling therapeu-
tic approach to mitigate secondary brain damage and to
improve the clinical outcome of patients with cerebral
infarction.

Poly(ADP-ribose) polymerases (PARP) are enzymes
that catalyze the addition of ADP-ribose polymers (PAR)
to target proteins, playing crucial roles in DNA repair,
apoptosis, and inflammation modulation [12]. Among
them, PARP1 has been well studied for its involvement
in DNA repair and necrotic cell death pathways, such
as parthanatos, which are triggered during ischemic
brain injury [13]. While PARP1 inhibitors show prom-
ise in ischemic stroke models [14, 15], concerns about
off-target effects on non-injured tissues, particularly
related to DNA repair, limit their clinical applicabil-
ity [16]. To address these limitations, research attention
has shifted to mono-ADP-ribosyl transferases, such as
PARP9 and PARP14, which function independently of
DNA repair mechanisms, thus reducing concerns about
off-target effects on non-injured tissues [17]. PARP9
and PARP14 collaboratively regulate immune responses
and inflammation, with PARPY playing a proinflamma-
tory role while PARP14 acting as a protective factor in
coronary vascular diseases [18]. Notably, PARP14 has
shown potential in reducing post-infarction damage
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by modulating microglial activation [19]. However,
its weak expression in the adult mouse brain may limit
its neuroprotective capacity [20]. In contrast, PARP9
exhibits high expression in the adult mouse brain [20].
Interestingly, data from the human brain atlas (https://
www.proteinatlas.org) reveal that PARP9 and PARP14
have similar expression levels in the human brain, with
PARP9 showing slightly higher expression. This suggests
potential functional overlap between the two enzymes,
particularly in pathological contexts. Although direct
evidence in human stroke brains is lacking, studies in
glioma patients indicate upregulation of PARP9 [21], sup-
porting its potential involvement in stroke-affected brain
regions. PARP9 has been implicated in inflammation and
apoptosis in various disease models [18, 21-24], where
its elevated expression regulates these processes. In
stroke, both inflammation and apoptosis are prominent
in remote regions after infarction [1], suggesting that
PARP9 may play a role in these mechanisms. However,
its involvement in stroke remains largely unexplored.
Therefore, this study seeks to determine whether PARP9
contributes to exacerbating secondary damage in remote
brain regions after cerebral infarction by mediating apop-
tosis and neuroinflammation.

The Phosphoinositide 3-kinase (PI3K) signaling path-
way is a critical cellular pathway that regulates vari-
ous physiological processes [25], including cell survival,
apoptosis, and inflammation [11, 26, 27]. Its activation
after ischemic injuries, such as stroke, has been shown
to provide significant neuroprotective effects [28, 29]. In
our study, messenger RNA sequencing (mRNA-seq) of
ipsilateral thalamus tissues after distal middle cerebral
artery occlusion (AMCAOQ) revealed that PARP9 knock-
down led to the activation of the PI3K pathway. Previ-
ous studies also have shown that PARP9 plays a critical
role in regulating the PI3K pathway in the context of viral
infections [24] and cancer [30], suggesting a potential
close relationship between PARP9 and this signaling axis.
However, while the PI3K pathway has been well-studied
in these contexts, the precise mechanisms through which
PARP9 exerts its effects, particularly whether it directly
influences the PI3K pathway in ischemic stroke, remain
unclear. Therefore, further research is needed to investi-
gate the downstream pathways regulated by PARPY after
focal infarction.

In this study, we aim to investigate whether PARP9
plays a role in regulating neuronal apoptosis and neu-
roinflammation through PI3K signaling pathway in the
ipsilateral nonischemic thalamus and hippocampus after
focal cortical infarction, and to identify whether PARP9
modulation serves as a potential therapeutic approach to
alleviate secondary brain damage and post-stroke cogni-
tive decline.
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Methods

Animal

Male Sprague—Dawley (SD) rats, weighing 80-100 g,
were sourced from the experimental center of Sun Yat-
sen University (License No.: SCXK (Yue) 2021-0029).
The rats were housed under specific pathogen-free
(SPF) conditions with controlled temperature (22 °C),
humidity (50%—60%), and a 12-h light/dark cycle. They
had ad libitum access to autoclaved food and purified
water. All experimental procedures were approved
by the Institutional Animal Care and Use Committee
(IACUC) of Sun Yat-sen University, in accordance with
guidelines for the care and use of laboratory animals.

Experimental design

This study utilized 80 male SD rats to establish a stroke-
prone renovascular hypertensive rat (RHRSP) model, as
described previously [31]. After 12 weeks, rats with sys-
tolic blood pressure>180 mmHg and no spontaneous
stroke symptoms were selected. The experiment was
conducted in three parts: Part 1 aimed to assess base-
line responses to dMCAO. Sixteen RHRSP rats were
randomly assigned to either a dMCAO group (n=38)
or a sham-operated group (n=38). Under 1% sodium
pentobarbital anesthesia (50 mg/kg, i.p.), IMCAO was
performed on the right middle cerebral artery distal to
the origin of the striatal branches using bipolar elec-
trocoagulation, while the sham group underwent the
same procedure without artery occlusion [32]. Part 2
focused on evaluating the effects of PARP9 modulation.
Thirty-six RHRSP rats were randomly divided into four
groups: AAV-siScramble (n=8), AAV-siPARP9 (n=9),
AAV-Scramble (n=9), and AAV-PARP9 (n=10). Eight
weeks post-RHRSP surgery, rats received stereotactic
injections of adeno-associated viruses (AAV) carrying
siScramble, siPARPY, Scramble, or PARPY into the right
thalamus and hippocampus. After 12 weeks, all rats
underwent dMCAQO. Part 3 investigated the role of the
PI3K pathway in the neuroprotective effects of PARP9
knockdown. Eighteen rats from the AAV-siPARP9
group that successfully underwent dMCAO were
randomly selected for intracerebroventricular infu-
sion of either the PI3K inhibitor, 2-(4-morpholinyl)-
8-phenyl-chromone (LY294002), or vehicle (n=7 per
group) using osmotic mini-pumps, with LY294002
administered 24 h post-dMCAO. A total of 24 rats
were excluded from the study: six rats failed to develop
hypertension, ten rats did not successfully undergo
dMCAO, and eight rats died due to anesthesia or post-
surgery complications. For additional details, refer to
supplementary Figures S1 and S2.
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AAV Preparation and stereotaxic injection

Three siRNA sequences targeting rat PARP9 (GenBank:
NM_001103351) and a negative control sequence were
designed by GeneChem (Shanghai, China) and inserted
into GV478 AAV9 vectors containing a CAG-driven
EGFP reporter gene and a U6 promoter. Sequence
analysis confirmed the constructs, and recombinant
AAV was produced by transfecting 293 T cells using
Lipofiter . Viral genome titers were quantified with
SYBR Green, yielding an optimal siRNA sequence,
AAV-siPARP9 (GCATTAAGACAGTAGCAATTC),
with a final titer of 3.05x 10712 vg/ml. AAV-siScram-
ble (CGCTGAGTACTTCGAAATGTC) served as
a negative control. For PARP9 overexpression, the
PARPY transcript was inserted into the GV467 AAV
vector, following the same production and quantifi-
cation methods, resulting in a viral titer of approxi-
mately 3.71x10712 vg/ml. Eight weeks after RHRSP
surgery, hypertensive rats with systolic blood pres-
sure>180 mmHg and no signs of spontaneous stroke
were selected for stereotaxic injection of AAV9 into
the right thalamus and hippocampus, as previously
described [33]. Briefly, after scalp disinfection, a small
hole was drilled at specific stereotactic coordinates.
AAVs were injected into four sites within the right thal-
amus and hippocampus using a 15 pl syringe, adminis-
tering 3 pl per site at an infusion rate of 0.5 ul/min. The
coordinates were:—2.6 mm anteroposterior, 2.6 mm
rightwards, and —7.6 mm and —7.4 mm dorsoventral;
and—3.0 mm anteroposterior, 2.8 mm rightwards,
and — 6.4 mm and — 6.2 mm dorsoventral relative to the
bregma. The needle was kept in place for 5 min post-
injection to ensure proper diffusion. One month follow-
ing AAV9 injection, dMCAO surgery was performed to
confirm effective gene knockdown or overexpression.

Intracerebroventricular delivery

To inhibit the PI3K pathway, LY294002 was adminis-
tered intracerebroventricularly via osmotic mini-pumps
implanted using stereotactic surgery [34]. LY294002
was diluted in 0.01 M phosphate-buffered saline and
delivered into the right lateral ventricle through a 100 pl
osmotic mini-pump (Alzet 1003D, Alza Scientific Prod-
ucts) [35]. The infusion was initiated 24 h after dAMCAO
surgery to prevent interference with the primary effects
of the infarct. The stereotactic coordinates for the right
lateral ventricle, relative to the bregma, were as fol-
lows:—1.0 mm anteroposterior, 1.5 mm rightward,
and—5.5 mm dorsoventral. The mini-pump delivered
LY294002 or vehicle continuously at a rate of 0.5 pl/h
over a period of 6 days [36]. After the procedure, the inci-
sion was sutured and disinfected, and rats were allowed
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to recover with free access to food and water starting 6 h
post-surgery. Animals were closely monitored through-
out the infusion period for vital signs and overall health.

Behavioral assessments

Spatial cognitive function was assessed using the Morris
water maze test from days 3 to 7 post-dMCAO, following
a modified protocol based on previous studies [37]. The
test included adaptive training, spatial acquisition trials,
and a probe trial. On day 3, rats underwent a 3-min free
swim to acclimate to the water temperature and envi-
ronment. Spatial acquisition trials were conducted from
days 3 to 6, with a hidden platform placed in quadrant I,
submerged 1 cm below the water surface. Each rat was
released facing the pool wall and given 60 s to locate
and climb onto the platform, completing four trials per
day with a 30-min interval between trials. Escape latency
and swimming distance were recorded as measures of
spatial learning. On day 7, the platform was removed for
the probe trial. Rats were released from quadrant III and
allowed to swim for 60 s, during which the time spent in
quadrant I and the number of platform crossings were
recorded to assess spatial memory retention. Motor and
sensory functions were evaluated on day 7 using modi-
fied Bederson [38] and Garcia scores [39]. The Bederson
score assessed limb movement and balance, while the
Garcia score evaluated spontaneous activity, symmetry,
and tactile responses. Higher scores indicated less severe
neurological impairment.

Tissue preparation

Seven days after dMCAO, rats were randomly selected
for euthanasia. Deep anesthesia was induced using 1%
sodium pentobarbital (50 mg/kg, i.p.), followed by tran-
scardiac perfusion with 200 ml of ice-cold 0.9% saline.
After perfusion, the brains were quickly extracted, and
the ipsilateral thalamus and hippocampus were iso-
lated, immediately frozen in liquid nitrogen, and stored
at—80 °C for molecular analyses. For histological assess-
ments, the remaining rats underwent an additional per-
fusion with 200 ml of 4% paraformaldehyde over 15 min.
The brains were then post-fixed in 4% paraformaldehyde
at 4 °C for 24 h. Coronal Sects. (10 pm thick) were cut
using a cryostat (Leica CM1900) for subsequent immu-
nohistochemical analysis.

Nissl staining and immunohistochemistry

Every 50th coronal brain section from bregma+4.7 mm
to—5.2 mm was stained with 0.3% cresyl violet solu-
tion (Beyotime, China) to assess infarct volume [36].
Whole-brain images were captured using an automated
digital pathology scanner, and infarct volumes were cal-
culated with K-Viewer V1 software by measuring the
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areas of the infarcted and contralateral hemispheres.
Total infarct volume was expressed as a percentage of
the contralateral hemisphere volume. For quantitative
analysis in the thalamus and hippocampus, sections
between bregma—2.8 mm and —4.4 mm were randomly
selected. Nissl-stained normal cells were quantified
using Image]J. For immunohistochemistry, sections were
incubated with a rabbit anti-PARP9 antibody (1:50, Fine
Test, #FNab06160) to assess PARP9 expression in the
ipsilateral thalamus and hippocampus. The mean opti-
cal density of PARPY in the ipsilateral thalamus and hip-
pocampus was calculated.

Immunofluorescence

Immunofluorescence was performed on coronal brain
sections to evaluate the expression and co-localization
of markers, including PARP9, NeuN (neuronal marker),
Iba-1 (microglial marker), GFAP (astrocyte marker),
cleaved caspase-3 (CC3, apoptosis marker), CD86
(pro-inflammatory microglial marker), and CD163
(anti-inflammatory microglial marker). Sections were
incubated with the following primary antibodies: rab-
bit anti-PARP9 (1:50, Fine Test, #FNab06160), rabbit
anti-CC3 (1:50, CST, #9664), rabbit anti-CD86 (1:100,
Genetech, #GTX32507), rabbit anti-CD163 (1:50,
Genetech, #ab182422), mouse anti-NeuN (1:200, Mil-
lipore, #MAB377), mouse anti-Iba-1 (1:200, Abcam,
#ab283319), and mouse anti-GFAP (1:400, CST, #3670).
After washing with PBS, sections were incubated with
Alexa Fluor-conjugated secondary antibodies, followed
by counterstaining with DAPI (4,6-diamidino-2-phe-
nylindole) to visualize nuclei. Images were captured using
a confocal microscope, and quantification of stained
cells was performed using Image] software. Neurons and
microglia were counted, and the percentages of double-
positive cells were calculated to assess apoptosis and
microglial activation. Specifically, CC3*NeuN" cells were
used to evaluate neuronal apoptosis, while CD86%Iba-1*
cells were quantified to assess pro-inflammatory micro-
glial activation, and CD163*Iba-1" cells to assess anti-
inflammatory microglial activation.

TUNEL staining

Neuronal apoptosis was assessed using the Termi-
nal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) assay with the In-situ TUNEL Apoptosis
Detection Kit (Roche, Switzerland). Brain sections were
counterstained with DAPI to label nuclei and then
imaged using a fluorescence microscope (Nikon, Japan).
TUNEL-positive neurons, representing apoptotic cells,
were quantified using Image]J software.
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RNA sequencing analysis

Total RNA was isolated from the ipsilateral thalamus of
rats 7 days after dAMCAO using the Trizol reagent (Inv-
itrogen, USA), with chloroform and isopropanol for
phase separation and RNA precipitation. RNA quality
and quantity were determined using NanoDrop 2000 and
Agilent 2100 Bioanalyzer. For mRNA enrichment, polyA-
tail specific magnetic beads and Oligo(dT) were used.
Double-stranded ¢cDNA was synthesized and amplified
via PCR using specific primers. The resulting PCR prod-
ucts were denatured into single-stranded DNA, which
was subsequently cyclized into a circular library using
bridge primers. For miRNA library construction, 20-nt
fragments were selected, including non-coding RNAs
such as rRNA, tRNA, and siRNA. Sequencing was per-
formed on the DNBSEQ platform (BGI Genomics, Shen-
zhen, China) [40]. Differential expression analysis was
conducted with a significance threshold of p<0.05 and
|log2(fold change)|> 1. Detailed descriptions of the data-
sets and results are provided in the results section. Bio-
informatic analyses were performed using the Dr.Tom
platform (https://biosys.bgi.com/#/report/login), devel-
oped by BGI Genomics.

Immunoblotting analysis

Protein samples from the ipsilateral thalamus and hip-
pocampus were extracted using RIPA lysis buffer
(Thermo Scientific, USA), supplemented with protease
and phosphatase inhibitors. Protein concentrations
were determined using the Pierce BCA Protein Assay
Kit (Thermo Scientific, USA). Equal amounts of protein
(30 pg) were separated by 10% SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, USA). Mem-
branes were blocked with 5% BSA in TBST and incubated
overnight at 4 °C with primary antibodies, including:
rabbit anti-PARP9 (1:500, Fine Test, #FNab06160), rab-
bit anti-Bax (1:500, Abcam, #ab32503), rabbit anti-Bcl-2
(1:1000, Abcam, #ab182858), rabbit anti-Cleaved Cas-
pase-9 (CC9, 1:500, CST, #9507), rabbit anti-Caspase-9
(1:1000, CST, #9508), rabbit anti-TNF-a (1:500, Affinity,
#AF7014), rabbit anti-IL-1p (1:500, Affinity, #AF5103),
rabbit anti-phospho-PI3K p85 (p-PI3K, 1:1000, CST,
#17,366), rabbit anti-PI3K p85 (1:1000, CST, #4257),
rabbit anti-phospho-AKT (p-AKT, 1:1000, CST, #9271),
rabbit anti-AKT (1:1000, CST, #9272), rabbit anti-phos-
pho-mTOR (p-mTOR, 1:1000, CST, #2971), rabbit anti-
mTOR (1:1000, CST, #2983), rabbit anti-GAPDH (1:1000,
CST, #2118), and mouse anti-a-tubulin (1:1000, CST,
#2125). After incubation, membranes were treated with
HRP-conjugated secondary antibodies, and the bands
were detected using enhanced chemiluminescence (ECL)
reagents. Visualization was performed using the Bio-Rad
ChemiDoc imaging system, and band intensities were
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quantified using Image] software, with normalization to
a-tubulin or GAPDH.

Statistical analysis

Data were analyzed using GraphPad Prism (version 9.0.2)
and are presented as mean + standard error of the mean
(SEM). Comparisons between two groups were per-
formed using an unpaired Student’s t-test, while compar-
isons among three or more groups were conducted using
one-way analysis of variance (ANOVA) followed by post
hoc multiple comparison tests. Each experimental group
included at least three biological replicates, and statistical
significance was defined as p <0.05.

Results

Increased neuronal apoptosis and neuroinflammation

in the ipsilateral thalamus and hippocampus after cerebral
cortical infarction

Nissl staining confirmed that the infarction in the
dMCAO group was localized to the right somatosen-
sory cortex (Supplementary Figure S3A). Behavioral test-
ing revealed significant cognitive deficits in the dMCAO
group, with delayed escape latency and reduced time
spent in the target quadrant during the Morris water
maze, indicating impairments in spatial learning and
memory (Supplementary Figure S3B). Motor and sensory
impairments in the dMCAO group were also evident, as
indicated by the Bederson and Garcia scores (Supple-
mentary Figure S3E, F). Furthermore, the dMCAO group
showed reduced Nissl-positive neurons in the ipsilateral
thalamus and hippocampal CA3 region, indicating sec-
ondary neuronal damage (Supplementary Figure S3C, D).

Immunofluorescence staining showed an increase in
the number of cleaved caspase-3 (CC3)-positive neurons
and a decrease in the number of NeuN-positive cells in
the ipsilateral thalamus 7 days post-d MCAO compared
to the sham-operated group (p<0.05, Fig. 1A). These
findings indicate enhanced neuronal apoptosis in the
dMCAO group. Western blot analysis confirmed this
conclusion, showing elevated levels of Cleaved Caspase-9
(CC9) and the pro-apoptotic protein Bax, and meanwhile
a decrease of the anti-apoptotic protein Bcl-2 in the ipsi-
lateral thalamus of the dMCAO group (p <0.05, Fig. 1C).
Similar apoptotic results were also observed in the ipsi-
lateral hippocampus, characterized by elevated expres-
sion of apoptotic markers and reduced NeuN™ neuron
in the CA3 region (Supplementary Figure S4A), further
confirmed by western blot analysis (Supplementary Fig-
ure S4C).

Neuroinflammation was also elevated in the dIMCAO
group. The number of pro-inflammatory microglia was
significantly increased in the ipsilateral thalamus, along
with elevated levels of inflammatory cytokines IL-1p
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Fig. 1 Neuronal apoptosis and neuroinflammation in the ipsilateral thalamus after dMCAO. (A1, B1) Representative immunofluorescence images
showing co-localization of cleaved caspase-3 (CC3, green), NeuN (red), and DAPI (blue), and separate co-localization of CD86 (green) with Iba-1
(red) in the ipsilateral thalamus of sham-operated and dMCAO rats. Scale bar=50 um, n=4 per group. (A2-A3, B2-B3) Quantitative analysis

of NeuN-positive neurons (NeuN™), CC3-positive neurons (CC3"NeuN™), Iba-1-positive microglia (Iba-1*), and CD86-positive microglia (CD86*1ba-17)
in the ipsilateral thalamus, with comparison to sham-operated groups. (C1) Western blot analysis of cleaved caspase-9 (CC9), caspase-9, Bax, Bcl-2,

TNF-q, and IL-18 protein levels in the ipsilateral thalamus of sham-operated and dMCAO rats (n=3 per group). (C2) Semi-quantitative analysis
of protein expression levels, with CC9 normalized to caspase-9, and Bax, Bcl-2, TNF-a, and IL-13 normalized to a-tubulin. Data are presented

as mean £ SEM. *p < 0.05, compared to the sham-operated group

and TNF-a, compared to the Sham group (p<0.05,
Fig. 1B, C). Similar neuroinflammatory changes were
observed in the ipsilateral hippocampus of the dMCAO
group (Supplementary Figure S4B, C), further support-
ing the widespread activation of neuroinflammation
after cerebral cortical infarction. Our results show an
increase in anti-inflammatory microglia in the ipsi-
lateral thalamus and hippocampal CA3 region after
dMCAO compared to the sham group (p <0.05, Supple-
mentary Figure S4D, E).

Spatial expression profiles of PARP9 in the ipsilateral
thalamus and hippocampus after cerebral cortical
infarction

Seven days after dMCAO, western blot analysis of
the ipsilateral thalamus and hippocampus tissue both
revealed a significant upregulation of PARP9 levels in the
dMCAO group compared to the sham-operated group
(p<0.05, Fig. 2B; Supplementary Figure S5A). Compared
to the sham group, PARP9 expression was significantly
increased in the ipsilateral thalamus and hippocampus
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Fig. 2 Co-localization of PARP9 in different cell types in the ipsilateral
thalamus after dMCAQ. A Representative immunofluorescence
images showing the co-localization of PARP9 (green) with NeuN*
neurons, Iba-1" microglia, GFAP* astrocytes (red), and DAPI (blue)

in the ipsilateral thalamus 7 days post-dMCAO. Insets highlight areas
of PARP9 expression within NeuN*, Iba-1*, and GFAP* cells. Scale
bar=50 um. (B1) Western blot analysis showing PARP9 expression
levels in the ipsilateral thalamus of sham-operated and dMCAO
groups. (B2) Quantitative analysis of PARP9 expression normalized
to a-tubulin in both groups. n=3 per group. Data are presented

as mean £ SEM. *p < 0.05, compared with the sham-operated group

at 3, 7, and 14 days post-dMCAO. Specifically, PARP9
expression peaked at 7 days in the ipsilateral thalamus
and at 3 days in the ipsilateral hippocampus (p<0.05,
Supplementary Figure S5B, C). Immunohistochemi-
cal analysis further corroborated these findings, show-
ing a pronounced increase in the mean optical density
of PARPY in the ipsilateral thalamus and hippocampus
7 days post-dMCAO compared with the sham-operated
rats (p<0.05, Supplementary Figure S5D). Furthermore,
double immunofluorescence staining revealed that
PARPY was predominantly expressed in NeuN-labeled
neurons, with lower levels observed in the Iba-1-labeled
microglia and GFAP-labeled astrocytes within the ipsilat-
eral thalamus 7 days after AMCAO (Fig. 2A). Collectively,
these data suggest that PARP9 may contribute to patho-
logical changes of neurons and glial cells in remote brain
regions after cerebral cortical infarction.
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Effects of PARP9 knockdown or overexpression

on cognitive function and secondary damage

in the ipsilateral thalamus and hippocampus after cerebral
cortical infarction

To investigate the role of PARPY in cognition function
and secondary brain damage in the ipsilateral thalamus
and hippocampus, we used AAV-mediated modulation
of PAPR9. To ensure effective viral transfection, AAV-
siPARP9, AAV-siScramble, AAV-PARPY, or AAV-Scram-
ble containing a CAG-driven EGFP reporter gene were
stereotactically delivered to the right thalamus and hip-
pocampus 8 weeks after RHRSP induction. Seven days
after dAMCAO, GFP-fluorescence was detected to be dis-
tributed within the ipsilateral thalamus and hippocam-
pus, confirming successful transfection (Supplementary
Figure S6A). GFP-tagged AAV-siPARP9 predominantly
colocalized with NeuN* neurons, with minimal expres-
sion in Iba-1* microglia (Fig. 3A). Western blot results
indicated a significant reduction in PARPY expression in
the ipsilateral thalamus in the AAV-siPARPY group com-
pared to AAV-siScramble. Conversely, the AAV-PARP9
group exhibited elevated PARPY levels in comparison
with AAV-Scramble controls (Fig. 3B). Similar results
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were observed in the ipsilateral hippocampus across
groups, as validated by immunofluorescence co-locali-
zation and western blot analysis (Supplementary Figure
S6B, C).

The Morris water maze tests indicated that rats in the
AAV-siPARP9 group exhibited shorter escape latencies
in locating the hidden platforms compared to the AAV-
siScramble controls on days 5-6 after dAMCAO (p <0.05).
Conversely, rats treated with AAV-PARP9 showed no sig-
nificant differences in escape latency compared to AAV-
Scramble from days 4—6 after dMCAO. During the probe
trial on day 7, rats treated with AAV-siPARP9 spent more
time in the target quadrant and crossed the platform
location more frequently (p<0.05), while no significant
difference was observed in the AAV-PARP9 group com-
pared to their control groups (Fig. 4A; Supplementary
Figure S7A). Swimming velocity did not significantly dif-
fer among all the groups, suggesting that motor function
was unaffected by the AAV treatments (Supplementary
Figure S7B). Further evaluations of motor and sensory
functions using Bederson and Garcia scores revealed no
significant differences among the groups (all p>0.05),
indicating that PARP9 modulation had minimal impact
on motor and sensory functions after dAMCAO (Supple-
mentary Figure S7C, D). Nissl staining revealed a signifi-
cantly higher number of intact Nissl-positive neurons in
the ipsilateral thalamus and hippocampus of the AAV-
siPARP9 group compared to the AAV-siScramble group.
Conversely, the AAV-PARPY group exhibited a reduced
number of intact neurons in these regions compared with
the AAV-Scramble controls (p <0.05, Fig. 4B, C). Never-
theless, there were no significant changes in infarct vol-
ume among the groups (p >0.05), suggesting that PARP9
modulation has no effect on infarct size (Fig. 4D). Over-
all, these findings suggest that PARP9 knockdown miti-
gates neuronal loss and promotes cognitive recovery,
while PARPY overexpression exacerbates neuronal dam-
age and tends to worsen cognitive function, though this
effect was not statistically significant after cerebral corti-
cal infarction.

Effect of PARP9 knockdown or overexpression on neuronal
apoptosis in the ipsilateral thalamus and hippocampus
after cerebral cortical infarction

To investigate the role of PARP9 in neuronal apopto-
sis, TUNEL and CC3 staining were performed in the
ipsilateral thalamus and hippocampus after dMCAO.
The AAV-siPARPY group exhibited a significant reduc-
tion in the number of TUNEL-positive cells and CC3-
positive neurons in the ipsilateral thalamus compared
to the AAV-siScramble controls (p<0.05). Conversely,
the AAV-PARPY group showed an increase in TUNEL-
positive cells and CC3-positive neurons compared to
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the AAV-Scramble group (p<0.05, Fig. 5A, B). Simi-
lar results were found in the ipsilateral hippocampus,
where the AAV-siPARPY group demonstrated reduced
apoptotic markers, while the AAV-PARP9 group exhib-
ited increased TUNEL-positive and CC3-positive
neurons (p<0.05, Supplementary Figure S8A, B). West-
ern blot analysis of thalamus tissue confirmed these
results, revealing decreased Caspase-9 activation and
Bax expression, alongside increased Bcl-2 levels in the
AAV-siPARP9 group compared to the AAV-siScramble
group (all p<0.05). In contrast, the AAV-PARP9 group
displayed significantly elevated Bax expression but no
changes in Caspase-9 activation or Bcl-2 levels (Fig. 5C).
These trends were generally consistent in the ipsilateral
hippocampus, where the AAV-siPARP9 group exhibited
reduced Caspase-9 activation and Bax expression along-
side increased Bcl-2 levels, while no significant difference
was detected in the AAV-PARP9 group compared to the
AAV-Scramble group (all p>0.05, Supplementary Figure
S8C). Overall, the above results reveal the role of PARP9
modulation in the neuronal apoptosis in remote nonis-
chemic regions after cerebral infarction.

Effect of PARP9 knockdown or overexpression

on neuroinflammation in the ipsilateral thalamus

and hippocampus after cerebral cortical infarction

To investigate the effects of PARP9 modulation on
neuroinflammation after cerebral cortical infarction,
immunofluorescence analysis was conducted to assess
pro-inflammatory microglial activation in the ipsilateral
thalamus and hippocampus. The AAV-siPARP9 group
exhibited a significant reduction in both total microglia
(Iba-1*) and pro-inflammatory microglia (CD86*Iba-1%),
along with an increase in anti-inflammatory microglia
(CD163*Iba-1%) in the ipsilateral thalamus compared
to the AAV-siScramble group (p<0.05). In contrast, the
AAV-PARP9 group showed an increase in total micro-
glia (p<0.05), no significant change in pro-inflammatory
microglia and a decrease in anti-inflammatory micro-
glia (p<0.05) compared to the AAV-Scramble group
(Fig. 6A, B). A similar trend was observed in the ipsilat-
eral hippocampal CA3 region, where the AAV-siPARP9
group showed a trend toward reduced total micro-
glia (p>0.05) and pro-inflammatory microglia counts
(p<0.05), with an increase in anti-inflammatory micro-
glia (p<0.05), while the AAV-PARP9 group exhibited
an increase in total microglia (p<0.05) and anti-inflam-
matory microglia (p<0.05), with no significant change
in pro-inflammatory microglia compared to the control
groups (Supplementary Figure S9A, B). Western blot
analysis confirmed these findings, revealing significantly
lower levels of pro-inflammatory cytokines, including
TNF-a and IL-1p, in the AAV-siPARP9 group compared
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to the AAV-siScramble group in the ipsilateral thala-
mus (p<0.05). In the AAV-PARP9 group, cytokine levels
were comparable to those of the AAV-Scramble group in
the ipsilateral thalamus (Fig. 6C). Consistent results of
western blot were observed in the ipsilateral hippocam-
pus, with the AAV-siPARP9 group showing reduced
cytokine expression, while the AAV-PARP9 group
exhibited no significant difference compared to controls
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(Supplementary Figure S9C). Collectively, these findings
suggest that PARP9 knockdown effectively attenuates
microglial activation and reduces neuroinflammation
in the ipsilateral thalamus and hippocampus, whereas
PARP9 overexpression does not significantly impact the
neuroinflammatory response in remote regions after cer-
ebral cortical infarction.

PARP9 knockdown alleviates neuronal apoptosis,
neuroinflammation, and cognitive deficits via the PI3K
pathway

To investigate the mechanisms through which PARP9
accelerates neuronal apoptosis and neuroinflammation
after AMCAO, we performed mRNA-seq on the ipsilat-
eral thalamus of AAV-siScramble and AAV-siPARPY rats
7 days after dMCAO to identify potential target path-
ways. In our study, mRNA-seq and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis
revealed that after PARP9 knockdown, the PI3K path-
way was prominently activated (Fig. 7A). This finding
was further confirmed by increased phosphorylation
levels of PI3K, AKT, and mTOR in the ipsilateral thala-
mus of AAV-siPARP9 rats compared to controls (Fig. 7B),
with similar results found in the ipsilateral hippocampus
(Supplementary Figure S11A). Though other pathways,
including Ras, MAPK, and cAMP, were also activated,
the PI3K pathway stands out due to its critical role in
apoptosis and inflammation [11, 26, 27]. Furthermore,
given the established association between PARP9 and
the PI3K pathway [24, 30], we chose to focus our inves-
tigation on this pathway, while acknowledging the poten-
tial contribution of the other pathways in mediating the
observed effects.

To validate the role of PI3K activation in mediating
the neuroprotective effects of PARP9 knockdown, we
administered the PI3K inhibitor LY294002 intracer-
ebroventricularly to AAV-siPARP9 rats. LY294002 effec-
tively blocked PI3K pathway activation, as evidenced by
reduced phosphorylation of AKT and mTOR (p<0.05,
Fig. 7C). Notably, LY294002 treatment reversed the neu-
roprotective effects of PARP9 knockdown, as shown by
increased Caspase-9 activation, upregulated Bax expres-
sion, downregulated Bcl-2, and elevated levels of IL-1p
and TNF-a in the ipsilateral thalamus of siPARP9-
LY294002 rats compared to the siPARP9-vehicle group
(p<0.05, Fig. 7C). Similar results found in the ipsilat-
eral hippocampus (Supplementary Figure S11B). In the
Morris water maze test, siPARP9-LY294002 rats exhib-
ited significantly longer escape latencies on day 7 com-
pared to the siPARP9-vehicle group (p<0.05). During
the probe trial, these rats crossed the platform location
fewer times and spent less time in the target quadrant,
although the reduction in target quadrant time did not
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(See figure on next page.)

Fig. 7 Inhibition of the PI3K pathway reverses the neuroprotective effects of PARP9 knockdown after dMCAO. A KEGG pathway enrichment
bubble chart highlighting PI3K pathway enrichment following PARP9 knockdown. (B1) Western blot images showing phosphorylated PI3K
(p-PI3K), total PI3K, phosphorylated AKT (p-AKT), total AKT, phosphorylated mTOR (p-mTOR), total mTOR, and GAPDH expression in the ipsilateral
thalamus across AAV-siScramble, AAV-siPARP9, AAV-Scramble, and AAV-PARPI groups (n=3 per group). (B2) Quantitative analysis of p-PI3K, p-AKT,
and p-mTOR expression normalized to total protein levels across four groups. (C1) Western blot images showing expression of p-AKT, total AKT,
p-mTOR, total mTOR, Bax, Bcl-2, cleaved caspase-9 (CC9), total Caspase-9, TNF-q, IL-1(, and a-tubulin in the ipsilateral thalamus for siPARP9-vehicle
and siPARP9-LY294002 groups (n=3 per group). (C2-C3) Semi-quantitative analysis of p-AKT, p-mTOR, and CC9 expression normalized

to total protein, while Bax, Bcl-2, TNF-q, and IL-1(3 were normalized to a-tubulin levels. (D1) Morris water maze trajectories for siPARP9-vehicle

and siPARP9-LY294002 groups (n=7 per group), showing spatial learning post-dMCAO. (D2) Quantitative analysis of escape latency from days 3
to 6 in the Morris water maze. (D3) Time spent in the target quadrant during the day 7 probe trial. Data are presented as mean = SEM. *p <0.05
compared to vehicle-treated groups
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reach statistical significance (p>0.05, Fig. 7D; Supple- cognitive impairments were not attributable to motor
mentary Figure S10A). Swimming speeds remained con-  deficits (Supplementary Figure S10B). Motor and sensory
sistent across all groups, confirming that the observed evaluations using Bederson and Garcia scores showed no
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significant differences between siPARP9-LY294002 and
siPARP9-vehicle groups (p>0.05, Supplementary Figure
S10C, D). Together, these data demonstrate that knock-
down of PARPY suppresses apoptosis and neuroinflam-
mation, partially mediated by the activation of the PI3K
pathway.

Discussion

In this study, we explored the role of PARP9 in mediat-
ing neuronal apoptosis and neuroinflammation and its
underlying mechanisms in secondary damage after cer-
ebral cortical infarction in hypertensive rats. We found
that (1) PARP9 expression is significantly elevated in the
ipsilateral thalamus and hippocampus post-dMCAO,
coinciding with increased neuronal apoptosis and neuro-
inflammation; (2) PARP9 knockdown alleviates neuronal
apoptosis and microglial activation, thereby improv-
ing neuronal survival and cognitive function, whereas
its overexpression exacerbates these detrimental effects;
and (3) the neuroprotective effects of PARP9 knockdown
are mediated, at least in part, through the PI3K signal-
ing pathway, as inhibition of this pathway with LY294002
reverses these benefits. Taken together, these results sug-
gest that PARP9 aggravates neural damage and cognitive
decline after cerebral infarction by promoting neuronal
apoptosis and neuroinflammation, partly via the PI3K
pathway (Fig. 8).

Focal cortical infarction within the MCA territory
was induced in hypertensive rats in our study, which
simulates one of the most important etiologies of stroke
patients, and on the other hand confines the infarct focus
to cortical regions, sparing the thalamus and hippocam-
pus from direct ischemic attack [32]. Neuronal apopto-
sis and neuroinflammation in the ipsilateral thalamus
and hippocampus are major contributors to secondary
injury in remote nonischemic brain regions and cogni-
tive impairment after cerebral cortical infarction [1, 8,
41]. Although previous studies have separately investi-
gated apoptosis [6, 7] and neuroinflammation [8, 9, 42] in
secondary brain regions, the factors activated by stroke
that simultaneously trigger both processes remain largely
unknown. Our study demonstrates that the stroke-
induced increase in PARPY plays a key role in mediating
both apoptosis and neuroinflammation in the ipsilateral
thalamus and hippocampus after focal cortical infarction.
Our results show that PARP9 is predominantly expressed
in neurons, with relatively low levels in microglia.
Although PARPY knockdown primarily affects neurons,
it also leads to changes in microglial polarization. We
cannot rule out the possibility that alterations in micro-
glial PARP9 expression itself may influence its polariza-
tion. Furthermore, we suggest that PARP9 may regulate
microglial polarization through complex cell interactions,
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particularly through bidirectional signaling between neu-
rons and microglia [43, 44]. However, the exact molecu-
lar mechanisms by which PARP9 modulates microglial
polarization, and whether through changes in protein
expression, mRNA levels, post-translational modifica-
tions, or other factors require further investigation.
PARP9, a mono-ADP ribosyl transferase, is not
involved in DNA repair [45] but has been linked to the
regulation of apoptosis and inflammation in various dis-
ease models [21-24]. Our study shows that knockdown
of PARPY alleviated neuroinflammation in the ipsilateral
thalamus and hippocampus after focal cerebral infarc-
tion, which is consistent with findings in other diseases
[18, 24]. Interestingly, while elevated PARP9 levels inhibit
apoptosis and promote tumor cell proliferation in can-
cers [23, 46], the situation appears to differ in the con-
text of stroke. In breast cancer cells, inhibition of PARP9
has been shown to reduce the activity of the PI3K/AKT/
PD-L1 axis, promoting apoptosis and thereby amelio-
rating chemotherapy resistance and immune escape
in breast cancer [30]. In contrast, our study found that
knockdown of PARPY activates the PI3K pathway, allevi-
ating neuronal apoptosis in the ipsilateral thalamus and
hippocampus after AIMCAO, which contrasts with its role
in cancer. Current studies indicate that PARP9 acts as an
upstream regulator and the PI3K pathway can serve as at
least one of the most important downstream targets of
PARP9. However, we propose that the ultimate effect of
the PARP9-PI3K axis can vary depending on the interme-
diate signaling molecules involved. In cancer cells, one of
such key intermediate molecules is DTX3L, which medi-
ates the regulation of the PI3K pathway by PARPY [47].
Silencing DTX3L significantly reduces PI3K pathway
activity, inhibiting cancer cell proliferation, migration,
and invasion [48]. DTX3L complexes play a crucial role
in multiple signaling pathways that promote adhesion,
proliferation, migration, and chemoresistance in various
cancers [49]. These findings suggest that PARP9 exerts its
effects in cancer cells through DTX3L-mediated regula-
tion of the PI3K pathway. This discrepancy in the effect
of PARPY on the PI3K pathway between cancer cells and
neurons could be due to differences in the intermediate
signaling molecules involved. While DTX3L mediates
the effects of PARPY in cancer cells, the specific inter-
mediate molecules involved in PARP9 signaling in stroke
remain unclear. These variations in intermediate mol-
ecules might help explain the distinct effects of PARP9
on the PI3K pathway in these two contexts. Future stud-
ies could identify the specific intermediate molecules
involved in PARPY signaling during stroke to clarify this
mechanism. Moreover, while cancer cells evade apopto-
sis through altered signaling pathways, neurons are more
sensitive to stress-induced programmed cell death [50,
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51]. These molecular response differences between can-
cer cells and neurons may explain why PARP9 has dis-
tinctly different roles in these two contexts. Despite these
differences, in both tumor progression and post-stroke
conditions, PARP9 acts as a destructive factor. Impor-
tantly, our findings suggest that by inhibiting PARP9
overactivation, we can mitigate both apoptosis and neu-
roinflammation, effectively reducing secondary damage
and improving cognitive outcomes in rats after cortical
infarction. These results are consistent with prior studies
that established the link between alleviating apoptosis or

neuroinflammation in remote brain regions and cogni-
tive improvement [52, 53]. Therefore, PARP9 represents
a promising therapeutic target for mitigating cognitive
impairments associated with cerebral infarction.

Our study found that while overexpression of PARP9
exacerbated neuronal apoptosis and neuroinflammation
after cerebral cortical infarction, some effects were sta-
tistically significant, whereas others showed a nonsignifi-
cant trend. To ensure effective viral transduction, AAV9
encoding PARP9 was stereotactically injected into the
right thalamus and hippocampus 8 weeks post-RHRSP
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induction, achieving stable expression levels within
4 weeks [54, 55]. As expected, PARP9 expression was
further increased in overexpressing rats after dAMCAO.
However, the abrupt and destructive nature of cerebral
infarction leads to significant neuronal loss in remote
areas with fiber connections to the primary lesion, result-
ing in significant secondary damage [1, 56, 57]. While
upregulating PARP9 led to increased neuronal apopto-
sis, neuroinflammation, and secondary damage in these
regions, the observed changes were relatively modest
compared to the pronounced neuroprotection seen with
PARP9 knockdown. This could be due to the fact that the
extensive neuronal loss and neuroinflammation induced
by the infarction itself had already caused severe damage
in the remote regions, leaving limited room for additional
effects from PARPY overexpression to reach statistical
significance. Specifically, although AAV-PARP9 interven-
tion led to an increase in the total number of microglia,
the pro-inflammatory microglia to anti-inflammatory
microglia polarization ratio did not change significantly,
suggesting that the proliferating microglia were likely in
a quiescent state. This could explain the lack of signifi-
cant changes in inflammatory cytokines following PARP9
overexpression, as there was no notable increase in the
key pro-inflammatory microglial population. Further-
more, overexpression of PARP9 may act as an upstream
signaling molecule or gene that, to some extent, regulates
downstream pathways and effector molecules through
negative feedback mechanisms. This negative feedback
could limit the excessive upregulation of inflammatory
factors, serving as a protective self-limiting mechanism
to prevent excessive neuroinflammation [58, 59].

The PI3K pathway, is well-established for its roles in
promoting cell survival [60], regulating apoptosis [61],
and modulating inflammation [11], emerging as a criti-
cal mechanism through which PARPY influences neu-
ronal apoptosis and neuroinflammation. In cancer cells,
PARP9 overexpression promotes cell proliferation and
migration, likely through the activation of the PI3K
pathway, which enhances proliferation and metastasis
[30]. Similarly, in immune cells, PARP9 overexpression
enhances immune responses by activating the PI3K path-
way, particularly during viral challenges, thereby promot-
ing immune activation [24, 62]. In contrast, our findings
show that PARP9 knockdown significantly increases
PI3K, AKT, and mTOR phosphorylation in the ipsilateral
thalamus and hippocampus, suggesting a neuroprotec-
tive role of this pathway in stroke. This contrasts with
the inhibitory role of PARPY in cancer and immune cells,
highlighting the context-dependent nature of its func-
tions. These results suggest that PARP9 regulates the
PI3K pathway differently in distinct cell types and con-
texts, which activates the PI3K pathway in remote brain
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regions to protect against post-stroke secondary damage
while plays inhibitory role in cancer [51] and immune
cells [63]. To further confirm this, future studies should
explore the use of PI3K inhibitors in cerebral infarction
models. Notably, the neuroprotective effects of PARP9
knockdown were partially reversed by the PI3K-specific
inhibitor LY294002 [34], which blocked PI3K phospho-
rylation, reinstated apoptosis, and reactivated inflam-
mation. In conclusion, PARP9 knockdown mediates
neuronal apoptosis and neuroinflammation in cerebral
infarction, potentially via PI3K pathway activation. While
inhibiting PI3K signaling affects apoptosis and inflamma-
tion, it does not fully reverse these effects, suggesting the
involvement of additional molecular pathways.

Despite the promising findings, this study has several
limitations. First, the use of targeted stereotactic injec-
tions confined to the ipsilateral thalamus and hippocam-
pus limits our understanding of systemic and regional
PARP9 expression dynamics across the CNS and periph-
eral tissues. Second, while the involvement of the PI3K
pathway in PARP9-mediated neuronal apoptosis and
inflammation is evident, the specific and direct molecu-
lar interactions between PARPY and this pathway remain
unclear. Furthermore, although inhibition of the PI3K
pathway significantly impacts neuronal apoptosis and
neuroinflammation, it does not fully reverse these effects,
suggesting that additional molecular pathways may also
contribute. Third, our study did not fully investigate
how neuronal PARP9 affects microglial polarization.
Given its predominant expression in neurons and low
levels in microglia, the effects of PARP9 may be medi-
ated through non-cell-autonomous mechanisms, such as
neuron-microglia interactions. Future studies using cell
co-culture systems or cell-specific genetic tools (e.g., Cre-
loxP) are needed to validate this. Moreover, our research
focused on classical pro-inflammatory and anti-inflam-
matory microglia markers, which may not fully capture
the complexity of microglial polarization. The role of
neuronal PARPY in microglial polarization is still in its
early stages, and future studies should explore a broader
range of microglial phenotypes, including non-canonical
states by means of single-cell RNA sequencing and spatial
transcriptomics. Additionally, the relatively small sample
size may limit the statistical power and generalizability of
our results, highlighting the need for larger-scale studies
to confirm these findings. Finally, our study did not assess
long-term cognitive function, which remains an impor-
tant area for future research.

Conclusions

This study demonstrates that PARP9 expression is sig-
nificantly upregulated in the ipsilateral nonischemic
thalamus and hippocampus in hypertensive rats after
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cerebral cortical infarction. PARP9 knockdown alleviates
neuronal apoptosis and neuroinflammation by activating
the PI3K pathway, contributing to recovery from second-
ary brain damage and improving cognitive impairment
in remote regions after dAMCAO. These findings position
PARP9 as a key mediator in post-stroke pathology and
may shed light on the therapeutic implications of PARP9
in mitigating secondary brain damage and cognitive
decline after cerebral infarction.
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Supplementary material 1: Figure S1. Experimental Timeline. Part 1:
dMCAO or Sham-operated group. Part 2: PARP9 modulation or respective
negative control group. Part 3: PARP9 inhibition combined with PI3K
inhibition or vehicle group. Figure S2. Animal Experimental Design
Flowchart. The renovascular hypertensive rat stroke-pronemodel was
established, after which rats were divided into groups. At 8 weeks,
adeno-associated viruswas injected into the right thalamus and
hippocampus, followed by distal middle cerebral artery occlusionat 12
weeks. Behavioral assessments, including the Bederson and Garcia scores,
along with the Morris water maze test, were conducted between weeks
12 and 13. Following the behavioral tests, brain tissue was collected for
molecular and histological analyses, including Western blot, Niss| staining,
immunofluorescence, and TUNEL staining. Figure S3. Secondary brain
damage and cognitive impairment after dMCAO.Representative
macroscopic anatomical images and Niss| staining of rat brains after
dMCAO. Infarct areas are indicated by stars and triangles.Trajectories in the
Morris water maze for Sham and dMCAO groups, illustrating spatial
learning deficits after dIMCAO.Quantitative analysis of escape latency from
days 3 to 6 in the Morris water maze, reflecting cognitive function.Time
spent in the target quadrant during the day 7 probe trial, assessing spatial
memory performance Representative Nissl-stained images of the
thalamus and hippocampal CA3 region on the lesioned side in Sham and
dMCAO groups. Scale bar=50 um.Semi-quantitative analysis of
Nissl-positive neurons in the thalamus and hippocampal CA3 region on
the lesioned side for both groups.Modified Bederson and Garcia scores for
Sham and dMCAQ groups, reflecting neurological deficits. Data are
presented as mean + SEM. *p < 0.05 compared to the Sham group. Figure
S4. Neuronal apoptosis and neuroinflammation in the ipsilateral
hippocampal CA3 region after dMCAO.Representative immunofluores-
cence images showing co-localization of cleaved caspase-3, NeuN, and
DAPI, and separate co-localization of CD86with Iba-1in the ipsilateral
hippocampal CA3 region of sham-operated and dMCAO rats. Scale bar =
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50 pm, n=4 per group.Quantitative analysis of NeuN-positive neurons,
CC3-positive neurons, Iba-1-positive microglia, and CD86-positive
microgliain the ipsilateral hippocampal CA3 region, with comparisons
to sham-operated groups.Western blot analysis of cleaved caspase-9,
caspase-9, Bax, Bcl-2, TNF-a, and IL-1B protein levels in the ipsilateral
hippocampal CA3 region of sham-operated and dMCAQ rats.
Semi-quantitative analysis of protein expression, with CC9 normalized
to caspase-9, and Bax, Bcl-2, TNF-q, and IL-1(3 normalized to a-tubulin.
Data are presented as mean + SEM. *p < 0.05, compared to the
sham-operated group.Representative immunofluorescence images
showing co-localization of CD163with Iba-1in the ipsilateral thalamus
and hippocampal CA3 region of sham-operated and dMCAQO rats. Scale
bar =50 um, n = 4 per group.Quantitative analysis of CD163-positive
microgliain the ipsilateral thalamus and hippocampal CA3 region,
compared to the sham-operated groups. Figure S5. Spatial expression
patterns of PARP9 in the ipsilateral thalamus and hippocampus after
dMCAO.Western blot analysis of PARP9 expression in the ipsilateral
hippocampus of sham-operated and dMCAO groups.Quantitative
analysis of PARP9 expression normalized to a-tubulin, comparing
sham-operated and dMCAO groups. Data are presented as mean +
SEM, n = 3 per group.Western blot analysis of PARP9 expression in the
ipsilateral thalamus and hippocampus at 3, 7, and 14 days post-dMCAO,
compared to sham-operated rats.Quantitative analysis of PARP9
expression normalized to a-tubulin, comparing sham-operated and 3,
7,and 14 days post-dMCAQ. Data are presented as mean + SEM,n =3
per group.Representative immunohistochemical images showing
PARP9 expression in the ipsilateral and contralateral thalamus, as well as
the hippocampal CA3 region of sham-operated and dMCAO rats. Scale
bar = 50 um.Quantitative analysis of mean optical density values for
PARP9 in both groups. n =4 per group. Data are presented as mean
+SEM. *p < 0.05, versus the sham-operated group. Figure S6.
AAV-mediated knockdown and overexpression of PARP9 in the
ipsilateral hippocampus after dMCAO.Schematic of brain sectionshow-
ing cortical infarction areaand ipsilateral thalamus.Whole-brain
immunofluorescence images displaying GFP-tagged AAV distribution
in brain slices 7 days after dMCAO, with 4x magnified views of the
ipsilateral thalamus and hippocampus. Scale bar=400 pm.Immunofluo-
rescence images showing co-localization of GFPwith NeuN, Iba-1, GFAP,
and DAPIin the ipsilateral hippocampus. Scale bar: 50 pm.Western blot
images showing PARP9 and a-tubulin expression in the ipsilateral
hippocampus from AAV-siScramble, AAV-siPARP9, AAV-Scramble, and
AAV-PARPY groups, with semi-quantitative analysis of PARP9 expression
relative to a-tubulin. Data are presented as mean + SEM. *p < 0.05,
compared with respective control groups. Figure S7. Effects of PARP9
expression on motor and sensory functions after dMCAO.Number of
platform crossings on day 7 post-dMCAO for the AAV-siScramble,
AAV-siPARPY, AAV-Scramble, and AAV-PARP9 groups.Statistical analysis
of average swimming speed from days 3 to 6 post-dMCAO across the
four groups.Modified Bederson score and Garcia score results for the
four groups. Data are presented as mean + SEM. *p < 0.05 compared to
the respective negative control group. Figure S8. Effects of PARP9
knockdown or overexpression on neuronal apoptosis in the ipsilateral
hippocampus after dMCAQ.Representative images of TUNEL staining
and co-immunofluorescence staining for cleaved caspase-3, NeuN, and
DAPIin the ipsilateral hippocampal CA3 region across AAV-siScramble,
AAV-siPARP9, AAV-Scramble, and AAV-PARP9 groups. Scale bar = 50
um.Quantitative analysis of TUNEL-positive cells and CC3-positive
neurons in the ipsilateral hippocampal CA3 region.Representative
Western blot images showing expression levels of cleaved caspase-9,
total caspase-9, Bax, Bcl-2, and a-tubulin in the ipsilateral hippocampus
at 7 days after dMCAO across groups.Semi-quantitative analysis of CC9
normalized to total caspase-9, and Bax and Bcl-2 normalized to
a-tubulin. n = 3 per group. Data are presented as mean + SEM. *p <
0.05 compared with the respective scramble control group. Figure S9.
Effects of PARP9 knockdown or overexpression on neuroinflammation
in the ipsilateral hippocampus after dMCAO.Representative immuno-
fluorescence images showing co-staining of Iba-1with CD86and
CD163in the ipsilateral hippocampal CA3 region across AAV-siScramble,
AAV-siPARPY, AAV-Scramble, and AAV-PARP9 groups. Scale bar = 50 um.
Quantitative analysis of total microglial countsand CD86-positive
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microglia, and CD163-positive microgliain the ipsilateral hippocampal CA3
region across the four groups.Representative Western blot images
showing IL-13, TNF-a, and a-tubulin expression in the ipsilateral
hippocampus 7 days after dMCAO across the four groups.Semi-quantita-
tive analysis of IL.-13 and TNF-a protein levels, normalized to a-tubulin.n =
3 per group. Data are presented as mean + SEM. *p < 0.05, compared to
the respective scramble control group. Figure S10. Effects of LY294002 on
motor and sensory functions in PARP9 knockdown rats.Number of
platform crossings on day 7 post-dMCAO for the siPARP9-vehicle and
siPARP9-LY294002 groups.Statistical analysis of average swimming speed
from days 3 to 6 post-dMCAO in both groups.Modified Bederson and
Garcia scores for the two groups. Data are presented as mean + SEM. *p <
0.05 compared to the vehicle control group. Figure S11. Inhibition of the
PI3K pathway in the hippocampus following PARP9 knockdown after
dMCAO.Western blot images showing p-PI3K, PI3K, p-AKT, AKT, p-mTOR,
mTOR, and GAPDH in the ipsilateral hippocampus of siPARP9-vehicle and
siPARP9-LY294002 groups.Quantitative analysis of p-PI3K, p-AKT, and
p-mTOR normalized to total protein.Western blot images of p-AKT, AKT,
p-mTOR, mTOR, Bax, Bcl-2, CC9, caspase-9, TNF-q, IL-13, and a-tubulin.
Semi-quantitative analysis of P-AKT, P-mTOR, and CC9 normalized to total
protein, with Bax, Bcl-2, TNF-a, and IL-1f normalized to a-tubulin. Data are
presented as mean + SEM. *p < 0.05 compared to vehicle group.
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