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INTRODUCTION

1 INTRODUCTION

1.1 Ischemic stroke and cerebral ischemia-reperfusion injury
1.1.1 Ischemic stroke

The latest estimates from the Global Burden of Disease 2021 study indicate that, among non-
communicable diseases, stroke is the second leading cause of death worldwide and the third
leading cause of disability when measured in disability-adjusted life years ("Global, regional,
and national burden of stroke and its risk factors, 1990-2021: a systematic analysis for the
Global Burden of Disease Study 2021," 2024). The global economic cost of stroke is esti-
mated to exceed US$890 billion annually, representing approximately 0.66% of the world’s
gross domestic product, and is projected to double by 2050 (Feigin & Owolabi, 2023). Path-
ophysiologically, stroke is classified into ischemic stroke (IS) and hemorrhagic stroke (HS).
IS typically results from occlusion of intracranial or extracranial arteries, most often because
of thrombosis or embolism, leading to reduced cerebral blood flow, focal brain ischemia, and
hypoxic and ischemic necrosis (Sacco et al., 2013). IS is the most common subtype, account-
ing for approximately 65.3% of strokes worldwide (Feigin et al., 2025). At present, therapies
for stroke that are approved by the U.S. Food and Drug Administration (FDA) include re-
combinant tissue plasminogen activator (rtPA) thrombolysis, ultrasound assisted thrombo-
lysis, and mechanical thrombectomy (Powers et al., 2019). However, restoration of cerebral

blood flow can precipitate ischemia-reperfusion injury (Sah et al., 2019).
1.1.2 Cerebral ischemia-reperfusion injury

Ischemia-reperfusion injury of the brain arises from the concerted action of multiple patho-
physiological processes. Decades of research have identified oxidative stress, intracellular
calcium overload, inflammatory responses, and damage mediated by excitatory amino acids
as the principal drivers of reperfusion injury (Wu et al., 2020; M. Zhang et al., 2024).

Ischemia-reperfusion injury is characterized by a rapid shift from oxygen deprivation to ox-
idative stress, which drives early cellular damage after cerebral vascular occlusion (Anaya-

Ferndndez et al., 2024). After cerebral vascular occlusion, hypoxia impairs the mitochondrial
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electron transport chain, reduces adenosine triphosphate (ATP) production, and depletes in-
tracellular antioxidants such as glutathione (Anderson & Sims, 2002). When oxygen supply
is restored during reperfusion, mitochondria generate excessive reactive oxygen species
(ROS), including superoxide anion (O2"), hydrogen peroxide (H20:), and hydroxyl radicals
(*OH) (Orellana-Urzua et al., 2020). In addition, the recruitment of inflammatory cells during
reperfusion produces large amounts of Oz~ through nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase (Bedard & Krause, 2007). Excess ROS attack polyunsaturated fatty
acids in cellular and organellar membranes and initiate lipid peroxidation chain reactions,
generating toxic products such as malondialdehyde (MDA). This decreases membrane fluid-
ity, disrupts ion channel function, and triggers opening of the mitochondrial permeability
transition pore (mPTP), culminating in cellular swelling and necrosis (Martynov et al., 2023;
Ong et al., 2015). ROS also oxidize protein sulfhydryl groups and methionine residues, re-
sulting in enzyme inactivation and abnormal signaling. Oxidation of antioxidant enzymes
further weakens endogenous defense capacity (Chen et al., 2020; Stadtman & Levine, 2000).
Lipid peroxidation of neuronal membranes increases glutamate release and induces exci-
totoxicity (Keller et al., 1997). Moreover, ROS directly attack DNA bases, causing DNA
damage, neuronal apoptosis, and impairment of cognitive function (Cooke et al., 2003).

During ischemia, insufficient adenosine triphosphate (ATP) impairs the Na*/K*-adenosine
triphosphatase (Na*/K*-ATPase) on the plasma membrane, which fails to extrude accumu-
lating intracellular Na* (Stys, 1998). Upon reperfusion, restoration of blood flow only partly
normalizes Na*/K*-ATPase activity. Because intracellular Na* remains elevated, the sodium
calcium exchanger (NCX) operates in reverse mode, extruding Na* while importing Ca?* and
thereby driving a rapid rise in cytosolic Ca** (Gerkau et al., 2017; Huang et al., 2015). In
parallel, ischemia reperfusion is accompanied by massive glutamate release that overac-
tivates N-methyl-D-aspartate receptors (NMDARs), further increasing neuronal Ca** influx
(Choti, 2020). Calcium release channels in the endoplasmic reticulum are also activated dur-
ing ischemia—reperfusion, causing substantial discharge of stored Ca?" into the cytosol (Ruiz
et al., 2009). Excess intracellular Ca?* activates calcium dependent enzymes (Szydlowska &
Tymianski, 2010). Phospholipases hydrolyze membrane phospholipids, release arachidonic
acid, generate proinflammatory mediators such as leukotrienes and prostaglandins, and com-

promise membrane integrity (Adibhatla & Hatcher, 2008). Proteases dismantle cytoskeletal
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proteins including microtubules and actin filaments, leading to loss of cellular architecture
(Rami, 2003). Calcium entry into mitochondria collapses the mitochondrial membrane po-
tential, inactivates components of the electron transport chain (ETC), and thereby aggravates
ATP depletion while amplifying reactive oxygen species production (Zorov et al., 2014).
Concurrently, pathological opening of the mitochondrial permeability transition pore (mPTP)
promotes the release of cytochrome ¢ and other proapoptotic factors, initiating apoptosis
(Bernardi et al., 2015).

Cerebral ischemia-reperfusion leads to neuronal necrosis or apoptosis and the release of dam-
age associated molecular patterns (DAMPs), including high mobility group box 1 (HMGB1),
adenosine triphosphate (ATP), heat shock proteins (HSPs), and DNA fragments (Gilke et al.,
2018). These signals bind pattern recognition receptors (PRRs), including Toll like receptor
4 (TLR4) and the NLR family pyrin domain containing 3 (NLRP3) inflammasome, thereby
activating downstream pathways in microglia and initiating inflammatory responses (Var et
al., 2021). In addition, ischemia increases the expression of endothelial adhesion molecules,
which promotes the recruitment and adhesion of neutrophils and monocytes to the vessel
wall, followed by transmigration into injured tissue where they release reactive oxygen spe-
cies, proteases, proinflammatory cytokines, and chemokines. These events promote apopto-
sis, increase vascular permeability, and recruit additional immune cells (Bui et al., 2022).
The complement system is also activated by recognition of antigen—antibody complexes on
damaged cells through the classical pathway, or by direct binding to injured tissue through
the alternative pathway. Complement component 5a (C5a) recruits neutrophils and enhances
reactive oxygen species generation, while the membrane attack complex inserts into cell
membranes to form pores that cause lysis (Diepenhorst et al., 2009). Moreover, inflammatory
mediators induce endothelial expression of adhesion molecules and suppress nitric oxide
synthesis, which contributes to vasospasm (Pober & Sessa, 2014; Var et al., 2021). Neutro-
phils and platelets form microthrombi that obstruct capillaries, impede restoration of flow,
and aggravate ischemia and hypoxia (Denorme et al., 2022). Overall, the inflammatory com-
ponent of cerebral ischemia-reperfusion injury involves excessive activation of innate im-
munity, cytokine driven amplification, and dysregulated complement activity, culminating

in irreversible tissue damage.
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Excitatory amino acids are key excitatory neurotransmitters in the brain, with glutamate as
the predominant transmitter (Patri, 2019). The principal ionotropic glutamate receptors are
the NMDAR and the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AM-
PAR), together with kainate receptors. During ischemia, neuronal energy failure inactivates
sodium potassium adenosine triphosphatase (Na*/K*-ATPase) and depolarizes the membrane,
which opens voltage dependent calcium channels (VDCCs) and triggers massive presynaptic
release of glutamate (Neves et al., 2023; Nishizawa, 2001). Ischemia-induced acidosis sup-
presses excitatory amino acid transporters (EAATS), thereby reducing glutamate clearance
from the synaptic cleft (Swanson et al., 1995). In addition, EAATSs on astrocytes and neurons
can operate in reverse under energy deficit and altered membrane potential, releasing intra-
cellular glutamate into the extracellular space (Rossi et al., 2000). Excessive activation of
NMDAR induces substantial Ca** influx and simultaneously activates downstream signaling
pathways, such as the neuronal nitric oxide synthase and nitric oxide (nNOS/NO) pathway,
driving excess production of NO and other reactive nitrogen species (RNS) and thereby ex-
acerbating oxidative stress (Dawson & Dawson, 2018; Guo & Ma, 2021). Overactivation of
AMPAR increases Na' influx, further depolarizes the membrane, and secondarily activates
VDCCs and NMDAR, which together aggravate Ca®>" entry. NMDAR activation also pro-
motes microglial release of tumor necrosis factor alpha (TNF-a) and interleukin-1 beta (IL-
1B), amplifying neuroinflammation (Lai et al., 2014; Wu & Tymianski, 2018). Glutamate
activates metabotropic glutamate receptors on endothelial cells (mGluRs), which increases
matrix metalloproteinase-9 (MMP-9) expression, promotes degradation of tight junction pro-
teins, and disrupts the blood—brain barrier (BBB) (Asahi et al., 2001; Legros et al., 2009). In
addition, glutamate exacerbates ischemic brain injury through acid-sensing ion channels (Lai

et al., 2024).
1.2 Microglia in cerebral ischemia-reperfusion injury
1.2.1 The origin and development of microglia

Microglia constitute approximately 5 to 12% of cells in the central nervous system (CNS)
and are the principal resident immune cells of the brain (Lawson et al., 1990). During human

development, microglia derive from extraembryonic yolk sac erythromyeloid progenitors
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(EMPs) that seed the embryonic CNS and, through a stepwise developmental program, dif-
ferentiate into mature microglia (Ginhoux et al., 2010; Gomez Perdiguero et al., 2015). Under
physiological conditions, microglia reside within the brain parenchyma in close contact with
neurons, astrocytes, and oligodendrocytes (Thion et al., 2018). Although often described as
resting, in vivo two photon imaging shows that microglia are highly dynamic and responsive
to environmental cues (Nimmerjahn et al., 2005). In homeostasis, microglia patrol the local
parenchyma with highly motile processes, perform macropinocytosis, and secrete trophic
factors such as brain derived neurotrophic factor (BDNF); through frequent perisynaptic con-
tacts they monitor synaptic function and tune neuronal activity (Mandrekar et al., 2009;
Parkhurst et al., 2013; Wake et al., 2009). Beyond developmental regulation and structural
refinement, microglia sustain brain homeostasis by clearing pathogens, dead cell debris, and
abnormal proteins, and they participate in injury responses followed by tissue remodeling
and repair (Orihuela et al., 2016). To detect noxious stimuli, microglia employ a broad rep-
ertoire of immune receptors (Hickman et al., 2018). When danger signals are encountered
during surveillance, microglia activate rapidly and undergo characteristic morphological
changes, including enlargement of the soma, retraction of processes, and increased phago-
cytic activity (Davalos et al., 2005; Jung et al., 2023; Orr et al., 2009). These properties un-
derlie the central roles of microglia in brain development and in diverse central nervous sys-

tem diseases.
1.2.2 Microglial activation and polarization

Microglia in the healthy adult CNS typically display a homeostatic, highly ramified morphol-
ogy with a small soma and long, thin, branched processes that dynamically survey the sur-
rounding parenchyma, whereas activation is commonly accompanied by soma enlargement,
process thickening and retraction, and a shift toward hypertrophic and sometimes fully amoe-
boid forms with enhanced migratory and phagocytic capacity (Leyh et al., 2021) (Figure 1).
Although microglial responses are now recognized as a heterogeneous continuum rather than
a strict dichotomy, the M1/M2 polarization framework remains a useful heuristic to describe
predominant pro-inflammatory versus reparative tendencies (Figure 1) (Ransohoff, 2016). In

this paradigm, M1-like programs are often induced by TLR-related danger signaling and by
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IFN-y, engaging NF-kB and MAPK cascades together with JAK-STAT]1 signaling to pro-
mote inflammatory effector outputs including TNF-a, IL-1p, iNOS-derived nitric oxide, and
NOX2-driven ROS generation, which can amplify neuroinflammation and impose oxidative
and excitotoxic stress on neurons (Azam et al., 2019; Mo et al., 2022) (Figure 1). Conversely,
M2-like programs are preferentially promoted by IL-4/IL-13 and other pro-resolving cues,
with STAT6 signaling supporting anti-inflammatory and repair-associated functions includ-
ing debris clearance, inflammation resolution, and tissue remodeling, and alternative activa-
tion may be accompanied in some contexts by more elongated or bipolar “rod-like” morphol-
ogies observed during injury responses, though morphology alone does not uniquely define
phenotype (Figure 1) (Mo et al., 2022; Rosito et al., 2023).

These functional states are coupled to immunometabolic remodeling, with homeostatic mi-
croglia relying largely on oxidative phosphorylation but shifting toward glycolysis during
inflammatory activation, providing a mechanistic bridge between inflammatory signaling
and microglia-mediated effects on neuronal survival and circuit integrity (Jung et al., 2025).
Meanwhile, microglia can directly influence synaptic architecture, and in Alzheimer’s dis-
ease models complement tagging and microglial engagement have been shown to drive early
synapse loss, linking inflammatory microglial programs to network dysfunction and cogni-

tive decline (Hong et al., 2016).
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Figure 1. Microglial activation and polarization.

Resting microglia in the healthy CNS exhibit a highly ramified morphology and survey the paren-
chyma. Classical activation triggered by microbial and damage associated signals, including LPS,
IFN-y, and GM-CSF, promotes an M1-like pro-inflammatory state with increased expression of IL-
1B, IL-6, IL-12, TNF-a, CCL2, CXCL10, iNOS, MHC II, CD86, and CD16/32 and is associated with
neurotoxic effects. Alternative activation promoted by IL-4, IL-10, and IgG induces an M2-like anti-
inflammatory state characterized by IL-10, TGF-B, CD206, SOCS3, Argl, Fizzl, and Ym1 and is
associated with neuroprotective and reparative functions. The bidirectional arrow and balance icon
indicate phenotypic plasticity and context dependent switching between activation programs. The
schematic was created with BioRender.

Single cell RNA sequencing indicates that, within the ischemic microenvironment, activated
microglia occupy a continuum of phenotypes with heterogeneous co-expression of proin-
flammatory and anti-inflammatory gene programs, highlighting the inability of the M1/M2
framework to capture in vivo subpopulation diversity (H. Li et al., 2023). Single cell RNA
sequencing has revealed that microglia display diverse transcriptional and functional states
across development, brain regions, and disease contexts. Homeostatic microglia (HOM-M)
predominate in healthy parenchyma and are characterized by expression of P2ryl2,

Tmem119, and Cx3crl, consistent with the maintenance of central nervous system homeo-
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stasis (Hammond et al., 2019; Li et al., 2019; Pettas et al., 2022; Zheng et al., 2021). Inflam-
matory microglia (IFLAM-M) emerge with innate immune activation and show high expres-
sion of I11b, Ccl3, and Ccl4, with region specific representation across compartments (Ham-
mond et al., 2019; Pettas et al., 2022; Zheng et al., 2021). Context dependent activation states
also appear, including interferon responsive microglia (IFN-M), proliferative and lesion as-
sociated microglia (PLF-M), and myelin associated microglia (MYE-M), each defined by
characteristic gene modules and observed in injury and demyelination models as well as after
ischemia (Hammond et al., 2019; Li et al., 2019; Pettas et al., 2022; Zheng et al., 2021).
Developmentally related subpopulations include embryonic microglia subsets EM1 (CD68
negative, Ibal positive, highly proliferative) and EM2 (CD68 positive, Ibal positive, with
clearance and neuromodulatory functions), and the proliferative region associated microglia
(PAM) enriched in developing white matter with pronounced phagocytic activity (Cheng et
al., 2025; Li et al., 2019). Microglial activation after ischemic injury is initiated by the ab-
normal release of intracellular constituents, including nucleic acids, lipids, and functional
proteins, into the extracellular matrix. These damage-associated molecular patterns (DAMPs)
engage pattern recognition receptors (PRRs) on the microglial membrane and transduce sig-
nals through inflammatory pathways, triggering cascades of proinflammatory cytokines and
chemokines that drive the infiltration of peripheral immune cells into the central nervous
system (Inose et al., 2015; Q. Li et al., 2020; Patel, 2018). During this process, homeostatic
microglia undergo phenotypic and functional transitions characterized by enlargement of the
soma and retraction of processes, while remodeling of surface receptor networks and enzyme
systems enhances phagocytic capacity and immune regulatory functions (Woodburn et al.,
2021).

Microglia also shape post-ischemic pathology through multicellular interactions. By secret-
ing distinct cytokine profiles, they regulate astrocyte activation states, and by phagocytosing
neutrophils in the ischemic penumbra they exert immunomodulatory effects that influence
lesion evolution (Matejuk & Ransohoff, 2020; Neumann et al., 2008). From the perspective
of immune regulation, microglia display dual capacities. Through antigen presentation me-
diated by major histocompatibility complex (MHC) molecules they can activate T-cell re-
sponses, while anti-inflammatory cytokines such as interleukin 10 (IL-10) restrain excessive

T-cell activation (Garcia et al., 2017; Jin et al., 2018). In addition, regulatory T cells (Tregs)
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dampen aberrant microglial activation through direct cell—cell contact and soluble mediators
(Y. Liu et al., 2023). During post-stroke repair, microglia exhibit bidirectional roles. Their
phagocytic clearance of apoptotic neurons and necrotic debris limits secondary injury cas-
cades and curbs the spread of inflammatory mediators, which facilitates resolution of neu-
roinflammation and supports synaptic remodeling (Jia et al., 2021). By selectively recogniz-
ing and engulfing axonal and myelin breakdown products, microglia not only cleanse the
lesional microenvironment but also provide conditions that favor axonal regrowth and remy-
elination (Lampron et al., 2015). At the network level, activated microglia fine tune local
immune tone by removing pathogens, aberrant immune cells, and inflammatory mediators,
thereby preventing secondary neuronal injury caused by unchecked inflammation (Yu et al.,
2022). These phagocytic programs are governed by integrated signaling, particularly Toll
like receptors (TLRs) and nuclear factor kappa B (NF-kB), which dynamically regulate the
expression of genes required for engulfment, set activation thresholds, and orchestrate
switches between phagocytic modes (Janda et al., 2018; Zhao et al., 2013). Notwithstanding
their protective roles, excessively activated microglia may engulf stressed yet viable neurons
that retain electrophysiological activity, leading to neuronal loss, disruption of network in-
tegrity, and impeded functional recovery (Neher et al., 2013). Consequently, delineating the
key molecules and mechanisms that govern microglial polarization, function, and phenotypic
transitions after cerebral ischemia is essential for precise control of post-stroke neuroinflam-

mation and for rational strategies to rebuild neural circuits.
1.2.3 Molecular mechanisms of microglial pyroptosis

Pyroptosis is a form of programmed cell death that is mechanistically and morphologically
distinct from apoptosis and necroptosis, with gasdermin D (GSDMD) executing pyroptosis
and mixed lineage kinase domain like protein (MLKL) executing necroptosis (Shi et al., 2015;
Zhan et al., 2021). In microglia, pyroptosis is typically described as a two-step process. The
priming step involves induction of inflammasome related genes by microbial products and
inflammatory mediators. This is followed by activation of the inflammasome and down-
stream pathways that culminate in GSDMD mediated pore formation and lytic cell death
(Broz & Dicxit, 2016; Swanson et al., 2019). The GSDM protein family is broadly expressed
across cell types and tissues. In humans, paralogs include GSDMA, GSDMB, GSDMC,

9
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GSDMD, and GSDME (also known as DFNAJ), as well as pejvakin (PJVK, also known as
DFNBS59). In mice, paralogs of GSDMA1-3, GSDMC1-4, GSDMD, DFNAS, and DFNB59
have been identified (Aglietti & Dueber, 2017; Ding et al., 2016). With the exception of
DFNBS59, all GSDM proteins share a pore forming N terminal domain, an autoinhibitory C
terminal domain, and a flexible interdomain linker. Proteolytic cleavage that separates the N
and C termini releases the cytotoxic N terminal fragment, which inserts into membranes and
oligomerizes to form large pores that disrupt ionic homeostasis and trigger cell death (Ding
et al., 2016; Shi et al., 2015). Pyroptosis is commonly initiated and propagated by inflam-
masomes, accompanied by GSDMD cleavage and the release of interleukin 1 beta (IL-18)
and interleukin 18 (IL-18) (Xia et al., 2019). Pathogen associated molecular patterns (PAMPs)
and damage associated molecular patterns (DAMPs) are key triggers for inflammasome as-
sembly. When cytosolic pattern recognition receptors (PRRs), also termed inflammasome
sensors, detect PAMPs or DAMPs, inflammasome assembly is initiated (Liston & Masters,
2017; Zheng et al., 2020). Most inflammasomes comprise a nucleotide binding oligomeriza-
tion domain like receptor (NLR) sensor containing leucine rich repeats, the adaptor apoptosis
associated speck like protein containing a caspase recruitment domain (ASC), and pro
caspase 1 (Zheng et al., 2020). Upon activation of inflammasome sensors, pro caspase 1 is
cleaved to active caspase 1. One branch of the pathway cleaves GSDMD into C and N ter-
minal fragments, with the N terminal fragment rapidly perforating the plasma membrane to
execute pyroptosis (Shi et al., 2015). In parallel, caspase 1 processes pro IL 1 and pro IL 18
into their mature forms, which are subsequently released through GSDMD formed pores,
thereby amplifying inflammation and driving pyroptotic cell death (He et al., 2015). Experi-
mental evidence supports a pathogenic role for microglial pyroptosis in ischemia reperfusion.
Recent studies report marked upregulation of GSDMD in microglia within ischemic regions
(Li et al., 2024). After OGD and reoxygenation, microglia not only exhibit increased intra-
cellular inflammasome content but, after membrane permeabilization, also release inflam-
masome components and DAMPs into the culture medium, which act directly on neighboring
cells to propagate inflammatory cascades and exacerbate injury (Liicht et al., 2021). In rat
focal cerebral ischemia reperfusion and in microglial OGD models, silencing GSDMD limits
membrane pore formation, reduces the secretion of mature IL-1p and IL-18 by microglia,

dampens caspase 1 mediated inflammatory signaling, and accelerates neurological recovery
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after ischemia reperfusion injury (Wang et al., 2020). Collectively, these observations indi-
cate that microglial pyroptosis represents an important mechanism of cerebral ischemia-

reperfusion injury.
1.3 The role of C-X-C motif chemokine receptor 4 (CXCR4) in ischemia
1.3.1 The CXCL12-CXCR¢4 axis in the post-ischemic penumbra

Ischemic stroke initiates a rapid neurovascular cascade that extends beyond the initial energy
failure. In the acute phase, sterile inflammation and leukocyte recruitment contribute to
blood—brain barrier disruption, edema, and secondary neuronal injury, while later inflamma-
tory remodeling can also participate in tissue repair and functional recovery (Iadecola & An-
rather, 2011; Yang et al., 2019). These phase-dependent effects have motivated increasing
attention to chemokine pathways that coordinate cell trafficking and intercellular communi-
cation within the ischemic penumbra. Among chemokine systems, the CXCL12 axis, histor-
ically termed stromal cell-derived factor 1 (SDF-1), and its canonical receptor CXCR4 rep-
resent a central node linking inflammatory cell migration with neural and vascular plasticity.
After focal ischemia, CXCL12 and CXCR4 are induced in peri-infarct regions and have been
associated with the homing of bone marrow-derived cells to injured brain tissue (Hill et al.,
2004; Wang et al., 2012). Early experimental work further established that SDF-1 isoform—
selective regulation can differentially engage CXCR4-dependent neuronal plasticity and cer-
ebral leukocyte recruitment after focal ischemia, providing a mechanistic basis for the “dual

role” concept of this axis in stroke pathophysiology (Stumm et al., 2002).
1.3.2 Acute injury amplification via CXCR4 and antagonist studies

Substantial evidence indicates that CXCL12-CXCR4 signaling can exacerbate acute injury,
largely through promoting leukocyte trafficking, amplifying local cytokine programs, and
aggravating BBB dysfunction. Pharmacologic blockade of CXCR4 with AMD3100 sup-
pressed inflammatory responses and reduced BBB disruption after middle cerebral artery
occlusion in mice (J. Huang et al., 2013). Beyond AMD3100, the development of alternative
CXCR4 antagonists has reinforced this acute neuroprotective paradigm. CX549 showed
higher affinity for CXCR4 than AMD3100 in vitro and, when administered early after stroke
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in rodent models, improved behavioral outcomes, reduced infarct size, and suppressed in-
flammatory marker expression, consistent with attenuation of neuroinflammatory amplifica-
tion (Wu et al., 2017). At the same time, CXCR4 signaling has been linked to inflammatory
execution pathways in acute brain injury paradigms. For example, a CXCR4-BTK axis was
reported to regulate NLRP3-mediated pyroptosis via NF-kB signaling in early brain injury
after subarachnoid hemorrhage, suggesting plausible mechanistic intersections between
CXCR4 signaling and inflammasome-driven cell death that warrant focused validation in
ischemic stroke contexts (C. Liu et al., 2023). Collectively, these studies support the rationale
that early CXCR4 antagonism can be beneficial when inflammatory recruitment and neuro-

vascular permeability are dominant drivers of secondary damage.
1.3.3 Reparative CXCR4 signaling in later phases

Subacute and chronic phases highlight a reparative dimension of the same axis. Reviews
synthesizing experimental and translational data describe CXCL12 signaling through
CXCR4 and CXCR7 as an organizer of neural precursor migration, angiogenesis, and post-
stroke axonal remodeling, implying that prolonged or indiscriminate inhibition could com-
promise endogenous recovery programs (Cheng et al., 2017; Wang et al., 2012). Consistent
with this view, strategies that enhance CXCR4-dependent homing of reparative cells have
demonstrated benefit in experimental stroke. CXCR4 overexpression in mesenchymal stem
cells promoted migration and improved neuroprotection and angiogenesis in a rat model of
cerebral ischemia (Yu et al., 2012). Similarly, transfusion of CXCR4-primed endothelial pro-
genitor cells reduced ischemic damage and promoted repair in db/db diabetic mice, support-
ing the concept that augmenting CXCR4-mediated recruitment may be particularly relevant
in comorbidity contexts where repair is impaired (Chen et al., 2012). Paracrine delivery
routes have also been explored: exosomes derived from CXCR4-overexpressing BMSCs pro-
moted microvascular endothelial proliferation and tube formation and were associated with
anti-apoptotic effects in ischemia—reperfusion settings (X. Li et al., 2020).

Taken together, current evidence supports a model in which CXCR4 modulation requires
strict consideration of timing, cellular target, and receptor network context. Acute antago-
nism may mitigate neurovascular inflammation, whereas later-phase enhancement of

CXCR4-dependent homing or circuit remodeling may support recovery.
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1.4 Aims and objectives

The primary aim of this doctoral thesis was to investigate the role of CXCR4 in pyroptosis
induced by cerebral ischemia—reperfusion after stroke, and to evaluate whether the selective
CXCR4 chemokine receptor antagonist AMD3100 can attenuate acute-phase pyroptotic in-
jury under ischemia—reperfusion conditions.

The central hypothesis was that pharmacological blockade of CXCR4 by AMD3100 damp-
ens inflammasome activation and caspase-1 activity, thereby reducing caspase-1-mediated
cleavage of gasdermin D and limiting generation of the pore-forming GSDMD N-terminal
fragment, ultimately mitigating pyroptotic execution and downstream inflammatory amplifi-

cation (Figure 2).
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Figure 2. The central hypothesis of this study.
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AMD3100 blocks CXCR4, reduces caspase-1-mediated GSDMD cleavage and GSDMD N-terminal
fragment formation, and thereby limits pore assembly, pyroptotic execution, and downstream IL-1f3
and IL-18 release. The schematic was created with BioRender.

To test this hypothesis, the specific objectives were as follows.

1) To characterize transcriptomic changes in CXCR4 following cerebral ischemia—
reperfusion and to define the temporal pattern of CXCR4 induction in post-stroke
brain tissue.

2) To leverage single-cell transcriptomic data to examine the association between
CXCR4 axis activity and pyroptosis-related programs in microglia after cerebral is-
chemia—reperfusion.

3) To establish an in vitro ischemia-reperfusion model in primary mouse microglia and
to determine the effect of AMD3100 on GSDMD N-terminal fragment generation

and membrane pore formation under OGD and reoxygenation conditions.
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2 MATERIAL AND METHODS

This thesis was prepared on Windows 10/11 using Microsoft Word 2021. Figures and tabular

reports were produced with Microsoft Excel 2021, GraphPad Prism 9, Adobe Illustrator CC

2023, and BioRender. Image processing and quantification were carried out in Fiji/ImageJ,

and microscope acquisition and basic analysis used Leica Application Suite X (LAS X).

Computational analyses were performed in R within RStudio. Batch data processing and au-

tomation were performed in Python (pandas, NumPy) using the Spyder IDE. All scripts and

parameters were version-controlled and audited at runtime.

2.1 Equipment

Table 1. Equipment

Equipment Name

Manufacturer, Country

Analytical Balance

Mettler-Toledo, Switzerland

Automated Cell Counter LUNA™

Logos Biosystems, Korea

Biological Safety Cabinet

NuAire, USA

Cell Culture Incubator

Thermo Scientific, USA

Centrifuge EBA 20

Hettich, Germany

Centrifuge Mikro 120

Hettich, Germany

Centrifuge Universal 320 R

Hettich, Germany

ChemoCam Imager ECL System

INTAS, Germany

Electrophoresis Power Supply EV 231

PEQLAB Biotechnologie, Germany

Hypoxic Chamber System

DR. NEUMANN, Germany

Inverted Microscope DMil

Leica, Germany

Laminar Flow Hood

Thermo Scientific, USA

Live-cell Imaging Microscope DMi8 S

Leica, Germany

Magnetic Stirrer RH B S000 IKA, Germany
Microplate Reader Multiskan EX Thermo Scientific, USA
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell | Bio-Rad, USA

pH Meter edge® Hanna, USA

Pipette Controller pipetus®

Hirschmann, Germany

Pipettes & Multi-Dispenser

Eppendorf / Gilson / Sartorius, Ger-
many / France / Germany

Platform Shaker Rotamax 120

Heidolph, Germany

Refrigerators and Freezers

Liebherr / Panasonic / Thermo Fisher,
Germany / Japan / USA

Roller Mixer RMS5 Assistant 348

Karl Hecht, Germany

Thermomixer comfort

Eppendorf, Germany

Trans-Blot® SD Transfer System Bio-Rad, USA
Vortex Mixer peqTWIST PEQLAB, USA
Water Bath Memmert, Germany
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2.2 Chemicals and reagents

Table 2. Chemicals and reagents

Product Name

Manufacturer, Country

3-(4,5-Dimethyl-2-thiazolyl)-2,5-Diphenyl-2H-Tetrazo-
lium-Bromid (MTT)

Merck, Germany

4',6-diamidino-2-phenylindole, dihydrochloride (DAPI)

Thermo Scientific, USA

AMD?3100 octahydrochloride hydrate

Merck, Germany

Ammonium persulfate (APS)

Carl Roth, Germany

Bovine Serum Albumin (BSA)

Capricorn Scientific, Germany

Calcium chloride (CaClz)

Carl Roth, Germany

DC™ Protein Assay Kit

Bio-Rad, USA

Dimethyl sulphoxide (DMSO)

Carl Roth, Germany

DMEM, high Glucose, GlutaMAX™ Supplement

Thermo Scientific, USA

Dulbecco’s PBS (10x) (DPBS)

Capricorn Scientific, Germany

Ethanol Merck, Germany
Fetal Bovine Serum (FBS) Thermo Scientific, USA
Glycine Merck, Germany

Hanks' Balanced Salt Solution (10X) (HBSS)

Thermo Scientific, USA

HEPES Buffer Solution (1M)

Thermo Scientific, USA

Hydrochloric acid (HCI)

Merck, Germany

Magnesium sulfate heptahydrate (MgSQO4)

Carl Roth, Germany

Methanol Carl Roth, Germany
Nonfat Dry Milk Cell Signaling, USA
PageRuler™ Prestained Protein Ladder Thermo Scientific, USA
Paraformaldehyde (PFA) Carl Roth, Germany

PBS Buffer (10x Dulbecco’s) Powder

AppliChem, Germany

Penicillin-Streptomycin (P/S)

Thermo Scientific, USA

Pierce™ RIPA Buffer

Thermo Scientific, USA

Phosphatase Inhibitor Cocktail

Sigma-Aldrich, USA

Poly-D-Lysin (PDL, 0.1 mg/mL)

Thermo Scientific, USA

Potassium chloride (KCI)

Carl Roth, Germany

ProLong™ Glass Antifade Mountant

Life Technologies, USA

Protease Inhibitor Cocktail Tablets

Merck, Germany

Restore™ PLUS Western Blot Stripping Buffer

Thermo Scientific, USA

ROTI®Load 1

Carl Roth, Germany

ROTIPHORESE® Gel 30 (37.5:1)

Carl Roth, Germany

ROTIPHORESE®10x SDS-PAGE

Carl Roth, Germany

SDS (ultra pure)

Carl Roth, Germany

Sodium chloride (NaCl)

Carl Roth, Germany

Sodium dihydrogen phosphate (NaH2PO4)

Carl Roth, Germany

Sodium hydrogen carbonate (NaHCQO»)

Carl Roth, Germany

SuperSignal™ West Pico PLUS Chemilumineszenz-Sub-
strat

Thermo Scientific, USA

TEMED

Carl Roth, Germany

TRIS (PUFFERAN®, >99.9%, p.a.)

Carl Roth, Germany

Tris-HCI buffer (pH 6.8)

Bio-Rad, USA

Tris-HCI buffer (pH 8.8)

Bio-Rad, USA
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Product Name

Manufacturer, Country

Triton™ X-100 solution (10%)

Sigma-Aldrich, USA

Trypsin-EDTA (0.5 %)

Thermo Scientific, USA

Tween® 20

Sigma-Aldrich, USA

2.3 Consumables

Table 3. Consumables

Product Name

Manufacturer, Country

Cell culture 10020 mm dish

Sarstedt, Germany

Cell culture 24-well plate

Sarstedt, Germany

Cell culture 60x15 mm dish

Sarstedt, Germany

Cell culture 6-well plate

Sarstedt, Germany

Cell culture 96-well plate

Greiner Bio-One, Germany

Cell culture T-25 flask

Greiner Bio-One, Germany

Cell culture T-75 flask

Sarstedt, Germany

Cell scraper

Greiner Bio-One, Germany

Cell strainer 70 um (Falcon)

Corning, USA

Corning™ 500 mL Vacuum Filter

Thermo Scientific, USA

Coverslip

R. Langenbrinck, Germany

Extra thick blot paper 19x18.5 cm

Bio-Rad, Germany

Glass Pasteur pipette 150 mm

BRAND, Germany

Micro tube, 1.5 mL & 2.0 ml & 5 mL

Sarstedt, Germany

Mini-PROTEAN 10-well comb (1.5 mm)

Bio-Rad, Germany

Mini-PROTEAN glass plates (1.5 mm, set)

Bio-Rad, Germany

Mr. Frosty™ freezing container

Thermo Scientific, USA

Nitrile powder-free glove

B. Braun, Germany

Parafilm M sealing film

Amcor, USA

Pipette Tip, 20 uL & 100 pL & 1000pL

Sarstedt, Germany

Screw cap tube, 15 mL

Sarstedt, Germany

Screw cap tube, 50 mL

Sarstedt, Germany

Serological pipette, 2 mL & 5 mL & 10 mL & 25 mL

Greiner Bio-One, Germany

Syringe filter (0.2pum)

Sartorius, Germany

Transfermembran ROTI®PVDF 0.45um

Carl Roth, Germany

2.4 Bioinformatics analysis

2.4.1 Bulk RNA sequencing analysis of microglia after ischemia—reperfusion

Publicly available bulk RNA-seq data of FACS-purified mouse microglia were obtained
from GEO (GSE220042). In the original study, transient focal ischemia was induced by 60
min MCAO followed by 3 days of reperfusion, and microglia were sorted as CD11b*/CD45™;
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raw two-column HTSeq-count files from three sham and three MCAO samples were down-
loaded and analyzed in the present study. Count files were merged in R into a gene-by-sample
matrix (genes with zero counts across all samples were removed), and differential expression
between MCAO and sham was tested using DESeq2 with Benjamini—Hochberg correction;
DEGs were defined as adjusted P < 0.05 and |log:FC| > 1. Variance-stabilized counts were
used for PCA, and volcano plots were generated from log.FC and adjusted P values. Func-
tional enrichment for GO (BP/CC/MF) and KEGG was performed with clusterProfiler after
ID conversion using org.Hs.eg.db, and term directionality was quantified by z scores calcu-
lated with GOplot from gene-level logFC values. Enriched terms containing CXCR4 were
identified by screening term gene sets, and co-occurrence analysis counted genes that repeat-
edly appeared with CXCR4 across significant terms, with additional extraction of terms
jointly containing CXCR4 and Il11b. All analyses and visualizations were conducted in R

4.2.1, with plots produced using ggplot2 (v3.3.6).
2.4.2 ScRNA sequencing analysis of microglia after ischemia—reperfusion

Public scRNA-seq data were obtained from GEO (GSE174574), comprising three MCAO
and three sham mouse brain samples collected 24 h after a 60 min MCAO or sham procedure.
For each sample, raw cell-by-gene count matrices with corresponding barcode and feature
files were downloaded and imported into R for downstream analysis. Single-cell prepro-
cessing was performed in Seurat, including quality control filtering to remove low-quality
barcodes and low-information genes, followed by library-size normalization, log transfor-
mation, selection of highly variable genes, and principal component analysis. Replicates were
then integrated using a condition-aware batch-correction strategy to reduce inter-sample
technical effects while preserving ischemia—reperfusion—associated biology. The integrated
object was embedded by UMAP and clustered using graph-based unsupervised clustering.
Major brain cell types were annotated based on canonical marker expression, including mi-
croglia, infiltrating myeloid cells, endothelial cells, astrocytes, oligodendrocytes, oligoden-
drocyte precursor cells, ependymal cells, pericytes, smooth-muscle cells, and lymphoid lin-
eages. Cell-type composition was quantified by counting annotated cells within each condi-

tion and reporting proportions.
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For microglia-focused analyses, annotated microglia were subsetted, reintegrated across rep-
licates, and reclustered to resolve within-microglia state structure. Cluster markers were iden-
tified using Seurat FindAllMarkers with the Wilcoxon rank-sum test and Benjamini—
Hochberg correction, and representative markers were prioritized by effect size and within-
cluster prevalence. Pseudotime ordering within MCAO microglia was inferred using Sling-
shot based on UMAP coordinates and Seurat cluster labels, with the homeostatic cluster spec-
ified as the root; pseudotime values were min—max scaled for visualization and summarized
by cluster medians.

Pyroptosis-related transcriptional programs were quantified by defining literature-based ac-
tivation, execution, and composite gene sets and computing per-cell module scores using
Seurat AddModuleScore on the batch-corrected microglial object. Cluster-wise differences
were assessed relative to sham microglia in the homeostatic cluster using nonparametric test-
ing with multiple-testing correction, and complementary sample-level summaries were ob-
tained from per-sample mean module scores. A CXCL12—-CXCR4 axis score was computed
by module scoring, and associations with pyroptosis scores were evaluated using Spearman
correlation within all microglia and within each condition, followed by Benjamini-Hochberg
adjustment. To estimate regulatory consequences of CXCR4 loss, a network-based virtual
knockout was performed with scTenifoldNet by constructing wild-type and CXCR4-silenced
regulatory networks for each MCAO microglial cluster, comparing networks via manifold
alignment, and summarizing module-level regulatory shifts with oriented Stouffer Z scores
for visualization.

All single-cell analyses and visualizations were performed in R 4.4.1. Seurat was used for
preprocessing, integration, clustering, marker detection, and module scoring, Slingshot for
pseudotime inference, scTenifoldNet for virtual knockout analysis, and ggplot2 for figure

generation. Package versions and session information were recorded to ensure reproducibil-

ity.
2.5 Isolation of primary microglia

Primary microglia were prepared based on a published protocol (Du et al., 2021) with some

modifications.
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2.5.1 Preparation of culture buffer, solution, flasks, and dissection tools

HBSS (1%):

A total of 100 mL of 10x HBSS and 0.35 g of NaHCO: were added to 900 mL of ddH-O.
The buffer was stirred on a magnetic stirrer for 10 min, the pH was adjusted to 7.0-7.4, and
it was stored at 4 °C.

Culture medium (10% FBS, 1% P/S):

50 mL PBS and 5 mL P/S were added to 445 mL of DMEM GlutaMAX™ Supplement. The
medium was stored at 4 °C.

DPBS (1%):

A total of 100 mL of 10x DPBS was diluted with 900 mL of ddH-O to a final volume of 1 L.
The solution was stored at 4 °C.

Coating flasks:

T-75 flasks were used for pre-plating the isolated brain cells. Prior to brain dissection, the
flasks were coated with 6 mL of 0.1 mg/mL PDL and incubated at 37 °C for at least 1 h. The
PDL solution was then aspirated, the flasks were washed twice with ddH-0, and allowed to
air-dry in the cell culture hood.

Dissection tools:

Dissection tools, including fine scissors and forceps, were soaked in 75% ethanol for at least

20 min prior to use.
2.5.2 Dissection of mouse brain

1) Newborn (P0-P4) wild-type C57BL/6J mice were decapitated using surgical scissors, and
brains were immediately placed in ice-cold 1x HBSS. During this step, the culture me-
dium was warmed in a 37 °C water bath.

2) Fine dissecting scissors were used to cut the skull along the medulla oblongata. A forceps
was placed beneath the brain tissue at the cutting site to gently lift and remove the brain
from the cranial cavity. The brain was transferred to a new chilled 60 mm dish containing
ice-cold 1x HBSS.

3) The cerebellum and olfactory bulbs were removed and discarded. The cerebral cortex was
then isolated from the remaining brain tissue, stripped of the meninges, and gently trans-

ferred to a chilled 15 mL tube containing 5 mL of ice-cold 1x HBSS.
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4) The procedure was repeated until all brain tissues were collected.
2.5.3 Seeding of mixed primary cells

1) The cerebral cortex was transferred to a 60 mm dish and minced into small pieces (ap-
proximately 1 mm?) using micro scissors. The tissue pieces were then transferred to a 50
mL tube.

2) 2 mL of culture medium was added, and the tissue was triturated sequentially with 25 mL,
5 mL, and 10 mL pipettes in that order. To remove large clumps and debris, the cell sus-
pension was passed through a 70 um cell strainer, and the flow-through was collected in
a 50 mL tube.

3) The cell suspension was transferred to a 15 mL tube and centrifuged at 2500 rpm for 5
min at room temperature.

4) The supernatant was aspirated, and the cell pellet was resuspended in 2 mL of culture
medium. The primary cells were seeded into T-75 flasks (three brains per flask, 10 mL of
culture medium per flask) and cultured in a humidified incubator (5% CO-, 37 °C). This

was considered Day 0 of the culture schedule.
2.5.4 Collection of primary microglia

1) Every 2-3 days, the flasks were washed with 5 mL of warm 1x DPBS, and the medium
was replaced with 10 mL of fresh culture medium until astrocytes reached 100% conflu-
ency (typically on Day 5-7). The astrocyte layer at this stage is shown in Figure 3A.

2) During this period, a subpopulation of microglia loosely attached to the mixed cell layer
began to proliferate. A half-medium change was performed every 3—4 days by replacing
5 mL of the old medium with an equal volume of fresh culture medium, and this was
continued until microglia reached confluency in the T-75 flask (typically on Day 14-19).
Representative morphology at this stage is shown in Figure 3B.

3) Microglia were detached from the surface by gentle handshaking, and the culture medium
containing the cells was collected into a 15 mL tube. The suspension was centrifuged at
2000 rpm for 5 min at room temperature.

4) The supernatant was aspirated, and the cells were resuspended in 2 mL of culture medium.

Cell counting was performed using a hemocytometer. Primary microglia were then seeded
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into 6-well plates (400,000 cells per well in 2 mL of culture medium) or 24-well plates

(80,000 cells per well in 1 mL of culture medium) for subsequent experiments. Attached

microglia are shown in Figure 3C.

Figure 3. Primary microglia harvest and seeding from mixed glial cultures.
A. Astrocyte monolayer at confluence (Day 5—7); B. Emergence and expansion of loosely attached
microglia on the mixed glial layer (Day 14-19); C. Attached primary microglia exhibiting ramified

morphology with small somata and thin branched processes.
2.6 Oxygen-glucose deprivation (OGD) Model
2.6.1 Preparation of solutions.

BSSO0 (10% stock solution):

A total of 34 g of NaCl, 2 g of KCI, 1 g of MgSOs, and 0.7 g of NaH2PO4 were dissolved in
ddH:O to a final volume of 500 mL. The solution was mixed thoroughly, filtered through a
500 mL vacuum filter, and stored at 4 °C.

30 mM Glycine:

A total of 22.5 mg of glycine and 1 mL of 10x BSSO were dissolved in ddH-O to a final
volume of 10 mL. The solution was mixed thoroughly and stored at 4 °C.

1 M NaHCO:s:

A total of 8.4 g of NaHCO:s was dissolved in ddH-O to a final volume of 100 mL. The solution
was mixed thoroughly, and stored at 4 °C.

1M CaCl;:
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A total of 1.11 g of CaCl: was dissolved in ddH-O to a final volume of 10 mL. The solution
was mixed thoroughly and stored at 4 °C.

BSS0 (1%):

A total of 13.1 mL of 1 M NaHCOs, 5 mL of 1 M HEPES, 166 pL of 30 mM glycine, 900
uL of 1 M CaClz, and 50 mL of 10x BSSO were combined in ddH-O and brought to a final
volume of 500 mL. The solution was mixed thoroughly, sterile-filtered (0.2 um), and stored

at 4 °C.
2.6.2 Cell preparation

Primary microglia were cultured until they reached 80-90% confluency. Upon reaching con-

fluency, the cells were washed once with 1x DPBS to remove residual nutrients.
2.6.3 OGD induction

The culture medium was replaced with an equal volume of glucose-free balanced salt solu-
tion (BSSO 1x). The cells were then transferred to a hypoxic chamber system and incubated
under hypoxic conditions (1.5% O2, 5% CO2, 45% humidity, 37 °C) for a predetermined time

according to the experimental design.
2.6.4 Reoxygenation (RO)

After hypoxic incubation, BSSO (1x) was removed, and the cells were washed once with 1x
DPBS. Fresh culture medium was then added, and the cells were incubated under normoxic
conditions (5% CO-, 37 °C) for 12 h. The cells were then collected for subsequent analyses

as required.
2.7 MTT Cell Viability Assay
2.7.1 Preparation of MTT solution

1) A total of 500 mg of MTT powder [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide] was dissolved in 100 mL of ddH:O to obtain a 5 mg/mL stock solution.
2) The solution was stirred on a magnetic stirrer for 1-2 h in the dark until the powder was

completely dissolved. It was then sterile-filtered through a 0.2 um syringe filter, aliquoted
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into 15 mL tubes, and stored at -20 °C protected from light.
2.7.2 Assay procedure

1) MTT solution (100 pL, 5 mg/mL) was added to each well of a 24-well plate containing
0.9 mL culture medium, yielding a final MTT concentration of 0.5 mg/mL.

2) The plates were incubated for 3 h at 37 °C, protected from light. The MTT solution was
then removed and replaced with 1 mL of dimethyl sulfoxide (DMSO).

3) The plates were shaken on an orbital shaker at 200 rpm for 3-5 min at room temperature
to dissolve the formazan crystals.

4) Subsequently, 200 pL of the dissolved solution from each well was transferred to a 96-

well plate, and absorbance was measured at 570 nm using a microplate reader.

2.8 Immunofluorescence
2.8.1 Preparation of solutions

PBS (10x% stock solution):

A total of 99.5 g of PBS powder was dissolved in ddH:O to a final volume of 1 L. The
solution was mixed thoroughly and stored at 4 °C.

PBS (1x):

A total of 100 mL of 10x PBS was diluted with 900 mL of ddH:O to obtain a 1x working
solution. The solution was mixed thoroughly, the pH was adjusted to 7.2-7.6, and it was
stored at 4 °C.

4% Paraformaldehyde (PFA):

A total of 4 g of paraformaldehyde (PFA) was dissolved in approximately 80 mL of 1x PBS
by heating to 60 °C with stirring. After cooling to room temperature, the solution was ad-
justed to a final volume of 100 mL with 1x PBS, filtered through a 0.22 pm filter, and stored
at 4 °C.

0.2% Triton X-100 solution:

A total of 20 pL of 10% Triton X-100 stock solution was diluted with 1x PBS to a final

volume of 1 mL to obtain a 0.2% working solution. The solution was stored at 4 °C.
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5% BSA blocking solution:

A total of 2.5 g of BSA was dissolved in 1x PBS to a final volume of 50 mL to obtain a 5%
(w/v) blocking solution. The solution was stored at 4 °C

DAPI stain:

DAPI stock solution was diluted 1:500 in 1x PBS to obtain the working solution. The work-

ing solution was stored at 4 °C protected from light.
2.8.2 Primary and secondary antibodies

Table 4. Primary antibodies used for Immunofluorescence

Name Host Dilution Art. No Manufacturer, Country
CXCR4 Rabbit 1:100 11073-2-AP | Proteintech, USA

Ibal Rabbit 1:100 ab178846 Abcam, UK

GSDMD Rabbit 1:100 PA5-115330 | Thermo Scientific, USA

Table 5. Secondary antibodies used for Immunofluorescence

Name Host | Dilution | Art. No | Manufacturer, Country
Anti-Rabbit Alexa Fluor™ 488 Goat | 1:500 A-11008 | Thermo Scientific, USA

2.8.3 Experimental procedure

1) Preparation of coverslips: sterile coverslips were placed in 24-well plates. Primary micro-
glia were seeded at a density of 20,000 cells per well and cultured for 1-2 days under
standard conditions.

2) Fixation: cells were washed three times with ice-cold 1x PBS (30 s each) and fixed with
500 pL of 4% PFA per well for 10 min at room temperature, followed by three ice-cold
1x PBS washes (30 s each).

3) Permeabilization: cells were permeabilized with 500 puL of 0.2% Triton X-100 per well
for 10 min at room temperature, followed by three ice-cold 1x PBS washes (30 s each).

4) Blocking: cells were blocked with 500 puL of 5% BSA per well for 30 min at room tem-

perature.
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5) Primary antibody incubation: a sealing film was prepared with drops (20 pL) of diluted
primary antibodies. Coverslips were carefully inverted onto the antibody drops and incu-
bated overnight at 4 °C in a humidified chamber. From the next step onwards, all proce-
dures were performed under light-protected conditions.

6) Secondary antibody incubation: after three ice-cold 1x PBS washes, cells were incubated
with diluted fluorescent secondary antibody solution for 1 h at room temperature in the
dark, followed by three ice-cold 1x PBS washes.

7) DAPI nuclear staining: cells were incubated with diluted DAPI solution for 1 min at room
temperature, followed by three ice-cold 1x PBS washes.

8) Mounting: slides were labeled with antibody information, cell type, date, and researcher’s
name. A total of 3 uL of ProLong™ Glass Antifade Mountant was added to the slide, and

coverslips were inverted onto the mounting medium. Slides were stored at 4 °C until im-

aging.
2.9 Western Blot Analysis
2.9.1 Preparation of solutions

10% SDS solution:

A total of 10 g of SDS powder was dissolved in ddHzO to a final volume of 100 mL. The
solution was stirred and gently heated to facilitate dissolution, allowed to cool to room tem-
perature, and stored at room temperature.

10% Ammonium Persulfate (APS):

A total of 1 g of ammonium persulfate (APS) was dissolved in 10 mL of ddH-O to obtain a
10% (w/v) stock solution. The solution was mixed thoroughly, aliquoted into 1.5 mL tubes,
and stored at 4 °C.

RIPA buffer (with inhibitors):

Pierce™ RIPA buffer was supplemented with one protease inhibitor cocktail tablet per 50
mL of buffer (final 1% concentration) and phosphatase inhibitor cocktail at a final 1x con-
centration (1:100 dilution from the 100% stock). The supplemented buffer was freshly pre-
pared prior to use and kept on ice during protein extraction.

I1x SDS-PAGE Running Buffer (1 L):
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A total of 100 mL of Rotiphorese® 10x SDS-PAGE Running Buffer was diluted with 900
mL of ddH:O to a final volume of 1 L.

SDS-PAGE Transfer Buffer (1 L):

A total of 100 mL of Rotiphorese® 10x SDS-PAGE Running Buffer, 200 mL of methanol,
and 700 mL of ddH-O were mixed thoroughly to a final volume of 1 L.

20% TBS:

A total of 48.2 g of Tris base and 175.4 g of NaCl were dissolved in ddH2O and adjusted to
a final volume of 1 L. The pH was adjusted to 7.2-7.6.

I1x TBS-T (0.1% Tween-20):

A total of 50 mL of 20x TBS, 950 mL of ddH-0O, and 1 mL of Tween-20 were combined and
mixed thoroughly to a final volume of 1 L.

5% Milk:

Nonfat dry milk powder was dissolved in 1x TBS-T to a final concentration of 5% (w/v).

The solution was freshly prepared prior to use.
2.9.2 Primary and secondary antibodies

Table 6. Primary antibodies used for Western Blot

Name Host Dilution Art. No Manufacturer, Country
B-actin Rabbit 1:5000 ab8227 Abcam, UK

CXCR4 Rabbit 1:1000 11073-2-AP | Proteintech, USA
GSDMD Rabbit 1:500 PAS5-115330 | Thermo Scientific, USA

Table 7. Secondary antibodies used for Western Blot

Name Host | Dilution | Art. No | Manufacturer, Country
Goat Anti-Rabbit [gG H&L (HRP) | Goat | 1:10000 | ab6721 | Proteintech, USA

2.9.3 Preparation of 10% SDS-PAGE gels

1) Preparation of glass plates: glass plates were assembled in the casting frame with spacers
to prevent leakage. Water was filled between the plates to check for tightness, then re-
moved and the space was dried with lint-free paper before pouring the gel.

2) Running gel preparation: for two gels, ddH-O (6.6 mL), 1.5 M Tris-HCI (pH 8.8, 5 mL),
and 10% SDS (200 pL) were mixed. Immediately before pouring, acrylamide (6.6 mL),
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10% APS (200 pL), and TEMED (20 uL) were added. The solution was poured between
the glass plates up to the first marker line of the casting frame. A thin layer of methanol
was gently overlaid to avoid drying. After polymerization, the methanol was removed, the
surface was rinsed with ddH-O, and dried with lint-free paper.

3) Stacking gel preparation: for two gels, ddH>0 (6.8 mL), 0.5 M Tris-HCI (pH 6.8, 1.25
mL), and 10% SDS (100 pL) were mixed. Immediately before pouring, acrylamide (1.7
mL), 10% APS (100 pL), and TEMED (10 pL) were added. The stacking gel solution was
layered on top of the polymerized running gel, and a comb was inserted to form wells.
After polymerization, the comb was removed. If not used immediately, gels were wrapped

in wet paper towels soaked with ddH-O and stored at 4 °C.
2.9.4 Protein extraction and quantification

1) Cell harvesting and lysis: following the OGD/RO treatment, cells were washed twice with
ice-cold 1x PBS to remove residual medium and debris. Adherent cells were scraped off
using a cold plastic cell scraper and transferred into pre-cooled 1.5 mL microcentrifuge
tubes. The suspensions were centrifuged at 3000 x g for 5 min at 4 °C, and the supernatants
were discarded. Cell pellets were lysed in RIPA buffer (with inhibitors) and incubated on
ice for 30 min with vortexing every 5 min to facilitate lysis. To further disrupt the cells,
sonication was performed for 30 s on ice, followed by an additional 30 min of incubation
on ice.

2) Protein extraction: the lysates were centrifuged at 12,000 % g for 20 min at 4 °C, and the
supernatants, containing the extracted proteins, were collected and stored at -80 °C until
further analysis.

3) Protein quantifications were determined using the DC™ Protein Assay Kit according to
the manufacturer’s instructions. A standard curve was prepared using BSA (0-1.4 ug/uL).
Cell lysates and standards (5 pL, in duplicate) were mixed with 25 pL of Reagent A + S
mixture (A:S = 50:1) in a 96-well plate, followed by the addition of 200 uL of Reagent B.
The plate was protected from light and placed on an orbital shaker at 50 rpm to ensure
thorough mixing. Absorbance was measured at 750 nm using a microplate reader. Protein
concentrations were calculated from the standard curve, and all samples were adjusted to

equal concentrations using RIPA buffer.
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4) Sample preparation for electrophoresis: protein samples were mixed with reducing load-
ing buffer at a volume ratio of 4:1 and heated at 95 °C for 9 min to denature proteins prior

to SDS-PAGE.
2.9.5 Western blotting procedure

1) Electrophoresis chambers were assembled and filled with running buffer. The combs were
carefully removed, and protein marker (5 puL) together with protein samples (10-40 pg)
were loaded into the wells. Electrophoresis was performed at 90 V for 30 min, followed
by 120 V for 90 min.

2) PVDF membranes (0.45 um, cut to the size of the gel, approximately 5 x 7 cm) were
activated by soaking in methanol for 1 min. Membranes and filter papers were equilibrated
in transfer buffer. The transfer sandwich was assembled in the cassette of the Trans-Blot®
SD Transfer System in the following order: filter paper, membrane, gel, and filter paper.
Air bubbles were removed by gently rolling after each step. Protein transfer was carried
out at 25 V and 1.5 A for 30 + 15 min, depending on protein size.

3) After transfer, membranes were washed once with TBS-T for 5 min on a shaker and incu-
bated in blocking solution (5% nonfat milk in TBS-T) for 1 h at room temperature with
gentle agitation.

4) For primary antibody incubation, membranes were incubated overnight at 4 °C with pri-
mary antibodies. Following three washes in TBS-T (15 min each), membranes were incu-
bated for 1 h at room temperature with secondary antibody. After incubation, membranes
were washed again three times in TBS-T (15 min each).

5) For chemiluminescent detection, ECL solution was prepared by mixing Reagent A and
Reagent B at a 1:1 ratio. Membranes were incubated with the ECL solution for 5 min in
the dark, covered with protective plastic film, and visualized using the ChemoCam Imager

ECL System.
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2.10 Data processing, analysis, and statistics
2.10.1 MTT cell viability assay

Cell viability was calculated relative to the normoxic control, which was set as 100%. Values
for the hypoxic and treatment groups were expressed as percentages of this control. Data
were analyzed using one-way ANOVA to assess differences among experimental groups.
The assumption of homogeneity of variance was tested using both the Brown—Forsythe and
Bartlett’s tests, neither of which indicated significant variance differences (P > 0.05). When
ANOVA revealed a significant effect, Dunnett’s multiple comparisons test was applied to
compare each OGD/RO group with the normoxic control, as well as to compare OGD/RO
groups with treatment groups. Adjusted P values were reported, and statistical significance
was set at o = 0.05. All statistical analyses were performed using GraphPad Prism 9

(GraphPad Software, San Diego, USA).
2.10.2 Immunofluorescence

Fluorescence images were acquired using identical exposure settings across all experimental
groups. Images were exported as 16-bit TIFF files and analyzed in Fiji/ImageJ (NIH, USA).
For each image, the total fluorescence intensity of the target signal was measured and divided
by the corresponding number of cells (determined from DAPI staining) to obtain the average
fluorescence intensity per cell. Normalized fluorescence intensities were expressed relative
to the mean of the normoxic control (set to 1.00) to yield fold-of-control, and data were pre-
sented as mean = SD. Data from multiple fields (n > 3 per group) were averaged to represent
each biological replicate.

Average fluorescence intensities were analyzed in GraphPad Prism 9. When only two exper-
imental conditions were compared, a paired t-test was used. When three or more groups were
compared, a one-way ANOVA was performed, followed by appropriate post hoc tests (e.g.,
Dunnett’s test for comparison with a control, or Tukey’s test for pairwise comparisons). Sta-

tistical significance was defined at a = 0.05.
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2.10.3 Western blotting

Blots were exposed within the linear dynamic range (no saturated pixels) and exported as 16-
bit TIFF files with identical exposure settings across groups within an experiment. Band in-
tensities were quantified in Fiji/ImageJ (NIH, USA) as follows: (i) images were left unmod-
ified except for conversion to 8-bit when required; (ii) lanes were defined using the Gel An-
alyzer tool with a constant lane width for all samples; (iii) background was removed by base-
line correction of each lane profile and by subtracting a local background ROI adjacent to
each band; (iv) the integrated density was recorded for both the target protein and the loading
control (B-actin). For each lane, target signals were normalized to -actin (target/B-actin).
Normalized values were then expressed relative to the mean of the normoxic control (set to
1.00) to yield fold-of-control. When multiple blots were required, each blot was normalized
to its own control prior to pooling. Data are presented as mean + SD; the sample size for
Western blots was n = 3 per group unless otherwise stated.

Normalized band intensities were analyzed using one-way ANOVA. Homogeneity of vari-
ance was tested with the Brown—Forsythe and Bartlett’s tests, which confirmed variance
equivalence (P > 0.05). When ANOVA revealed significant differences, appropriate post hoc
tests were performed (e.g., Dunnett’s test for comparisons with a control, or Tukey’s test for
pairwise comparisons). Adjusted P values were reported, and statistical significance was set

at o = 0.05. Analyses were carried out in GraphPad Prism.
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3 RESULTS

3.1 Study design and workflow

The aim of this study was to determine whether CXCR4 contributes to microglial pyroptosis
after ischemia—reperfusion, using a four-step workflow that links in-silico discovery to in-
vitro validation. First, a mechanistic hypothesis was defined that chemokine signaling
through the CXCL12-CXCR4 axis couples guidance cues to inflammasome activation and
GSDMD processing in post-ischemic microglia. Second, publicly available bulk RNA se-
quencing of FACS-purified microglia three days after transient MCAO with reperfusion
(GSE220042; three MCAO and three sham samples) was reanalyzed to identify differential
expression and enriched pathways related to CXCR4. Third, a brain-wide single-cell RNA
sequencing dataset collected at 24 hours after MCAO or sham (GSE174574; three MCAO
and three sham samples) was integrated with batch correction to define cell types and micro-
glial states; cluster markers were derived with FindAllMarkers, module scores for the
CXCR4 axis and for pyroptosis activation, execution, and composite programs were com-
puted, condition-stratified correlations were tested, and a cluster-wise network-based virtual
CXCR4 knockout was performed to infer CXCR4 dependence of pyroptosis programs.
Fourth, primary microglia were subjected to oxygen—glucose deprivation followed by reox-
ygenation, CXCR4 was pharmacologically blocked with AMD3100, and viability, western
blotting, and immunofluorescence readouts for CXCR4 and GSDMD were acquired to vali-

date bioinformatic findings.
3.2 Bioinformatic analysis of CXCR4 in mouse brain after ischemia—reperfusion
3.2.1 Bioinformatic database search and study selection

A structured search of the GEO database identified mouse datasets relevant to microglial
responses after ischemia—reperfusion. The query string was: “microglia[All Fields] AND
(“ischemia-reperfusion” OR “ischemia reperfusion” OR “ischemic stroke” OR stroke OR
“middle cerebral artery occlusion” OR MCAO OR tMCAOQO) AND “Mus musculus”[Organ-
ism] AND “expression profiling by high throughput sequencing”[DataSet Type]”. The
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search targeted both bulk RNA-seq and single-cell RNA-seq resources. Inclusion required
sham and experimental groups each with at least three biological replicates, explicit reporting
of surgical method, ischemia duration, and reperfusion duration, and the availability of ana-
lyzable files. Datasets were excluded if they modeled ischemia without reperfusion or lacked
usable data files, defined as missing raw count tables for bulk RNA-seq or missing barcode,
feature, and matrix files for each sample in single-cell studies. The search cutoff date was 1
October 2025 and returned 62 records. After screening against the prespecified criteria, two
datasets met eligibility for analysis: GSE220042 for microglial bulk RNA-seq and
GSE174574 for brain-wide single-cell RNA-seq.

3.2.2 RNA sequencing analysis of CXCR4 in microglia after ischemia—reperfusion

Publicly available RNA sequencing (RNA-seq) data from GEO (GSE220042) were analyzed,
in which a 60-min middle cerebral artery occlusion (MCAO) was used to induce transient
focal cerebral ischemia (tFCI) in mice, followed by 3 days of reperfusion (Y. Zhang et al.,
2024). At this time point, microglia were isolated by fluorescence-activated cell sorting as
CD11b*/CD45™, and bulk RNA-seq of the purified population was generated (Figure 4). All
animal procedures and sequencing were conducted by the original authors, while downstream
analyses were performed in the present study. The two-column HTSeq-count files provided
in GEO (Ensembl gene IDs and raw counts) from three sham and three MCAO samples were

analyzed in this research.
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Figure 4. Workflow for RNA-seq in mouse microglia after ischemia-reperfusion.
Transient focal cerebral ischemia was induced by 60-min MCAO, followed by 3 days of reperfusion.
Microglia were purified by FACS as CD11b7/CD45™ and subjected to bulk RNA-seq. The dataset
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comprises 3 MCAO and 3 sham samples. Count data analyzed in this study were obtained from the
public GEO accession GSE220042. The schematic was created with BioRender.

Principal component analysis (PCA) resolves the two conditions along PC1 (38.4% vari-
ance): MCAO samples score positively and sham samples score negatively, with no overlap.
PC2 (19.1%) captures within-group dispersion in both conditions. No outliers are observed.
Overall, the first two components organize the data primarily by ischemic-reperfusion status,
indicating marked transcriptomic differences between MCAO and sham microglia (Figure
5A). Using the predefined threshold (adjusted P < 0.05 and [log-FC| > 1), the analysis iden-
tifies 3166 differentially expressed genes (DEG), including 2463 up-regulated and 703 down-
regulated transcripts. Up-regulated genes show larger effect sizes overall (log.FC range
+1.00 to +11.16, median +2.87; 1659 genes with log2FC > 2), whereas down-regulated genes
display smaller shifts on average (log.FC range —6.83 to —1.00, median —1.33; 112 genes
with logFC < —2). CXCRA4 is significantly upregulated in microglia after ischemia—reperfu-
sion relative to sham (log:FC = 2.88; padj = 5.58x107*). Meanwhile, the transcript for the
proinflammatory cytokine Il11b shows an even greater increase (log:FC = 3.57; padj =

6.96x107%?) (Figure 5B).
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Figure 5. PCA and volcano plot of RNA-seq in mouse microglia after ischemia-reperfusion.
A. Principal component analysis separates MCAO and sham along PC1 (38.4% variance), while PC2
(19.1%) reflects within-group dispersion. Each point represents one library; n = 3 per group, PCI
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and PC2 denote the first two principal components—orthogonal linear combinations of gene
expression that capture the largest and second-largest proportions of variance, respectively;
axis values represent sample scores; B. Volcano plot for MCAO vs. sham using adjusted P < 0.05
and |log2FC| > 1. Up-regulated genes, 2463; down-regulated genes, 703. CXCR4 and I11b are among
the significantly up-regulated transcripts.

Functional enrichment of DEGs induced in microglia after MCAO identifies significant
terms across Gene Ontology Biological Process (BP), Cellular Component (CC), Molecular
Function (MF), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Statis-
tical significance is defined as p < 0.05 with Benjamini—Hochberg—adjusted p (padj) < 0.10.
For each term, a directionality z score was computed from the gene-wise logz fold changes
of its members. Positive z scores indicate a predicted positive regulation (activation/up-shift
of the term), whereas negative z scores indicate negative regulation (suppression/down-shift).
Among significant terms that contain CXCR4 (n = 145; Biological Process 119, Molecular
Function 14, Cellular Component 6, KEGG 6), z-scores are uniformly positive from 0.71 to
8.77, indicating pathway activation three days after reperfusion (Figure 6). Enrichments con-
verge on a program centered on microglial motility and chemokine-driven signaling. Biolog-
ical Process terms emphasize migration and vascular remodeling, including ameboidal type
cell migration (GO:0001667), cell chemotaxis (GO:0060326), regulation of angiogenesis
(GO:0045765), regulation of vasculature development (GO:1901342), and gliogenesis
(GO:0042063). Cellular Component terms map to structures for movement and receptor traf-
ficking, including the cell leading edge (GO:0031252), growth cone (G0O:0030426), distal
axon (GO:0150034), site of polarized growth (GO:0030427), and early endosome
(GO:0005769), consistent with ligand-dependent CXCR4 internalization and recycling. Mo-
lecular Function terms highlight actin binding (GO:0003779), cytokine binding
(GO:0019955), chemokine binding (GO:0019956), cytokine receptor activity (GO:0004896),
and immune receptor activity (GO:0140375). KEGG pathways are led by cytokine and cyto-
kine receptor interaction (mmu04060) and chemokine signaling (mmu04062), capturing
shared signaling and guidance networks. Taken together, the enrichment landscape that con-
tains CXCR4 is uniformly positive and centers on microglial motility, cytoskeletal remodel-
ing, and chemokine-driven signaling three days after reperfusion. Biological processes asso-
ciated with migration and vascular remodeling suggest that microglia are poised to move

toward peri-infarct cues while engaging in glial reorganization. Cellular component terms at
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the leading edge, growth cone, and early endosome indicate coordinated actin dynamics and
receptor trafficking, compatible with ligand-dependent CXCR4 internalization and recycling
that can sustain CXCL12—-CXCR4 signaling and directional sensing. Molecular functions
enriched for actin binding and cytokine or chemokine receptor activity are consistent with
this adhesive and chemotactic phenotype. Together with the increased CXCR4 and I11b tran-
scripts, these results support a model in which microglia adopt a chemokine-responsive, mi-

gratory state after ischemia-reperfusion.
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Figure 6. Enrichment terms involving CXCR4 in microglia after ischemia-reperfusion.

Bars show the top significant terms (up to five) in each category: Biological Process (BP), Cellular
Component (CC), Molecular Function (MF), and Kyoto Encyclopedia of Genes and Genomes path-
ways (KEGG), for the comparison between MCAO and sham microglia (n = 3 per group). Signifi-
cance is defined as p < 0.05 and adjusted p (padj) < 0.10. The x axis displays -logl10 (padj). Bar
shading encodes the z score derived from member gene log: fold changes. Positive values indicate
predicted activation, and all terms shown have positive z scores.
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To map the functional neighborhood of CXCR4, genes that co-occur with CXCR4 within
significant enrichment terms were counted. The top ten co-occurring genes are shown in
Figure 7, with I11b ranking tenth (38 co-mentions). The top set also comprises the ligand
Cxcl12, vascular and endothelial regulators (Vegfa, Ednl, Ednra), morphogen pathways
(Bmp4, Wnt5a), growth factors (Igfl, Nrgl), and a kinase involved in cytoskeletal control
(Abl1). This constellation places CXCR4 within chemotactic, cytoskeletal, and vascular-cue

programs that are expected after MCAOQ.
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Figure 7. Top co-occurring DEGs with CXCR4 across enriched terms in MCAQO microglia.
Bars show the top ten genes that most frequently co-occur with CXCR4 among significant enrichment
terms from the MCAO versus sham comparison of microglia three days after reperfusion.

In the context of ischemia—reperfusion and pyroptosis, the frequent co-mention of I11b with
CXCR4 is compatible with a milieu in which CXCL12—-CXCR4 signaling intersects inflam-
matory cytokine production and receptor trafficking. Vascular and morphogen signals may
further shape microglial positioning and sensitivity to inflammatory activation. The 38 sig-
nificant enriched terms that include both I11b and CXCR4 are listed in Table 8. These terms
converge on a coherent program centered on microglial motility and chemokine driven sig-
naling. Specifically, migration and vascular guidance are represented by regulation of vascu-
lature development (GO:1901342), regulation of angiogenesis (GO:0045765), cell chemo-
taxis (GO:0060326), and gliogenesis (GO:0042063). Moreover, stimulus responsive signal-
ing is supported by cytokine mediated signaling pathway (G0O:0019221), positive regulation
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of response to external stimulus (GO:0032103), and the ERK1/ERK?2 cascade and its regu-
latory nodes (GO:0070371, GO:0070372, GO:0070374), together with the KEGG term Cy-

tokine and cytokine receptor interaction (mmu04060).

Table 8. CXCR4 and Il11b co-mentioned enriched terms after ischemia-reperfusion.

1)) Description p.-adjust | qvalue
GO0:1901342 | regulation of vasculature development 1.15E-27 | 5.74E-28
GO:0045765 | regulation of angiogenesis 6.33E-27 | 3.15E-27
G0:0060326 | cell chemotaxis 1.99E-22 | 9.87E-23
G0:0042063 | gliogenesis 2.75E-22 | 1.37E-22
GO0:0032103 | positive regulation of response to external stimulus | 6.58E-19 | 3.27E-19
G0:0050920 | regulation of chemotaxis 1.05E-17 | 5.2E-18
GO0:0001763 | morphogenesis of a branching structure 6.28E-17 | 3.12E-17
G0:0045766 | positive regulation of angiogenesis 6.28E-17 | 3.12E-17
GO0:1904018 | positive regulation of vasculature development 6.28E-17 | 3.12E-17
G0:0019221 | cytokine-mediated signaling pathway 1.8E-16 8.96E-17
G0:0070371 | ERK1 and ERK2 cascade 4.36E-16 | 2.17E-16
GO0:0070372 | regulation of ERK1 and ERK2 cascade 6.11E-15 | 3.04E-15
G0:0010720 | positive regulation of cell development 5.5E-14 2.73E-14
GO0:0050767 | regulation of neurogenesis 7.69E-14 | 3.82E-14
GO:0061351 | neural precursor cell proliferation 2.14E-13 | 1.06E-13
GO:0006874 | cellular calcium ion homeostasis 2.7E-13 1.34E-13
GO0:0050921 | positive regulation of chemotaxis 3.54E-13 | 1.76E-13
G0:0070374 | positive regulation of ERK1 and ERK2 cascade 5.26E-13 | 2.62E-13
G0:0003158 | endothelium development 8.47E-13 | 4.21E-13
GO:0070661 | leukocyte proliferation 4.08E-12 | 2.03E-12
GO0:0010001 | glial cell differentiation 5.76E-11 | 2.86E-11
(G0:0032943 | mononuclear cell proliferation 5.92E-11 | 2.94E-11
(G0:0045446 | endothelial cell differentiation 6.6E-11 3.28E-11
G0:0046651 | lymphocyte proliferation 8.88E-11 | 441E-11
GO0:0050769 | positive regulation of neurogenesis 3.78E-10 | 1.88E-10
GO0:0051480 | regulation of cytosolic calcium ion concentration 4.53E-10 | 2.25E-10
G0:0051962 | positive regulation of nervous system development | 8.2E-10 4.07E-10
G0O:0042098 | T cell proliferation 3.52E-09 | 1.75E-09
G0:0007204 | positive regulation of cytosolic calcium ion 1.41E-08 | 7.03E-09
GO0:0043270 | positive regulation of ion transport 5.13E-08 | 2.55E-08
G0:0002064 | epithelial cell development 9.2E-08 4.57E-08
G0:0001659 | temperature homeostasis 4.23E-06 | 2.1E-06
GO0:0014013 | regulation of gliogenesis 1.39E-05 | 6.92E-06
GO0:0014015 | positive regulation of gliogenesis 2.54E-05 | 1.26E-05
GO0:0045685 | regulation of glial cell differentiation 0.001492 ] 0.000742
G0:0045687 | positive regulation of glial cell differentiation 0.011034 | 0.005484
mmu04060 Cytokine-cytokine receptor interaction 7.22E-08 | 5.06E-08
mmu05163 Human cytomegalovirus infection 0.021746 | 0.015237
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To sum up, differential expression shows widespread changes dominated by up-regulated
transcripts, and CXCR4 and I11b are up-regulated in mouse microglia after ischemia-reper-
fusion. Functional enrichment indicates CXCR4 involves in activation of chemotaxis, vas-
cular remodeling, cytokine and chemokine signaling, cytoskeletal remodeling, and receptor
trafficking. Co-occurrence analysis of CXCR4-containing terms places CXCR4 with its lig-
and Cxcl12, vascular and morphogen cues, trophic factors, and a cytoskeletal kinase, with
I11b among the top partners. Collectively, these findings support a chemokine-responsive,

migratory microglial state after reperfusion, with CXCR4 contributing to this program.
3.2.3 Single-cell RNA sequencing analysis of CXCR4 in ischemia—reperfusion

Based on the bulk microglial RNA-seq findings after ischemia-reperfusion, a public single-
cell RNA sequencing (scRNA-seq) dataset (GSE174574) was analyzed to resolve cell-type
specificity and within-microglia heterogeneity at an earlier time point. In this dataset, mouse
brains were collected 24 hours after MCAO or sham surgery, were dissociated into single-
cell suspensions, and were profiled by scRNA-seq (Figure 8). This analysis separates micro-
glia from other brain cell types, resolves subcluster structure within microglia, and quantifies
chemokine-signaling and pyroptosis-related gene programs at single-cell resolution, thereby

linking bulk-level features to specific microglial subsets.
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Figure 8. Workflow for scRNA-seq in the mouse brain after ischemia-reperfusion.

Transient focal cerebral ischemia was induced by 60-min MCAOQO, followed by 24 h of reperfusion.
Brains were dissociated to single-cell suspensions and profiled by scRNA-seq. The dataset comprises
three MCAO and three sham samples. Raw cell-by-gene count matrices and the associated barcode
and feature index files for each sample were downloaded from GEO (GSE174574) and analyzed in
this study. The schematic was created with BioRender.
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After condition-aware integration to correct batch effects among replicates, the UMAP em-
bedding shows well-mixed cells within each condition and organizes primarily by cell type
rather than batch, while biological differences between MCAO and sham are retained (Figure
9A). Clusters are annotated as major brain cell types, including microglia, infiltrating mac-
rophages, endothelial cells, astrocytes, oligodendrocytes, oligodendrocyte precursor cells
(OPCs), ependymal cells, pericytes, smooth-muscle cells, B cells, and NK cells (Figure 9B).
Marker expression illustrates these identities (Figure 9C), including microglial markers
P2ry12, Tmem119, Cx3crl; infiltrating-macrophage markers Lyz2, Ms4a7, S100a8, S100a9;
endothelial markers Pecam1, Cldn5, Kdr; astrocyte markers Gfap, Aqp4; OPC markers Pdg-
fra, Cspg4; oligodendrocyte markers Mbp, Plp1; pericyte markers Pdgfrb, Rgs5; and smooth-

muscle markers Acta2, Tagln.
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Figure 9. Single-cell landscape of the mouse brain after ischemia-reperfusion.

A. UMAP after condition-aware integration. Batch effects among replicates were corrected while
ischemia—reperfusion biology was preserved. Cells from MCAO and sham are well mixed without
artifactual condition segregation; B. UMAP annotated to major brain cell types: microglia, infiltrating
macrophage, endothelial, astrocyte, oligodendrocyte, oligodendrocyte precursor cell (OPC), ependy-
mal, pericyte, smooth-muscle, B cell, and NK cell.; C. Dot plot of canonical markers supporting
annotations. Data comprise 3 MCAO and 3 sham samples collected 24 h after a 60-min MCAO or
sham procedure.

Cell-composition analysis of 26472 cells in MCAO group and 21806 cells in sham group
shows that endothelial cells remain the largest compartment in both conditions but decline
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after ischemia-reperfusion (44.5% vs 60.8%). Microglia also decrease (22.0% vs 26.9%),
whereas infiltrating macrophages expand (10.7% vs 4.0%). Astrocytes (7.0% vs 2.6%), ep-
endymal cells (3.9% vs 1.6%), pericytes (3.0% vs 1.0%), smooth-muscle cells (2.8% vs
0.9%), B cells (2.4% vs 1.2%), and oligodendrocytes (2.1% vs 0.2%) also increase.

Building on the brain-wide scRNA-seq composition analysis, microglia were subsetted and
replicates were integrated for state-level profiling. The resulting UMAP shows a condition-
associated shift (Figure 10A): microglia of sham group occupy a single basin, whereas mi-
croglia of MCAO group redistribute to distinct regions with limited overlap, consistent with

multiple post-ischemic states. Unsupervised clustering resolves eight transcriptional states
(0-7) (Figure 10B).
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UMAP 1 UMAP 1

Figure 10. Microglial state structure after ischemia-reperfusion.

A. UMAP of microglia after condition-aware integration; B. Unsupervised clustering partitions mi-
croglia into eight transcriptional states (0—7). Each dot represents one cell

Within the microglial subset, cluster marker genes were derived with FindAllMarkers (Wil-
coxon test with Benjamini—Hochberg adjustment), and top markers are selected by effect size

and within-cluster prevalence (Figure 11).
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Figure 11. Cluster-specific marker genes of microglia after ischemia-reperfusion.

Heat map of top marker genes for eight microglial clusters. Vertical separators delineate clusters 0—
7. Rows are the top markers per cluster identified with FindAllMarkers (Wilcoxon test with Benja-
mini—Hochberg adjustment). Left panel: log-normalized expression per cell. Right panel: per-cluster
average expression after row-wise z score scaling to show relative specificity.
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Cluster 0 represents homeostatic surveillant microglia marked by P2ry12 and Tmem119, to-
gether with phagosome and identity genes including P1d4 and Siglech, consistent with base-
line surveillance. Cluster 1 shows a chemokine-rich inflammatory program with Ccl2, Ccl4,
and Tnf, together with feedback modulators Socs3 and Gpr84, indicating cytokine and GPCR
signaling that can recruit leukocytes and tune microglial activation. Cluster 2 exhibits an
Spp1-positive phagocytic and lipid-handling state characterized by Sppl, Lgals3, Lpl, Cd14,
and Plin2, which together point to enhanced debris recognition, lysosomal activity, and lipid
clearance reminiscent of disease-associated microglia. Cluster 3 reflects a stress-responsive
migratory phenotype with Lgals]l and Capg linked to actin remodeling, alongside chemo-
kines Ccl5 and Ccl9, consistent with increased motility and guidance cue responsiveness.
Cluster 4 indicates modulation of interleukin-1 signaling and stress adaptation, with 11112
acting as a decoy receptor for IL-1, Ms4a6 family members associated with microglial acti-
vation states, and immediate-early and cell-cycle checkpoint genes such as Ier3 and Cdknla,
suggesting controlled responsiveness under stress. Cluster 5 captures a proliferative state
dominated by cell-cycle and replication genes including Stmnl and McmS5, consistent with
microglial expansion after injury. Cluster 6 shows a vascular-associated signature with Cldn5,
Flt1, Slc2al, and Ly6a, compatible with perivascular interaction or rare endothelial admix-
ture and therefore interpreted cautiously. Cluster 7 displays a type I interferon—responsive
program with Cxcl10, Ifit1/Ifit2, Rsad2, and Isgl5, indicating antiviral and interferon-stim-
ulated gene activity. Together, these states map a shift from homeostatic surveillance toward
inflammatory, phagocytic, proliferative, interferon-responsive, and vascular-associated phe-
notypes in microglia after ischemia-reperfusion.

To define the ordering by which microglia differentiated into subtypes after ischemia—reper-
fusion, pseudotime analysis was performed on all microglial clusters in the MCAO group.
Cluster 0 was fixed as the root since microglia of sham group predominantly localized in this
cluster. Pseudotime analysis resolved a monotonic progression across MCAO microglia in
the order 0 - 4 — 6~1 — 5 — 3 — 2 — 7 (Figure 12A). Early cells in cluster 0 retained
homeostatic surveillance features. Cells then moved to cluster 4, which showed regulation of
interleukin-1 signaling and stress adaptation, indicating an initial controlled response to in-
jury. Mid-trajectory comprised two components: cluster 1 displayed chemokine-rich inflam-

matory signaling with modulators of cytokine and GPCR pathways consistent with leukocyte
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recruitment and tuning of activation, while cluster 6 exhibited a vascular-associated signature
compatible with perivascular interaction or rare endothelial admixture and was interpreted
cautiously. Proliferative programs dominated cluster 5, indicating microglial expansion, fol-
lowed by a stress-responsive migratory phenotype in cluster 3 with cytoskeletal remodeling
and chemokine cues consistent with directed movement toward injured regions. Late stages
were represented by clusters 2 and 7: cluster 2 showed an Spp1-positive phagocytic and lipid-
handling state with enhanced debris recognition, lysosomal activity, and lipid clearance, and
cluster 7 showed a type I interferon—responsive program with interferon-stimulated genes.
Notably, cluster 0 contained cells at both the earliest and the latest pseudotime, suggesting
that a subset of microglia may have returned to a homeostatic-like transcriptional state after
interim inflammatory, proliferative, migratory, and phagocytic—interferon programs (Figure
12B). Overall, the trajectory depicted a shift from baseline surveillance toward inflammatory,
proliferative, migratory, phagocytic lipid-handling, and interferon-responsive states after is-

chemia—reperfusion, with a small vascular-associated branch in the mid-course.
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Pseudotime 100%

Median pseudotime

0o 4 6 1 5 3 2 7 -10 -5 0 5
Cluster (MCAOQO) UMAP_1

Figure 12. Pseudotime ordering of microglia after ischemia-reperfusion.

A. Median pseudotime by cluster for MCAO microglia. Median pseudotime denoted the fiftieth per-
centile of cell-level pseudotime within each cluster and summarized the typical stage of that cluster
with robustness to outliers. The black line connected cluster medians and the grey ribbon showed
within-cluster dispersion. Larger values indicated later positions along the inferred trajectory; B.
UMAP of MCAO microglia colored by scaled pseudotime from 0 to 100. Numeric labels marked
Seurat clusters and arrows marked their centroids. Cluster 0 served as the starting point because Sham
cells predominated in this cluster. Only microglia from MCAOQO group were plotted. Pseudotime was
inferred with Slingshot using UMAP coordinates and Seurat cluster labels, with cluster O set as the
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root and values scaled by min—max scaling to a common range. Pseudotime reflected relative ordering
rather than real time.

To quantify pyroptosis-related transcriptional programs in microglia, three pyroptosis gene
sets were defined from the literature: an execution module (Caspl, Caspl1, Gsdmd, Gsdme,
Ninjl, Panx1), an activation module (Nlrp3, Nlrpla, Nlrplb, Nlrc4, Aim2, Pycard, Nek7,
Txnip, Irfl, Statl, Gbp2, GbpS, Gbp7), and an overall module combining activation, execu-
tion, I11b and I118. Gene symbols were matched to the RNA assay, and per-cell module
scores were then calculated with Seurat’s AddModuleScore function, yielding “overall”, “ac-
tivation” and “execution” pyroptosis scores for each microglial cell. Using sham cluster 0 as
the reference, each MCAO cluster (0-7) was contrasted at the cell level and sample level.
At the cell level, using sham microglia in cluster 0 as the reference, pyroptosis module scores
show a non-uniform reorganization across MCAO clusters (Figure 13, A-C). The activation
module is significantly reduced in MCAO clusters 0—6, with the largest decreases in the
chemokine-rich inflammatory cluster (cluster 1), the Spp1* phagocytic/lipid-handling cluster
(cluster 2), the stress-migratory cluster (cluster 3), the proliferative cluster (cluster 5), and
the vascular-associated cluster (cluster 6). In contrast, the interferon-responsive cluster (clus-
ter 7) displays higher activation and higher overall pyroptosis scores than sham cluster 0,
whereas execution scores in this cluster are not significantly changed. For the execution mod-
ule, the most pronounced reductions occur in the inflammatory (cluster 1) and proliferative
(cluster 5) states, with other clusters showing only small or nonsignificant shifts relative to
sham. Consequently, the overall pyroptosis score is significantly lower in MCAO clusters 1—
6 and higher in cluster 7, while MCAO cluster 0 is only mildly reduced relative to the sham
baseline.

When scores are aggregated to the sample level (three MCAO and three sham samples), the
same pattern is recapitulated in the mean values for each cluster: MCAO groups correspond-
ing to clusters 1-6 have lower activation and overall pyroptosis scores than sham cluster 0,
whereas the MCAO group corresponding to the interferon-responsive cluster 7 shows higher
activation and overall scores (Figure 14, A-C). Although formal significance is attenuated at
the sample level because of the small number of samples, the direction and relative magni-

tude of the changes reinforce the cell-level finding that pyroptosis-related programs are
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broadly dampened in most MCAO microglial states, with a selective enhancement in the

interferon-driven cluster (cluster 7).

A £33 3 *kk *kk *kk * k% %k k% KKk KKk
0.50
=
S
= 0.25
2
30.00
-0.25
B
1.0
=
S
; 0.5
3
& 0.0
-0.5
C . * %k * Kk * Kk *kk *kk %Kk %k %k k *okk
0.4
% 0.2
ot
g 0.0
g o
-0.2
S & & & & & & & o
& o O o 0 o o o o
F ¢ ¢ ¢ ¢ ¢ ¢ & &
AR R R N

Figure 13. Cell-level pyroptosis scores of microglial clusters after ischemia-reperfusion.
Per-cell scores for the activation, execution, and overall pyroptosis modules (A—C) are shown for
sham microglia in cluster 0 and MCAO microglia in clusters 0—7. Scores were computed by module
scoring of predefined gene sets as described in Methods. Boxes show the interquartile range with
median; points are individual cells. Colors indicate condition (sham, blue; MCAO, red). Group con-
trasts use the Wilcoxon rank-sum test with Benjamini—Hochberg adjustment relative to sham cluster
0. Significance is denoted as *** p <0.001, ** p <0.01, * p <0.05.
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Figure 14. Sample-level pyroptosis scores of microglial clusters after ischemia-reperfusion.
Per-sample means of the activation, execution, and overall pyroptosis modules (A—C) are shown for
sham cluster 0 and MCAO clusters 0—7. Each dot represents one sample mean; boxes summarize
between-sample variability. Only groups with sufficient cells per sample were included. The pattern
observed at the cell level is recapitulated at the sample level, with higher values in cluster 7.

Axis score for the CXCL12—-CXCR4 axis and three pyroptosis scores including the pyropto-
sis composite score, the pyroptosis activation score, and the pyroptosis execution score were
computed with AddModuleScore on the batch-corrected microglial object, and Spearman
correlations between CXCL12-CXCR4 axis score and each pyroptosis score were tested
within all cells, the MCAO group, and the sham group with Benjamini-Hochberg correction
(Figure 15). Across all microglia, CXCL12-CXCR4 axis shows a weak positive association

with the pyroptosis composite score (r =0.074, FDR =9.05x107'%) and smaller but significant
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correlations with the pyroptosis activation score (r = 0.059, FDR = 3.54x107°) and the py-
roptosis execution score (r = 0.036, FDR = 2.04x107*). Within the MCAO group, CXCL12—-
CXCR4 axis remains positively correlated with the pyroptosis composite score (r = 0.055,
FDR = 7.69x107°) and the pyroptosis execution score (r = 0.039, FDR = 5.08x107%), whereas
its association with the pyroptosis activation score is not significant (r = 0.028, FDR = 0.106).
In the sham group, no correlation reaches significance. These results indicate that coupling
between the CXCL12—CXCR4 axis and pyroptosis emerges after ischemia—reperfusion and

aligns more closely with the composite and execution modules than with the activation mod-

ule.
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Figure 15. Correlations between the CXCL12-CXCR4 axis and pyroptosis in microglia.

Bars show the Spearman correlation coefficient (p) between the CXCL12—-CXCR4 AxisScore and
three pyroptosis readouts including the activation score, the execution score, and the composite score
computed on batch-corrected microglia. Results are displayed separately for sham, MCAO, and all
cells combined. Significance was assessed by two-sided Spearman tests with Benjamini—Hochberg
correction; *** p < 0.001, ** p < 0.01, * p < 0.05. Correlations are negligible in sham, positive in
MCAO for the composite and execution scores, and positive across all cells, with the largest coeffi-
cient for the composite score.

A network-based virtual knockout was applied with scTenifoldNet by constructing wild-type
and CXCR4-silenced regulatory networks for each microglial cluster from the MCAO group
and comparing them by manifold alignment and differential regulation; Stouffer Z scores
were oriented by the CXCR4 effect so that negative values indicate attenuation under CXCR4
silence (Figure 16, A-C). At the overall pyroptosis level, cluster 7 shows the largest negative

shift and approaches nominal significance, with additional negative trends in clusters 0 and
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5, while clusters 1, 2, and 6 exhibit small positive counter-shifts (Figure 16C). In the execu-
tion component (Casp1, Caspl1, Gsdmd, Gsdme, Ninj1, Panx1), negative shifts predominate
in clusters 2, 3, 4, 5, and 7, whereas clusters 0, 1, and 6 show weak positive changes (Figure
16B). The activation component (including Nlrp3, Pycard, Irfl, Statl, and Gbp family mem-
bers) presents a mixed pattern with positive trends in clusters 1, 2, 3, 4, and 6 and negative
trends in clusters 0, 5, and 7(Figure 16A). Effects remain modest overall and are generally
not significant at the 0.05 level. Collectively, the most coherent attenuation concentrates in
cluster 7, consistent with CXCL12—-CXCR4 signaling sustaining pyroptosis tone in a specific
microglial subpopulation, while other clusters display heterogeneous or compensatory re-

Sponses.
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Figure 16. Effect of virtual CXCR4 knockout on pyroptosis in microglia.

Bars show oriented Stouffer Z scores per microglial cluster (0—7) derived from scTenifoldNet by
comparing wild-type and CXCR4-silenced regulatory networks within the MCAO group. Panel A
displays the activation module, including Nlrp3, Nlrpla, Nlrc4, Aim2, Pycard, Nek7, Txnip, Irfl,
Statl, Gbp2, GbpS5, and Gbp7. Panel B displays the execution module, including Caspl, Caspll,
Gsdmd, Gsdme, Ninjl, and Panx1. Panel C displays the overall module, the union of activation and
execution with [11b and I118. Scores were oriented by the CXCR4 effect so that negative values indi-
cate attenuation of the module under CXCR4 loss and positive values indicate enhancement. Bar
color encodes Z and is clipped to the range —2 to 2. The strongest attenuation appears in cluster 7 for
the overall module.
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3.3 Invitro validation of CXCR4 in microglial pyroptosis after OGD/RO
3.3.1 Isolation, purification, and characterization of primary microglia

Primary microglial cultures were established from cerebral cortices of newborn wild type
C57BL/6] mice at postnatal day 0 to day 4. Cortical tissue was dissected in ice cold buffer,
carefully cleared of meninges, mechanically dissociated and seeded as mixed glial cultures
in T-75 flasks. After astrocytes formed a confluent monolayer and loosely attached microglia
progressively proliferated, microglia were harvested by gentle shaking, collected by centrif-
ugation and resuspended in culture medium. The cells were then seeded at defined densities
into 6 well or 24 well plates for subsequent experiments, resulting in a robust in vitro primary

microglial culture model. The workflow was summarized in Figure 17.

Cell
suspension

al- < =N
e — SR
Microglia Microglia
purification Cell culture

Figure 17. Establishment of the in vitro primary microglial culture model.

Brains were collected from PO to P4 C57BL/6J pups obtained from pregnant mice, and cerebral cor-
tices were dissected and transferred into ice cold buffer to generate a cell suspension. The resulting
mixed glial cells were seeded into culture flasks and maintained in an incubator until astrocytes
reached confluency. Loosely attached microglia were then purified by gentle shaking and reseeded
to obtain primary microglial cultures for subsequent experiments. The schematic was created with
BioRender.
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Bright-field microscopy showed typical microglial morphology. Cells exhibited small oval
or spindle-shaped somata with elongated bipolar or multipolar processes. Many cells ap-
peared fusiform or rod-like with thin projections extending from both poles, whereas a mi-
nority were round with few or no processes. Immunofluorescence staining for the pan-mi-
croglial marker Iba-1 demonstrated robust cytoplasmic signal. Nuclear staining with DAPI
indicated that nearly all nuclei corresponded to Iba-1 positive cells. The merged images con-
firmed that the culture was composed predominantly of microglia with consistent marker

expression (Figure 18).

50 pm

Figure 18. Morphology and identification of primary microglia.
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Primary microglia were isolated from the cerebral cortices of neonatal wild-type C57BL/6J mice.
Representative bright-field (BF) image shows characteristic somata and processes. Immunofluores-
cence images display Iba-1 immunoreactivity in the cytoplasm (red) and nuclei stained with DAPI
(blue); the merged panel overlays both channels. Scale bar: 50 um.

3.3.2 Impact of OGD/RO on primary microglial viability

Cell viability of primary microglia exposed to 2 h, 4 h, 6 h, or 8 h of oxygen-glucose depri-
vation (OGD) followed by 12 h of reoxygenation (RO) was assessed using the MTT assay.
A normoxia group maintained under standard culture conditions without OGD served as the
control. In total, five groups were analyzed. As shown in Figure 19, viability was signifi-
cantly reduced in all OGD groups compared with normoxia (p < 0.0001). Exposure to 6 h of
OGD followed by 12 h of reoxygenation resulted in approximately 50% viability, providing
a moderate yet experimentally tractable level of injury. This condition was therefore selected

for subsequent molecular analyses.
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Figure 19. Primary microglial viability after OGD/RO.
Primary microglia underwent OGD for 0, 2, 4, 6, or 8 h, followed by 12 h reoxygenation (n =8). Mean
+ SEM; *#** p <(0.0001 vs normoxia; one-way ANOVA with multiple comparisons.
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3.3.3 CXCR4 expression dynamics in primary microglia following OGD/RO

Western blot analysis revealed a transient, time-dependent increase in CXCR4 protein in
primary microglia subjected to OGD followed by 12 h of reoxygenation (Figure 20, A-B).
CXCR4 levels increased with OGD duration, peaked at 6 h OGD/12 h RO (p < 0.05), and
declined at 8 h OGD/12 h RO. This pattern indicated a non-linear response to ischemic-like
stress with maximal induction at an intermediate duration.

Immunofluorescence staining was performed to assess CXCR4 expression following
OGD/RO (Figure 20, C-D). CXCR4 signals (green) were primarily cytoplasmic and were
evaluated together with DAPI (blue) to identify nuclei. Quantification of mean CXCR4 flu-
orescence within DAPI-positive regions using ImageJ showed weak, diffuse cytoplasmic sig-
nal under normoxia, whereas the 6 h OGD/12 h RO group exhibited a marked increase (p <
0.05), consistent with the Western blot results. Considering both expression and the moderate
level of cell viability at this time point, 6 h OGD followed by 12 h reoxygenation was selected

as the representative exposure for subsequent experiments.
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Figure 20. CXCR4 expression in primary microglia after OGD/RO.
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A. Western blot of CXCR4 (~70 kDa) in primary microglia after OGD for 0, 2, 4, 6, or 8 h with 12
h reoxygenation; B-actin (42 kDa) as loading control. Densitometry was normalized to B-actin and
expressed relative to normoxia; B. Relative CXCR4 expression in primary microglia subjected to
oxygen glucose deprivation for 0, 2, 4, 6, or 8 h followed by 12 h reoxygenation. Data are presented
as mean + SEM, n = 3 independent experiments. *p < 0.05 versus normoxic control, one way analysis
of variance with post hoc multiple comparison test; C. Quantification of CXCR4 immunofluores-
cence intensity in primary microglia under normoxia and after 6 h OGD followed by 12 h reoxygen-
ation. Mean cellular CXCR4 intensity was measured within DAPI positive nuclear masks and nor-
malized to normoxia. Data are presented as mean = SEM; n = 3 independent experiments. *p < 0.05
vs normoxia; unpaired two tailed t test; D. Representative immunofluorescence images of primary
microglia under normoxia and after 6 h OGD/12 h reoxygenation, showing CXCR4 (green) and nuclei
stained with DAPI (blue). Scale bar: 50 um.

3.3.4 Effect of CXCR4 antagonist on microglial viability after OGD/RO

AMD3100, also called plerixafor, is a selective small-molecule antagonist of CXCR4 that
prevents CXCL12 binding and downstream G-protein signaling. Given the observed induc-
tion of CXCR4 and the enrichment of chemokine-guided motility, receptor trafficking, and
inflammatory programs in microglia after MCAO, AMD3100 was used as a pharmacologic
probe to test whether interrupting the CXCL12—-CXCR4 axis modulates pyroptotic execution.
Cell viability of primary microglia after OGD followed by 12 hours of reoxygenation was
measured by the MTT assay across AMD3100 doses of 0, 1, 5, 10, and 20 Mm (Figure 21).
AMD3100 was added immediately after OGD, before reoxygenation, and remained in the
medium throughout the twelve-hour period. A normoxia group without OGD or AMD3100
served as the reference and was normalized to 100 percent; this group was not included in
statistical testing. Viability in the 10 and 20 pM groups was significantly lower than in the
OGD/RO control without AMD3100, p < 0.05. Balancing biological effect and practicality,
5 uM maintained an intermediate level of viability under hypoxic stress and was selected for
subsequent cellular analyses; this dose is easier to handle and reduces pipetting error com-

pared with 1 uM.
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Figure 21. Primary microglial viability after OGD/RO+AMD3100.

Primary microglia underwent OGD/RO and were treated with AMD3100 at 0, 1, 5, 10, or 20 pM.
Normoxia was displayed as a reference only. Mean + SEM; n = 6. *p < 0.05 vs control (OGD/RO
without AMD3100); **** p <(0.0001 vs control; one-way ANOVA with multiple comparisons.

3.3.5 AMD3100 attenuates GSDMD cleavage after OGD/RO in microglia

Based on the viability analysis, which showed approximately 50 percent survival at 6 h OGD
followed by 12 h reoxygenation, and by the CXCR4 time course in Section 3.3.3, which
showed maximal induction at the same time point, subsequent assays were performed under
6 h OGD and 12 h reoxygenation. The AMD3100 dose was set to 5 uM to balance CXCR4
blockade with acceptable survival and to ensure practical handling by reducing pipetting er-
ror relative to lower micromolar concentrations. AMD3100 was added immediately after
OGD, before reoxygenation, and was maintained throughout the twelve-hour reoxygenation.
Three groups were analyzed: normoxia, OGD/RO, and OGD/RO plus AMD3100. Western
blotting detected full-length GSDMD at approximately 55 kDa and the cleaved N-terminal

fragment at approximately 35 kDa in primary microglia, as shown in Figure 22, panels A to
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C. Full-length GSDMD did not differ among the three groups. In contrast, the N-terminal
fragment increased in the OGD followed by reoxygenation group relative to normoxia and
decreased with AMD3100 compared with OGD followed by reoxygenation; both effects

were significant at p < 0.05.
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Figure 22. GSDMD expression and cleavage in microglia after OGD/RO+AMD3100.

A. Representative Western blot of full-length GSDMD and the cleaved N-terminal fragment in mi-
croglia under normoxia, OGD/RO, and OGD/RO + AMD3100. B-actin serves as the loading control;
B. Densitometric quantification of GSDMD-FL normalized to B-actin and expressed relative to
normoxia. Bars show mean + SD; n = 3 independent experiments; C. Densitometric quantification of
GSDMD-N normalized to B-actin and expressed relative to normoxia. Bars show mean + SD; n =3
independent experiments. ** p <0.01 vs normoxia; ## p < 0.01 vs OGD/RO; one way ANOVA with
multiple comparisons; D. GSDMD immunofluorescence intensity in primary microglia under three
conditions. Bars show mean + SEM; n = 3 independent experiments. One-way ANOV A with multiple
comparisons was used for statistics; * p < 0.05 vs normoxia.

Immunofluorescence staining was performed to compare microglial morphology and the ex-
pression and subcellular localization of GSDMD across the three conditions (Figure 22D,
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Figure 23). Under normoxia, cells displayed a ramified morphology with small somata and
thin branching processes, and GSDMD signal was low and confined to perinuclear puncta
without enrichment at the plasma membrane. After OGD followed by reoxygenation, micro-
glia adopted a hypertrophic amoeboid appearance with retracted processes and condensed
nuclei, while GSDMD redistributed from perinuclear puncta to a diffuse cytosolic pattern
with clear enhancement along the nuclear envelope and cell perimeter, consistent with cleav-
age-driven translocation of the N-terminal fragment to membranes and early pore assembly
during pyroptotic execution. Quantification of GSDMD immunofluorescence intensity
showed a marked increase relative to normoxia, approximately 4.4-fold, and a reduction with
AMD3100 to approximately 3.1-fold, although this decrease did not reach statistical signifi-
cance, as shown in Figure 22D. With AMD3100 treatment, morphology partially normalized
as soma size decreased and elongated processes reappeared, and GSDMD distribution shifted
toward perinuclear puncta with minimal membrane-associated accumulation; a mixture of
intermediate states indicated heterogeneous rescue (Figure 23). Together with immunoblot
evidence for increased GSDMD-N after OGD followed by reoxygenation and its reduction
by AMD3100, these imaging data support that CXCR4 blockade attenuated pyroptotic exe-
cution with slightly decreasing total GSDMD abundance.

Taken together, AMD3100 attenuated GSDMD cleavage without altering total GSDMD after
OGD/RO, indicating an effect on the activation—execution axis of pyroptosis rather than on
protein abundance. These data are consistent with a scenario in which CXCL12-CXCR4
signaling potentiates inflammasome—caspase-1 processing of GSDMD during is-chemia—re-
oxygenation stress, while pharmacological blockade tempers this processing and may limit

pore formation and lytic cell death.
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DAPI GSDMD Merge

OGD /RO Normoxia

OGD /RO + AMD3100

50 pm

Figure 23. Immunofluorescence staining of microglia after OGD/RO+AMD3100.

Nuclei stained with DAPI, blue; total GSDMD, red. Normoxia shows ramified cells with small so-
mata and perinuclear puncta of GSDMD. OGD/RO produces hypertrophic amoeboid cells with re-
tracted processes and diffuse cytosolic GSDMD with membrane enrichment. AMD3100 reduces
membrane-associated GSDMD and partially restores a ramified morphology with perinuclear puncta.
Scale bar: 50 um.
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4 DISCUSSION

4.1 Microglial reactions in ischemia—reperfusion

Microglia are tissue-resident macrophages of the central nervous system and display high
plasticity. After acute brain injury, including traumatic brain injury, ischemic stroke, and
intracerebral hemorrhage, microglia are among the earliest non-neuronal cells to become ac-
tivated, rapidly migrating toward the lesion and undergoing marked morphological and func-
tional changes. In ischemia reperfusion injury, microglia play a dual and central role (Zhao
et al., 2024). They can drive neuroinflammation and aggravate damage, but they can also
support debris clearance and tissue repair (Song et al., 2019). These effects depend on acti-
vation states and downstream signaling pathways. For a long time, studies consistently ob-
served rapid microglial activation after ischemia reperfusion and microglia were broadly de-
scribed as proinflammatory and anti-inflammatory phenotypes by analogy to macrophage
polarization (Song et al., 2019). The proinflammatory M1 phenotype released mediators in-
cluding TNF-a, IL-1pB, IL-6, and reactive oxygen species, which amplified neuronal injury
(Song et al., 2019; Tian et al., 2024). The anti-inflammatory M2 phenotype secreted factors
including IL-10 and TGF-B, thereby promoting repair and neuroprotection (Song et al., 2019;
Tian et al., 2024). The dynamic balance between these phenotypes was considered crucial
for determining injury severity and recovery. Although this binary model had clear limita-
tions, it provided a useful conceptual framework for morphological and functional interpre-
tation of microglia after ischemia-reperfusion injury. More recently, single-cell RNA se-
quencing and spatial transcriptomics have revealed that microglia adopt multiple transcrip-
tionally and functionally distinct subpopulations across time and brain regions (H. Li et al.,
2023). After ischemia-reperfusion, microglial states extend far beyond the simple M1/M2

framework and exhibit pronounced clustering and functional heterogeneity.
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4.1.1 Functional diversification of microglia after ischemia—reperfusion

In the present study, single-cell analysis of ipsilateral brain tissue from mice subjected to 1 h
MCAO followed by 24 h reperfusion was used to classify microglia by unsupervised clus-
tering based on top marker genes, and the functional characteristics of the resulting clusters
were annotated after clustering without imposing predefined categories, thereby minimizing
bias from prior assumptions regarding microglial polarization. After integration and subset-
ting, sham microglia largely occupied a compact basin in UMAP space, consistent with a
relatively uniform homeostatic phenotype in the uninjured brain, in agreement with previous
reports from other groups using a similar model (H. Li et al., 2023). In contrast, MCAO
microglia redistributed into several discrete territories with limited overlap with sham cells,
and unsupervised clustering resolved eight transcriptional states. This diversification is in
line with accumulating single-cell evidence that microglia after ischemic stroke occupy mul-
tiple activation and repair states rather than a simple binary M1/M2 continuum (H. Li et al.,
2023). The P2ry12- and Tmem119-enriched cluster 0 represented homeostatic surveillant
microglia and anchored the trajectory. In contrast, cluster 1 expressed chemokines and in-
flammatory mediators including Ccl2, Ccl4, and Tnf together with negative feedback regu-
lators such as Socs3 and Gpr84, consistent with a chemokine-rich inflammatory state that
can attract leukocytes and adjust microglial sensitivity to danger signals. Cluster 2 expressed
Sppl, Lgals3, Lpl, Cd14, and Plin2, indicating a phagocytic lipid-handling phenotype with
enhanced debris recognition, lysosomal activity, and lipid clearance reminiscent of disease-
associated microglia described in other CNS pathologies. Cluster 3 combined genes linked
to cytoskeletal remodeling and chemotaxis, including Lgals1, Capg, Ccl5, and Ccl9, suggest-
ing a stress-responsive migratory phenotype that may support directed movement toward in-
jured or necrotic regions. Other clusters pointed to additional functional axes. Cluster 4 ex-
pressed I11r2, Ms4a family members, and immediate-early and cell-cycle checkpoint genes
including ler3 and Cdknla, suggesting a state that modulates interleukin-1 signaling and
adapts to stress while maintaining controlled responsiveness. This configuration is compati-
ble with an early regulatory node that limits excessive IL-1 signaling and may transiently
restrain the transition to a fully pro-inflammatory phenotype. Cluster 5 was dominated by

cell-cycle and replication genes such as Stmnl and McmS5, reflecting microglial proliferation,
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which has been recognized as a key component of microglial repopulation and lesion con-
tainment after ischemic injury. Cluster 6 expressed CldnS5, Flt1, Slc2al, and Ly6a, a vascular-
associated signature that is compatible with perivascular microglia closely interacting with
endothelial cells, although a contribution of rare endothelial doublets cannot be fully ex-
cluded. Finally, cluster 7 expressed a type I interferon—responsive program, including Cxcl10,
Ifitl, Ifit2, Rsad2, and Isgl5, representing an interferon-stimulated state that may mediate
antiviral defense, debris sensing, and crosstalk with infiltrating lymphocytes. Together, these
states mapped a spectrum from homeostatic surveillance toward inflammatory, chemotactic,
proliferative, phagocytic lipid-handling, interferon-responsive, and vascular-associated phe-
notypes after ischemia—reperfusion, consistent with the view that microglial activation en-

compasses multiple partially overlapping programs rather than a strict M1/M2 dichotomy.
4.1.2 Microglial state transitions after ischemia—reperfusion

Pseudotime analysis organized the clustered states into a plausible progression after ische-
mia—-reperfusion. With the homeostatic cluster 0 fixed as the root, microglia in the MCAO
group followed a monotonic ordering from cluster 0 through cluster 4, then through an inter-
mediate segment involving clusters 6 and 1, followed by cluster 5, then cluster 3, and finally
clusters 2 and 7. Early in the inferred trajectory, cells in cluster O retained homeostatic sur-
veillance features, and the transition to cluster 4 suggested that microglia first engaged stress-
adaptation and interleukin-1 modulatory programs. This stepwise transition fits with the con-
cept that microglial activation initially involves controlled sensing and gating of inflamma-
tory signals before full effector deployment. The mid-trajectory segment had two compo-
nents. The chemokine-rich cluster 1 indicated a state in which microglia became competent
to orchestrate leukocyte recruitment and paracrine signaling, while cluster 6 suggested that a
subset of cells engaged in perivascular or blood—brain barrier—related interactions. The emer-
gence of a proliferative cluster 5 later along the trajectory is consistent with clonal expansion
of reactive microglia, a process that has been observed in vivo and may serve to amplify
specific effector states within the lesion. In the late pseudotime stages, cluster 3 represented
a stress-responsive migratory phenotype, and clusters 2 and 7 represented Sppl-positive
phagocytic lipid-handling and type I interferon (type I IFN)-responsive states respectively.

The positioning of these clusters at the distal end of the trajectory suggests that after initial
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sensing, signaling, and expansion, microglia progressed toward effector functions centered
on migration into damaged tissue, phagocytic clearance of myelin and cellular debris, and
interferon signaling. This framework is compatible with previous reports that post-ischemic
microglia sequentially transition from early surveillance and anti-inflammatory states to pro-
liferative, inflammatory, and then debris-clearing phenotypes over days after reperfusion. At
the same time, the presence of both phagocytic and interferon-responsive states at late
pseudotime indicates that microglia do not converge on a single terminal phenotype but in-
stead branch into parallel effector arms that may differentially influence neuronal survival,
synaptic remodeling, and long-term outcomes. An important observation was that cluster 0
contained cells at both the earliest and the latest pseudotime positions, even though its overall
abundance decreased after MCAO. This pattern suggests that a subset of microglia may have
reverted toward a homeostatic-like transcriptional profile after traversing inflammatory, pro-
liferative, migratory, and phagocytic—interferon states. Such apparent “re-homeostatic” mi-
croglia have been reported in other injury models and may reflect successful resolution of
inflammation in parts of the tissue. However, the transcriptional resemblance to baseline sur-
veillance does not guarantee full functional normalization, and subtle epigenetic or metabolic
imprints may persist. In the context of ischemia—reperfusion, this potential return toward ho-
meostasis supports the concept that microglial activation is dynamically reversible and that
timely resolution of inflammatory and phagocytic programs may be critical for limiting
chronic neuroinflammation and secondary neurodegeneration. Taken together, these data
support a model in which ischemia—reperfusion first induces broad remodeling of vascular
and glial compartments, then drives microglia from a relatively uniform homeostatic popu-
lation into multiple activated states that are ordered along a trajectory from stress adaptation
and cytokine modulation toward chemokine production, perivascular interaction, prolifera-
tion, migration, phagocytic lipid handling, and interferon responsiveness, with partial re-en-

try into a homeostatic-like state.
4.1.3 Type I IFN-responsive microglia as the main pyroptotic state

Pyroptosis module scoring indicated that microglial pyroptosis programs after ischemia—
reperfusion were not uniformly upregulated across all states but instead concentrated in an

interferon-responsive microglial subset (cluster 7), whose top marker genes were dominated
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by canonical interferon-stimulated genes such as Cxcl10, Ifitl, Ifit2, Rsad2, and Isgl5, con-
sistent with a type I interferon—driven transcriptional program. Although eight transcriptional
states emerged after MCAO, most MCAO clusters (1-6) showed reduced activation and
overall pyroptosis scores compared with sham cluster 0 at both the single-cell and sample
levels, with the largest decreases in chemokine-rich inflammatory, Spp1* phagocytic, prolif-
erative, and vascular-associated states. In contrast, the type I IFN-responsive cluster 7 con-
sistently displayed higher activation and higher overall pyroptosis scores than the sham ref-
erence, whereas execution scores did not change significantly. This pattern suggests that
cluster 7 represents the principal post-ischemic pyroptotic microglial population in which
inflammasome-related transcriptional programs are selectively enhanced rather than globally
suppressed. Integration of pseudotime and state identity further supported this interpretation,
as cluster 7 occupied a distal position along the inferred trajectory, downstream of stress-
adaptation, inflammatory, proliferative, migratory, and Sppl* phagocytic states, indicating
that amplification of pyroptosis-related modules occurred during late stages rather than dur-
ing early sensing or expansion phases. These observations are consistent with accumulating
evidence that type I interferons are not only central mediators of antiviral and antibacterial
immunity but also direct regulators of pyroptosis and other forms of programmed cell death.
IFN-I can induce a TRIF-dependent transcriptional program that upregulates Zbp1, MIkl,
caspase-11, and Gsdmd, thereby facilitating NLRP3 inflammasome activation and GSDMD-
dependent pore formation (Y. Li et al., 2018). During infections including influenza, IFN-I
signaling through the JAK—STAT pathway shifts the mode of cell death from apoptosis to-
ward pyroptosis and augments inflammatory output (Lee et al., 2018). IFN- has been re-
ported to increase the susceptibility of mesenchymal stem cells to pyroptosis, which further
supports a pro-pyroptotic role of IFN-I in selected cellular contexts (Zhang et al., 2020). At
the same time, IFN-I and pyroptosis participate in feedback circuits that restrain excessive
inflammation. GSDMD-dependent pore formation and the associated ion fluxes can attenuate
cGAS-driven IFN-I production, providing a negative feedback loop that limits sustained in-
terferon signaling and tissue damage (Banerjee et al., 2018). IFN-I-induced guanylate-bind-
ing proteins such as GBP1 promote pyroptosis in macrophages to improve control of intra-

cellular pathogens (L. Li et al., 2023). Together, these data indicate that IFN-I does not

66



DISCUSSION

simply act upstream of inflammasome activation but dynamically shapes the onset, magni-
tude, and resolution of pyroptosis, providing a mechanistic framework for the selective en-
richment of pyroptosis-related transcriptional modules in type I [IFN-responsive microglia

after ischemia—reperfusion in the present study.
4.2 The role of CXCR4 in microglia after ischemia—reperfusion

CXCR4 is a chemokine receptor exerting complex and context-dependent effects in brain
ischemia by modulating inflammation, cell migration, neuroprotection, and tissue repair. Its
activity is mediated primarily through the CXCL12 (SDF-1)/CXCR4 signaling axis, which
is dynamically regulated after ischemic injury (Xutong Li et al., 2020). CXCR4 is upregu-
lated after cerebral ischemia and facilitates the recruitment of leukocytes and other inflam-
matory cells, thereby aggravating tissue damage and blood—brain barrier disruption. Pharma-
cological inhibition of CXCR4 with antagonists including AMD3100 reduces inflammatory
cell infiltration, suppresses proinflammatory cytokine production, and preserves blood—brain
barrier integrity, leading to improved neurological outcomes in animal models (Jun Huang
et al., 2013; Chengli Liu et al., 2023; Werner et al., 2020). However, the contribution of
CXCR4 to microglial pyroptosis after ischemia—reperfusion had not been clarified previously

and the present work provides the first focused analysis of this relationship.
4.2.1 CXCR4 modulates microglia morphological remodeling after OGD/RO

Ischemia-reperfusion triggered distinct morphological responses of microglia. After is-
chemic stroke and during reperfusion, microglial morphology showed a spatiotemporal rela-
tionship with the progression of brain injury (Morrison & Filosa, 2013). In the healthy brain
under homeostatic conditions, microglia displayed a highly ramified dendritic shape and
served a surveillance role (Nimmerjahn et al., 2005). The soma was small, whereas numerous
dynamic processes extended broadly to continuously monitor the surrounding microenviron-
ment and support tissue homeostasis (Nimmerjahn et al., 2005). After ischemia reperfusion,
microglia in the injured regions shifted from a highly ramified dendritic morphology to a less
ramified, process retracted, or amoeboid shape (Yuan et al., 2025). Quantitative analyses
showed significant reductions in total process length and in the number of endpoints per cell,

with the most pronounced decline within 24 hours after reperfusion (Morrison & Filosa,
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2013). These changes were strongest near the necrotic core, where dendritic arbors collapsed
and process dynamics weakened, consistent with robust activation. In the present research,
immunofluorescence imaging revealed a clear morphology shift across conditions. Under
normoxia, microglia preserved a homeostatic surveillance profile, characterized by small so-
mata and thin, highly branched processes. This ramified architecture is typical of resting mi-
croglia and supports continuous environmental scanning through dynamic process extension
and retraction, consistent with a low stress state. After OGD followed by reoxygenation, mi-
croglia underwent pronounced structural remodeling toward a hypertrophic amoeboid ap-
pearance. Soma enlargement, process retraction, and nuclear condensation indicated a tran-
sition from surveillance to an activated effector state. De-ramification and amoeboid shaping
generally accompany increased motility, phagocytic engagement, and pro injury signal inte-
gration in ischemic contexts. The combination of enlarged cell bodies and condensed nuclei
also aligns with disruption of ionic and osmotic homeostasis during severe inflammatory
execution, suggesting that morphology changes paralleled the onset of pyroptosis related cel-
lular stress. AMD3100 treatment partially reversed these structural alterations. Reduced
soma size and re-emergence of elongated processes indicated attenuation of the OGD reox-
ygenation driven hyperactivation and a shift back toward a surveillance like morphology.
This morphological normalization supported a role for CXCR4 signaling in shaping early
microglial activation dynamics after ischemic stress. The persistence of intermediate mor-
phologies suggested heterogeneous rescue. Some cells likely progressed beyond a reversible
activation phase, whereas others remained responsive to CXCR4 blockade. Overall, mor-
phology-based evidence indicated that CXCR4 inhibition moderated early microglial over-

activation and may limit the downstream injury cascade initiated during reperfusion.
4.2.2 Ischemia-reperfusion-induced CXCR4 drives multiple microglial responses

The re-analysis of public RNA-seq data from microglia isolated three days after 60-min
MCAQO indicates that ischemia—reperfusion induces a broad transcriptional reprogramming
dominated by up-regulated genes, and positions CXCR4 among the more strongly induced
transcripts. The enriched terms linked to ameboid cell migration, chemotaxis, regulation of
angiogenesis and vasculature development, and gliogenesis converge on a picture in which

microglia are not only activated but are also poised to migrate, remodel their interactions
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with the vasculature, and participate in glial reorganization in peri-infarct regions. This pat-
tern fits well with the concept that after ischemia—reperfusion, microglia leave a relatively
stationary surveillance mode and enter a motile, guidance-cue—responsive state that supports
directed movement toward injured tissue and evolving vascular niches. Cellular component
and molecular function terms add mechanistic depth to this interpretation. Enrichment at the
leading edge, growth cone, distal axon, and early endosome points to coordinated actin re-
modeling and dynamic receptor trafficking. These changes are compatible with ligand-de-
pendent CXCR4 internalization, recycling, and polarized membrane distribution, which are
known to sustain chemokine gradient sensing and directional motility (Cambier et al., 2023;
Heuninck et al., 2019; Tarasova et al., 1998). In parallel, over-representation of actin binding,
cytokine and chemokine binding, and cytokine receptor activity suggests that microglia in-
crease their capacity to integrate adhesive, chemotactic, and inflammatory cues. Together,
these findings support a model in which ischemia—reperfusion—induced CXCR4 does not act
in isolation but participates in a broader motility and signaling module that enables microglia
to reposition within the injured brain and dynamically tune their responsiveness to extracel-
lular signals.

The co-occurrence analysis of CXCR4 with other differentially expressed genes across en-
riched terms further refines this functional neighborhood. The presence of Cxcl12 among the
top partners is consistent with reinforcement of the canonical ligand—receptor pair, while the
inclusion of Vegfa, Ednl, and Ednra points to tight coupling between CXCR4 signaling and
vascular or endothelial regulatory circuits. Morphogen and trophic factors such as Bmp4,
WntSa, Igfl, and Nrgl, together with the cytoskeleton-associated kinase Abll, suggest that
CXCR4-positive microglia operate at the intersection of developmental patterning cues, sur-
vival and growth signals, and cytoskeletal control. In this context, the frequent co-mention
of [11b with CXCR4 indicates that chemokine-responsive microglia also reside in a cytokine-
enriched environment where inflammasome-related signaling, receptor trafficking, and mo-
tility are closely intertwined. Such a setting is compatible with microglia that both sense and
amplify inflammatory signals while simultaneously adapting their positioning relative to ves-

sels, neurons, and infiltrating leukocytes.
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These analyses support that CXCR4 upregulation after ischemia—reperfusion contributes to
a multifaceted microglial program encompassing chemokine responsiveness, migration, vas-
cular interaction, and cytokine signaling rather than a single linear “pro-inflammatory” state.
At the same time, several limitations should be acknowledged. The bulk RNA-seq dataset
captures CD11b"/CD45™ microglia at a single time point three days after reperfusion and
cannot resolve cell-to-cell heterogeneity or earlier transient states. Transcriptional changes
do not necessarily translate into proportional alterations at the protein or functional level, and
enrichment and co-occurrence analyses infer pathway activity from gene lists without prov-

ing direct regulatory relationships.
4.2.3 CXCR4 as a modulator of microglial pyroptosis after ischemia—reperfusion

The present study combined single-cell transcriptomic analysis, network-based virtual
knockout, and in vitro pharmacologic blockade to examine the relationship between CXCR4
signaling and microglial pyroptosis after ischemia—reperfusion. At the transcriptomic level,
the CXCL12—-CXCR4 axis score showed weak but statistically robust positive correlations
with pyroptosis modules at the single-cell scale. Across all microglia (MCAO plus sham),
the axis score correlated most strongly with the composite pyroptosis score and, to a lesser
extent, with the execution module, whereas the association with the activation module was
smaller. Importantly, these correlations were essentially absent in sham microglia, indicating
that coupling between CXCR4 activity and pyroptosis emerged in the post-ischemic context
rather than representing a fixed homeostatic property of microglia. The small effect sizes
(Spearman r in the range of 0.03—0.07) are compatible with at least two, not mutually exclu-
sive, scenarios. First, CXCR4 signaling may tune pyroptotic tone in concert with many other
pathways rather than functioning as a dominant on—off switch. Second, pyroptosis may in-
volve only a vulnerable, CXCR4-sensitive subset of microglia after ischemia—reperfusion,
rather than the entire microglial population. This interpretation is consistent with reports that
CXCL12/CXCR4 is upregulated after brain injury and can modulate inflammasome-related
cytokines and GSDMD-dependent pathways in other settings (Cheng et al., 2021; Gu et al.,
2021; C. Liu et al., 2023).
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The network-based virtual CXCR4 knockout further supported a contributory role of this
axis in sustaining pyroptosis-related regulatory programs, although the magnitude of the ef-
fect remained modest. When CXCR4 was virtually silenced with scTenifoldNet, oriented
Stouffer Z scores for pyroptosis modules showed heterogeneous patterns across microglial
clusters. The most coherent attenuation at the composite level occurred in the type I interferon
responsive microglial cluster, which, as noted above, also represented the main pyroptosis-
enriched cluster in our dataset. After virtual knockout, scores for the activation module in-
creased in several clusters, yet many of these same clusters showed decreases in the execution
module. Together, these findings suggest that CXCR4 signaling is more important for main-
taining the transcriptional architecture of the execution arm of pyroptosis, particularly in the
type I interferon responsive microglial subset, whereas upstream inflammasome activation
modules remain under broader and partly CXCR4-independent control. This view aligns with
previous work in experimental subarachnoid hemorrhage and other central nervous system
injury models, where CXCR4-related pathways have been linked to neuroinflammation and
pyroptotic injury, but also with reports that CXCL12 can dampen inflammasome activation
in some microglial contexts, indicating that the direction of effect is context dependent and
shaped by the surrounding cytokine milieu (C. Liu et al., 2023; Roosen et al., 2021).

The in vitro OGD/RO experiments provided mechanistic support for a functional contribu-
tion of CXCR4 signaling to microglial pyroptotic execution. Primary microglia exposed to
increasing durations of OGD followed by reoxygenation showed a non linear induction of
CXCR4 protein. This nonlinear pattern may have reflected reduced cell viability and a lower
number of surviving cells at the longest OGD duration, because within the 2 h, 4 h, and 6 h
OGD range CXCR4 protein levels increased approximately linearly with OGD duration, with
apeak at 6 h OGD and 12 h reoxygenation that coincided with about 50 percent cell viability.
Under this intermediate injury condition, pharmacologic blockade of CXCR4 with
AMD3100 did not alter total GSDMD abundance but selectively reduced the cleaved N ter-
minal GSDMD fragment and decreased membrane associated GSDMD signal in immuno-
fluorescence, while partially normalizing microglial morphology. These findings were con-
sistent with a specific effect on the activation—execution axis of pyroptosis, in which inflam-
masome and caspase 1 dependent processing of GSDMD was tempered, thereby limiting

pore formation and lytic cell death rather than producing a general suppression of GSDMD
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expression. They also converged with in vivo and ex vivo studies in experimental stroke and
other central nervous system injuries in which AMD3100 attenuated microglial activation,
reduced inflammatory mediator production, and improved functional outcome, implicating
CXCL12-CXCR4 signaling as a modifiable amplifier of neuroinflammation (J. Huang et al.,
2013; Michalettos et al., 2021; Walter et al., 2015).

Taken together, these three lines of evidence support a model in which CXCR4 signaling
contributes to microglial pyroptosis after ischemia—reperfusion but does so in a graded and
state-dependent manner. The single-cell correlations indicate that cells with higher
CXCL12-CXCR4 axis activity tend to show stronger engagement of pyroptosis modules,
particularly the execution component, once ischemic injury has occurred. The virtual knock-
out analysis indicates that removal of CXCR4 weakens the inferred regulatory support for
pyroptosis genes, most consistently in an interferon-responsive microglial subpopulation,
which may represent a subset especially prone to CXCR4-dependent coupling between
chemokine signaling and pyroptotic machinery. The OGD/RO and AMD3100 experiments
then provide causal evidence that CXCR4 activity is required for full GSDMD cleavage un-
der ischemia-like stress in primary microglia, with blockade attenuating morphological and
molecular hallmarks of pyroptotic execution.

At the same time, several aspects of the data argue against a simple linear pathway in which
CXCR4 alone determines microglial pyroptosis. The correlations between axis and pyropto-
sis scores, while statistically robust, are small, and the network-based perturbations yield
modest Z shifts that rarely reach conventional significance. The activation module shows
divergent responses across clusters, suggesting that inflammasome priming and activation
are shaped by a broader network of signals that include, but are not limited to, CXCR4. The
AMD3100 experiments were performed in vitro and focused on GSDMD cleavage, without
direct measurement of IL-1p or IL-18 release or distinction from other forms of cell death.
In addition, CXCL12—-CXCR4 signaling can exert neuroprotective or anti-inflammatory ef-
fects in other models, including suppression of inflammasome activation in LPS-challenged
microglia, which suggests that cell type, timing, and injury context strongly influence how
this axis intersects with pyroptosis pathways (Brint et al., 2024; Gu et al., 2021; Roosen et
al., 2021).
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Within these limitations, the current findings support the view that CXCR4 acts as a context-
dependent modulator of microglial pyroptosis after ischemia—reperfusion. The data point to
a preferential influence on the execution arm of pyroptosis, particularly on GSDMD pro-
cessing in a subset of activated microglia, rather than a uniform effect on inflammasome
activation across all microglial states. This has potential therapeutic implications. Partial in-
hibition of CXCR4 signaling, for example through optimized dosing or timing of AMD3100
or related agents, may be sufficient to dampen excessive pyroptotic execution and associated
secondary injury while preserving beneficial aspects of microglial chemotaxis, phagocytic
clearance, and tissue remodeling. Future work combining conditional CXCR4 deletion in
microglia with in vivo readouts of inflammasome activation, IL-1 family cytokine release,
and long-term functional outcome will be important to delineate more precisely how CXCR4
integrates into the broader network of pathways that govern microglial pyroptosis and post-

ischemic repair.
4.2.4 Therapeutic prospects and of CXCR4 inhibition in ischemia—reperfusion

Findings from the present study, together with accumulating evidence from experimental
stroke models, indicate that CXCR4 signaling amplifies microglial pyroptotic execution in
the acute phase of ischemia—reperfusion (J. Huang et al., 2013; Walter et al., 2015). In this
framework, transient inhibition of the CXCL12—CXCR4 axis may attenuate lytic cell death
and secondary neuroinflammation while leaving basal GSDMD expression largely preserved,
consistent with reports that AMD3100 reduces inflammatory cytokine production, protects
blood—brain barrier integrity, dampens microglial activation, and improves neurological out-
come (Wang et al., 2014).

Preclinical work has mainly used systemic AMD3100 dosing to target CXCR4. In rodent
focal ischemia models, once-daily intraperitoneal injections at 0.5 or 1 mg/kg for several
days initiated shortly after MCAO reduced blood—brain barrier leakage, myeloperoxidase-
positive cell infiltration, and pro-inflammatory cytokines such as IL-6, TNF-a, and IFN-y,
with associated improvements in infarct volume and neurological scores (J. Huang et al.,
2013; D. Li et al., 2018). In a photothrombotic stroke model, twice-daily AMD3100 at 0.5
mg/kg from day 2 to day 6 after stroke decreased microglial activation and enhanced recovery

of lost neurological function (Walter et al., 2015). These regimens broadly support systemic
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administration during the early inflammatory window and indicate that short courses over
several days are sufficient to exert biological effects. In the present study, OGD/RO experi-
ments in primary microglia further inform dose and timing considerations. CXCR4 protein
was induced in a time-dependent manner and peaked at 6 h OGD plus 12 h reoxygenation,
which coincided with roughly 50% cell viability. Under this intermediate injury condition, a
moderate concentration of AMD3100 (5 uM) preserved a workable level of survival but sig-
nificantly attenuated GSDMD cleavage, whereas higher doses reduced viability. These ob-
servations argue for a therapeutic window in which CXCR4 inhibition is introduced after
ischemia—reperfusion has occurred, at a stage when pyroptotic signaling is engaged but a
substantial fraction of microglia remains viable, and at doses that limit execution without
imposing excessive toxicity. At the same time, systemic CXCR4 inhibition carries important
limitations. AMD3100 (plerixafor) is clinically approved as a hematopoietic stem cell mobi-
lizing agent and induces rapid mobilization of CD34* cells and leukocytes into the peripheral
blood (Devine et al., 2004; Emir et al., 2014). Although generally well tolerated, treatment
can cause leukocytosis, gastrointestinal symptoms, and injection-site reactions and is contra-
indicated in patients with acute or chronic leukemia because of the risk of mobilizing malig-
nant cells (Liu et al., 2015; Slater, 2012).

In the context of ischemic stroke, peripheral immune cell recruitment is a double-edged
sword: while AMD3100 can suppress some aspects of leukocyte infiltration and acute neu-
roinflammation, broad alteration of CXCR4-dependent trafficking may also perturb repara-
tive myeloid subsets (Dabrowska et al., 2019; Jujo et al., 2013). Furthermore, CXCL12—
CXCR4 signaling is involved in recruiting neural and endothelial progenitor cells, promoting
angiogenesis and neurogenesis, and attracting protective natural killer cells to ischemic le-
sions (Wang et al., 2023; Xiao et al., 2025). Prolonged or poorly timed CXCR4 blockade
could therefore impair vascular remodeling, progenitor engraftment, and innate immune pro-
tection. Experimental data also indicate that AMD3100 can inhibit neural stem cell migration
and differentiation, raising concern that chronic or late-phase inhibition might interfere with
endogenous repair (Liu et al., 2017). These considerations suggest that any translational use
of CXCR4 antagonists in ischemia—reperfusion would require careful selection of the time
window, limiting treatment to the acute or subacute phase in which pyroptotic microglia and

destructive inflammation predominate, and avoiding extended exposure during recovery
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phases that depend on CXCR4-mediated regenerative processes. The route of administration
and tissue specificity represent additional challenges. Most stroke studies have relied on sys-
temic (intraperitoneal or intravenous) dosing, which exposes peripheral organs, bone marrow,
and the entire immune system to CXCR4 blockade. Alternative delivery strategies, including
intrathecal administration or targeted nanoparticle-based delivery, have been explored in
other ischemia-reperfusion and pain models and can reduce glial activation and cytokine
release in the central nervous system while limiting systemic exposure (Li et al., 2016; Zin-
nhardt et al., 2018). In light of the present findings that CXCR4-dependent amplification of
pyroptotic execution appears most pronounced in a specific interferon-responsive microglial
subset, future interventions might aim for microglia-enriched or lesion-localized delivery ra-
ther than global CXCR4 blockade. Possible approaches include microglia-targeted nanopar-
ticles carrying CXCR4 antagonists, antisense oligonucleotides, or siRNAs, as well as biode-
gradable matrices or intranasal formulations designed to concentrate drug in perivascular and
parenchymal compartments while minimizing effects on bone marrow and peripheral pro-
genitor niches.

Finally, the current data point toward several directions for next-generation CXCR4-targeted
therapies. Rather than full antagonism, biased or partial inhibitors that preferentially disrupt
the coupling between CXCR4 and downstream inflammasome—caspase-1-GSDMD signal-
ing, while preserving pathways involved in angiogenesis and progenitor recruitment, may
offer a more favorable risk—benefit profile. Small molecules and natural compounds that in-
directly inhibit the CXCL12/CXCR4 axis and its downstream JAK2/STAT3 or
PI3K/AKT/NF-«B signaling have already shown promise in reducing neuroinflammation in
experimental models. In parallel, combinatorial strategies that pair CXCR4 modulation with
direct inhibitors of pyroptosis components such as NLRP3, caspase-1, or GSDMD might
allow lower CXCR4 inhibitor doses and shorter treatment durations, thereby reducing sys-
temic side effects. From the perspective of the present study, such approaches would aim to
selectively blunt the execution arm of microglial pyroptosis in the acute phase of ischemia—
reperfusion, while preserving microglial chemotaxis, phagocytic clearance of debris, and

later reparative functions. Careful in vivo experiments that integrate conditional microglial
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DISCUSSION

CXCR4 deletion, time-resolved readouts of pyroptosis and regeneration, and graded phar-
macologic regimens will be essential to define the therapeutic window in which CXCR4

inhibition can be leveraged to improve outcome without compromising endogenous repair.
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ABSTRACT

5 ABSTRACT

Cerebral ischemia—reperfusion injury elicits rapid sterile inflammation in which microglia
undergo marked state transitions and can contribute to secondary tissue damage. Pyroptosis,
executed by gasdermin D cleavage and pore formation, has been implicated in amplification
of neuroinflammation, while the chemokine receptor CXCR4 is induced after stroke and may
intersect with inflammatory execution pathways. This thesis investigated the role of CXCR4
in microglial pyroptosis after ischemia—reperfusion and evaluated whether pharmacological
CXCR4 blockade with AMD3100 attenuates acute pyroptotic execution. Public datasets
were reanalyzed, including bulk RNA sequencing of microglia three days after 60-min mid-
dle cerebral artery occlusion (MCAO) with reperfusion and brain-wide single-cell RNA se-
quencing 24 h after MCAO or sham. Bulk RNA-seq identified extensive transcriptional re-
modeling and significant induction of CXCR4 together with prominent inflammatory, and
enrichment analyses mapped CXCR4-containing programs to chemokine signaling, chemo-
taxis, cytoskeletal remodeling, and receptor trafficking. Single-cell analysis resolved eight
microglial states indicating pronounced post-ischemic heterogeneity. Pyroptosis-related
module scores were broadly reduced across most MCAQO-associated states but increased in
the interferon-responsive state. CXCR4-axis activity showed weak yet significant positive
associations with pyroptosis composite and execution programs after ischemia—reperfusion,
whereas no significant correlations were detected in sham microglia, and a network-based
virtual CXCR4 knockout suggested the most coherent attenuation of pyroptosis-related reg-
ulation in the interferon-responsive microglial state. For in vitro validation, primary mouse
microglia were subjected to oxygen—glucose deprivation followed by reoxygenation
(OGD/RO). CXCR4 protein increased transiently and peaked at 6 h OGD with 12 h reoxy-
genation. Under this condition, AMD3100 treatment reduced the cleaved GSDMD N-termi-
nal fragment without altering full-length GSDMD and was accompanied by reduced mem-
brane-associated GSDMD patterns and partial morphological normalization. Collectively,
these findings support a model in which CXCR4 contributes to microglial pyroptotic execu-
tion in a time- and state-dependent manner after ischemia—reperfusion and indicate CXCR4

antagonism as a potential strategy to dampen acute inflammatory injury.
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ZUSAMMENFASSUNG

6 ZUSAMMENFASSUNG

Zerebrale Ischdmie—Reperfusionsschidigung 16st eine rasche sterile Entziindungsreaktion aus, in deren
Verlauf Mikroglia ausgepréigte Zustandswechsel durchlaufen und zur sekunddren Gewebeschidigung
beitragen kdnnen. Die Pyroptose, die durch Spaltung von Gasdermin D und nachfolgende Porenbildung
ausgefiihrt wird, gilt als Mechanismus der neuroinflammatorischen Amplifikation. Der Chemokinrezeptor
CXCR4 wird nach Schlaganfall induziert und kdnnte mit inflammatorischen Ausfithrungsprogrammen
interagieren. Ziel dieser Arbeit war es, die Rolle von CXCR4 in der mikroglialen Pyroptose nach
Ischdmie—Reperfusion zu untersuchen und zu priifen, ob eine pharmakologische CXCR4-Blockade durch
AMD?3100 die akute pyroptotische Ausfiihrung abschwécht. Hierzu wurden 6ffentliche Datensitze
reanalysiert, darunter Bulk-RNA-Sequenzierungen von Mikroglia drei Tage nach 60-miniitigem
Verschluss der Arteria cerebri media (MCAQO) mit Reperfusion sowie eine hirnweite Single-Cell-RNA-
Sequenzierung 24 h nach MCAO oder Sham-Operation. Die Bulk-RNA-seq zeigte eine ausgeprigte
transkriptionelle Remodellierung mit signifikanter Induktion von CXCR4 bei gleichzeitig ausgeprégter
inflammatorischer Aktivierung. Anreicherungsanalysen ordneten CXCR4-assoziierte Programme
Chemokinsignalwegen, Chemotaxis, zytoskelettaler Remodellierung und Rezeptor-Trafficking zu. Die
Single-Cell-Analyse identifizierte acht Mikroglia-Zusténde, die unterschiedliche Programme umfassten
und damit eine ausgeprigte postischamische Heterogenitit belegten. Pyroptose-bezogene Modul-Scores
waren in den meisten MCAO-assoziierten Zustinden insgesamt vermindert, jedoch im interferon-
responsiven Zustand erhoht. Die Aktivitit der CXCR4-Achse zeigte nach Ischimie—Reperfusion
schwache, jedoch signifikante positive Assoziationen mit pyroptotischen Komposit- und
Ausfiihrungsprogrammen, wihrend in Sham-Mikroglia keine signifikanten Korrelationen nachweisbar
waren. Ein netzwerkbasiertes virtuelles CXCR4-Knockout wies auf die kohdrenteste Abschwichung
pyroptosebezogener Regulation im interferon-responsiven Mikroglia-Zustand hin. Zur in-vitro-
Validierung wurden primire murine Mikroglia einer Sauerstoff-Glukose-Deprivation mit anschlieBender
Reoxygenierung (OGD/RO) unterzogen. Das CXCR4-Protein nahm transient zu und erreichte ein
Maximum bei 6 h OGD und 12 h Reoxygenierung. Unter dieser Bedingung reduzierte AMD3100 das
gespaltene GSDMD-N-terminale Fragment, ohne das Volllingen-GSDMD zu verdndern, und war mit
verminderten membranassoziierten GSDMD-Musterungen sowie einer teilweisen morphologischen
Normalisierung assoziiert. Insgesamt stiitzen diese Ergebnisse ein Modell, nach dem CXCR4 in zeit- und
zustandsabhingiger Weise zur mikroglialen pyroptotischen Ausfiihrung nach Ischdmie—Reperfusion
beitrdgt, und weisen auf CXCR4-Antagonismus als potenzielle Strategie zur Didmpfung akuter

inflammatorischer Schadigungsprozesse hin.
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