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Abstract Ischemic stroke is a leading cause of morbidity
and mortality worldwide. Resident microglia are the
principal immune cells of the brain, and the first to respond
to the pathophysiological changes induced by ischemic
stroke. Traditionally, it has been thought that microglial
activation is deleterious in ischemic stroke, and therapies to
suppress it have been intensively explored. However,
increasing evidence suggests that microglial activation is
also critical for neurogenesis, angiogenesis, and synaptic
remodeling, thereby promoting functional recovery after
cerebral ischemia. Here, we comprehensively review the
dual role of microglia during the different phases of
ischemic stroke, and the possible mechanisms controlling
the post-ischemic activity of microglia. In addition, we
discuss the dynamic interactions between microglia and
other cells, such as neurons, astrocytes, oligodendrocytes,
and endothelial cells within the brain parenchyma and the
neurovascular unit.
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Introduction

Stroke is a major issue in terms of increasing incidence and
morbidity and mortality worldwide. Microglia are the
resident immune cells and the first line of defense against
injury in the central nervous system(CNS) [1]. Almost
immediately after the onset of brain ischemia, microglia
are activated and can have both beneficial and detrimental
effects during all stages of ischemic stroke [2]. For
instance, after ischemic injury, microglia rapidly migrate
towards the lesion site and exacerbate tissue injury by
producing inflammatory cytokines and cytotoxic sub-
stances, while also contributing to tissue repair and
remodeling by clearing up debris and producing anti-
inflammatory cytokines and growth factors [3, 4]. This dual
role of microglia is associated with their functional state
under different cellular contexts and pathological stages
after ischemia [3]. While the detrimental effects of pro-
inflammatory signals released by classically activated
microglia occur in the early stages of stroke, the role of
adaptive microglia is still controversial[l]. Microglia are
highly plastic cells and their activation is a complicated
process that can be affected by many substances and
surrounding cells such as neurons, astrocytes, oligoden-
drocytes, and endothelial cells [5, 6]. Emerging studies
have focused on regulatory mechanisms that underlie the
activation of microglia and have been aimed at redirecting
microglia from a detrimental to a neuroprotective pheno-
type [7, 8]. Microglial activation during different patho-
logical stages of ischemic stroke, different molecular
pathways and mediators that regulate microglial activation,
dynamic interactions between microglia and surrounding
cells, and the underlying therapeutic targets are reviewed.
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Activation of Microglia Following Ischemic Stroke

Microglia classically exhibit a ramified morphology char-
acterized by a small soma and fine processes under
physiological circumstances; this is often referred to as
the “resting microglia” state. Disruption of brain home-
ostasis contributes to microglial activation, which is
observed as morphological changes like process thickening
and hypertrophy of the cell body, with coinciding up-
regulation of a variety of cell surface markers, including
cluster of differentiation (CD) 45, major histocompatibility
complex II, and CD68 [9]. It has been reported that
inflammation plays a critical role in the pathogenesis of
ischemic stroke [10]. Following ischemia, inflammation is
initiated along with several agents including reactive
oxygen species (ROS), necrotic cells, and impaired tissues,
which in turn activate inflammatory cells including
microglia [11].

During the pathological stages of ischemic stroke,
endogenous microglia and recruited macrophages are
activated and have functionally distinct phenotypes
(Fig. 1). M1-type (classical) microglia produce pro-inflam-
matory mediators including tumor necrosis factor oo (TNF-
o), interleukin (IL)-1B, interferon-y (IFN-y), IL-6,

inducible nitric oxide synthase (iNOS), and proteolytic
enzymes (MMP9, MMP3) [12]. Conversely, M2-type
(alternative) microglia are characterized by the production
of IL-10, transforming growth factor B (TGF-f), insulin-
like growth factor, and vascular endothelial growth factor
(VEGF), which are pro-angiogenic and anti-inflammatory
[13]. It is worth noting that this binary classification is an
over-simplification, as there exist numerous overlapping
functional states of microglia. Microglia can either pro-
mote injury or facilitate repair, depending on the activation
signals they receive [3, 14]. The concept of microglial
heterogeneity during pathology is relatively new [15]. For
instance, M2a-like microglia, which can stimulate tissue
repair, immunity against parasites, and growth, can be
induced by IL-4 or IL-13. This phenotype is identified by
upregulated arginase 1,CD206, and chitinase 3-like 3 (Ym-
1) [15]. M2b is an intermediate phenotype, possessing the
traits both of inflammatory and restorative microglia. When
encountering glucocorticoids, IL-10, or apoptotic cells, the
M2c phenotype can appear, which is associated with tissue
remodeling after inflammation subsides. Up-regulation of
CD206, TGF-B, and CD163 can be seen in this phenotype
[15, 16].
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Fig. 1 In ischemic stroke, resting microglia are activated and
polarized into functionally distinct phenotypes that range between
two extremes. Classical microglia produce pro-inflammatory media-
tors including tumor necrosis factor o (TNF-a), interleukin 1 beta (IL-
1P), interferon-y (IFNY), interleukin-6 (IL-6), inducible nitric oxide
synthase (iNOS), and proteolytic enzymes (MMP9, MMP3),
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identified as pro-inflammatory. Alternative microglia are character-
ized by the production of IL-10, transforming growth factor B (TGF-
B), insulin-like growth factor (IGF1) and vascular endothelial growth
factor (VEGF), which are pro-angiogenic and anti-inflammatory.
Alternative microglia are associated with tissue repair and remodel-
ing, immunity against parasites, and growth stimulation.
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Clinical studies of ischemic stroke have revealed that
microglial activation can be detected during the acute, sub-
acute, and chronic phases of ischemic stroke [17]. Consis-
tently, in experimental animal models of ischemic stroke,
the microglial activation status changes at different stages
of ischemic stroke and correlates with the severity of
ischemia [18, 19]. We next review how microglia respond
at different stages of ischemic stroke.

Microglial Activation During the Acute Phase
of Experimental Ischemic Stroke

Activated microglia can be observed in different brain
regions and phases of ischemia. During the acute phase of
ischemic stroke, neurons in the infarct core region suffer
from deprivation of oxygen and glucose. Microglial
processes respond to neuronal hyperactivity within a few
minutes [20, 21]. Thirty minutes after the onset of
permanent middle cerebral artery occlusion (MCAO),
activated microglia are detected in the boundary zone of
the ischemic lesion. However, no TUNEL-positive cells
are detected till 6h after MCAO, which agrees with the
clinically-reported reversible phase [22]. It has also been
reported that microglia marked by ionized Ca”*"-binding
adapter molecule 1 rapidly appear in the peri-ischemic area
3.5 h after reperfusion in the rat transient MCAO model
and peak at 7 days [23]. However, studies of cerebellar
cortical stroke in a mouse photothrombotic stroke model
have shown that neurons in the core lesion die after 2 h,
and this is accompanied by the activation of astrocytes and
microglia. Under these conditions, activated microglia
persist in the residual infarct region for up to 30 days [24].

Microglial Activation During the Sub-acute Phase
of Experimental Ischemic Stroke

During the sub-acute phase, the ischemic lesion expands
following a transient ischemic stroke and is associated with
edema and the infiltration of peripheral leukocytes. The
response of microglia during this sub-acute phase can be
characterized by changes in morphology and polarization
in the peri-infarct region [25]. Activated microglia are
found in the ischemic core and the boundary zone at 24 h
and further increase in the ischemic core at 72 h [26].
Amoeboid-like microglia are present in the ischemic lesion
between 2 and 10 h of reperfusion. Round and amoeboid
cells become predominant in the core lesion and mingle
with highly-ramified microglia to the boundary at 22 h of
reperfusion [27].

Microglial Activation During the Chronic Phase
of Experimental Ischemic Stroke

During the chronic phase, activated microglia are located
in the peri-infarct region and distal areas. The number of
amoeboid-like microglia is enriched in the core area
between 3 and 7 days after stroke [28]. A recent study
reported dynamic progression of microglial activation after
photothrombotic stroke. First, amoeboid-like activated
microglia are observed in the infarct core but close to the
inner boundary within 24 h after photothrombosis, with
more amoeboid cells infiltrating into the core by day 4. By
day 7, amoeboid cells occur throughout the entire lesion.
Interestingly, at 28 and 60 days post-lesion, only a few
amoeboid cells are found, and the microglial reaction
weakens [29]. In a rat photothrombotic stroke model,
multiple infarct subregions have been defined as the
hypocellular infarct core, outer infarct core, infarct margin,
demarcation zone, and peri-infarct zone according to the
degree of neuroinflammation. Eight days post-injury,
microglial sub-phenotypes overlap in a comparatively thin
belt around the necrotic infarct core. The phosphoglyco-
protein osteopontin promotes neural survival after ischemic
stroke and shifts inflammatory microglia towards a more
neutral phenotype [30]. Consistent with this, in a white-
matter ischemia model induced by chronic hypoperfusion
by bilateral carotid artery stenosis, microglia are largely
activated 3 days post-injury, accumulate within 10 days,
and decline after 1 month. Cerebral hypoperfusion induces
microglial activation, production of associated pro-inflam-
matory cytokines, and priming of microglial polarization
toward the M1 phenotype, while the immune modulator
fingolimod attenuates microglia-mediated neuroinflamma-
tion after white-matter ischemia and promotes oligoden-
drocytogenesis by shifting microglia toward M2
polarization [31].

Molecular Mechanisms Underlying Microglial
Activation Following Ischemic Stroke

Since the activation of microglia is critical to the patho-
genesis, it is of great importance to look into the innate
mechanisms and environmental cues of microglial activa-
tion following ischemic stroke. This provides a better
understanding of the relationship between microglia and
ischemic stroke and the molecules that can be targeted for
stroke treatment.
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Damage-Associated Molecular Pattern Molecules
(Damps) and Microglial Activation

DAMPs are molecules passively released from dying cells
that facilitate the activation of microglia [32]. In general,
DAMPs can be divided into pathogen-associated molecular
patterns (PAMPs) and alarmins. Both proteins like high-
mobility group box 1 and heat-shock proteins, and non-
protein alarmins like adenosine triphosphate (ATP) are
included. Released by necrotic cells after brain ischemia,
DAMPs take part in the early reactions after stroke onset;
they activate microglia and have both neuroprotective and
inflammatory functions [1]. While their functions still need
to be further distinguished, all DAMPs may serve as
potential intervention targets for the treatment of ischemic
stroke.

Toll-Like Receptors (Tlrs) and Microglial Activation

TLRs are an innate immune receptor family that play
critical roles in the neuroinflammation process induced by
stroke [33]. A variety of TLRs, including TLR2, TLR3,
TLR4, TLR7, and TLRY, have been implicated in stroke
outcomes [34]. It has been reported that TLR2, TLR4, and
TLR9 expression is increased after cerebral ischemic injury
[35, 36]. TLR2 deficiency in mice can alleviate the
symptoms of ischemic stroke [37]. An increase of TLR4
expression leads to activation of the NF-xB pathway,
release of the pro-inflammatory cytokines TNF-o and IL-6,
and exacerbation of neuronal damage and apoptosis [35].
Collectively, this indicates that TLRs are tightly connected
to microglial activation in ischemic stroke.

Notch Signaling and Microglial Activation

The Notch signaling pathway can be activated by inflam-
matory cytokines, and subsequently regulates adaptive and
innate immune responses [38]. Recent studies have shown
that up-regulation of Notch signaling greatly contributes to
the activation of microglia after ischemic stroke.
For instance, negative regulators of Notch, such as DAPT
(N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine
t-butyl ester)7 and DBZ  ((S,S)-2-[2-(3,5-difluo-
rophenyl)acetylamino]-N-(5-methyl-6-0x0-6,7-dihydro-
SH-dibenzo[b,d]azepin-7-yl)propionamide), suppress
microglial activation and alleviate the symptoms of
ischemic stroke [39-41]. Following hypoxia, inhibition of
the Notch signaling pathway reduces NF-kB/p65 expres-
sion and translocation through suppression of the TLR4/
MyD88/TRAF6 pathways. These results suggest a potential
explanation for the relationship between Notch and
microglial activation in ischemic stroke [42].
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Other Signaling Pathways and Microglial Activation

Other signaling factors have been reported to be involved
in microglial activation including the Hv1 proton channel
[43, 44], the Nat/H' exchanger [45], TGF-B1/Smad3(-
mothers against decapentaplegic homolog 3) [46], zinc
finger E-box binding homeobox 1 (ZEB1) [47], signal
transducer and activator of transcription 3 (STAT3)
[31, 48, 49], interferon regulatory factor 2 binding protein
2 (IRF2BP2) [50], the cystathionine B-synthase-hydrogen
sulfide-AMP-activated protein kinase cascade [51], and
peroxisome proliferator-activated receptor o/y dual signal-
ing [52]. However, treatments targeting specific pathways
may be insufficient, due to the fact that a plethora of
signaling events underlie microglial activity during
ischemic pathology, making it difficult to completely
abolish microglial activation. In addition, a number of
signaling pathways yet to be characterized exist. Thus,
further investigations are needed to fully understand the
mechanisms associated with microglial activation during
ischemic stroke.

Functions of Microglia During Ischemic Stroke
Microglia and Blood-Brain-Barrier Disruption

The blood-brain-barrier (BBB) is composed of a continu-
ous layer of endothelial cells connected by tight junctions
(TJs), which help to form a selective physical barrier and
maintain brain homeostasis [53]. It has been shown that the
BBB is highly disrupted during cerebral ischemia and
reperfusion, in which neurovascular inflammation, charac-
terized by up-regulation of inflammatory mediators and
proteases from endothelial and immune cells, plays a
significant role [54]. BBB disruption may also be strongly
associated with the activation state of microglia. It has been
shown that following a stroke, BBB integrity is greatly
diminished by inflammatory microglia via up-regulation of
pro-inflammatory cytokines including IL-1B, TNF-a, and
IL-6. Disrupted BBB integrity is also associated with
increased paracellular permeability, possibly through
altered cytoskeletal organization, TJ expression, and
MMP production [55]. It has also been reported that under
ischemic stroke conditions, blood vessels become permis-
sive to blood serum components, which leak into the tissue
and thus promote microglial recruitment [56]. Conversely,
the pro-angiogenic microglia may enhance BBB integrity
after ischemic stroke, presumably via stimulation of TJ
expression [57].
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Microglia and Neurogenesis

The constant process of neurogenesis contributes to the
generation of new neurons over an individual’s lifetime
[58]. Several studies have revealed that neurogenesis is
increased following ischemic stroke both in rodents and
primates [59-61]. Under pathological conditions such as
ischemic stroke, microglia can function as double-edged
swords with respect to neurogenesis [62]. It has been
shown that in the ipsilateral sub-ventricular zone (SVZ),
activated microglia with ramified or intermediate morphol-
ogy are associated with neuroblast migration after stroke,
while amoeboid microglia in the peri-infarct area may be
detrimental to neurogenesis [62]. However, other studies
challenge this idea and show that the number and migration
of neuroblasts are not affected by microglia [63]. It has also
been shown that pro-angiogenic microglia may enhance
neural proliferation and differentiation following ischemic
stroke, possibly via up-regulation of TGF-a [64]. Elevated
numbers of IGF-1-expressing microglia have been found in
the SVZ in the chronic phase of stroke. The long-term
accumulation of microglia with this pro-neurogenic phe-
notype in the SVZ implies a supportive role for these cells
after stroke [62]. Understanding the relationship between
microglia and neurogenesis could shed a new light on the
role of microglia in CNS repair after ischemic stroke.

Microglia and Angiogenesis

Emerging evidence suggests that microglia can influence
the formation of new blood vessels, a process called
angiogenesis [65]. In mice deficient in macrophage colony-
stimulating factor, it has been reported that the complexity
of developing retinal vasculature is reduced. This coincides
with the elimination of microglia, suggesting a potential
role for microglia in angiogenesis [66]. During ischemic
stroke, microglia are closely associated with blood vessels
and form perivascular clusters and phagocytic structures.
The clustering of microglia around the vasculature results
in vessel disintegration along with the upregulation of
phagocytic CD68 expression in the penumbra [56]. Sub-
sequently, VEGF, a molecule known to promote angio-
genesis, is released by microglia, suggesting that microglia
promote the reconstruction of cerebral blood vessel fol-
lowing ischemic stroke [67, 68]. Therefore, microglia may
serve a dual function in ischemic stroke, based on the stage.

Microglia and Synaptic Remodeling

Synaptic remodeling is correlated with rehabilitation and
the outcome of ischemic stroke [69]. It has been reported
that the onset of ischemic stroke can lead to synaptic
dysfunction [70]. Recent studies have shown that microglia

participate in synaptic remodeling, which plays an impor-
tant role in promoting neural circuit refinement. For
instance, microglia promote synaptic pruning via CX3C
chemokine receptor 1 (CX3CR1) or complement during
brain development [71, 72]. In addition, microglia promote
spine formation and synaptic maturation [73, 74]. Interest-
ingly, neuronal activity and synaptic function is also
modulated by the state of microglia. It has been shown that
long-term synaptic depression is triggered by microglial
CR3 activation following inflammatory stimulus via
NADPH oxidase, which is one of the main mediators of
neurotoxicity in stroke [75]. Taken together, microglia
could play a critical role in synaptic remodeling and thus
modulate the function of neural circuit following ischemic
injury.

Microglial Crosstalk with Other Cells During
Ischemic Stroke

Ischemia affects microglia and all other cells in the brain
parenchyma as well as the neurovascular unit (Fig. 2).
Dynamic interactions between microglia and neurons,
microglia and astrocytes, microglia and oligodendrocyte,
and microglia and endothelial cells can tip the balance
between the acute injury and post-stroke recovery [76].

Microglia and Neurons

Following ischemic stroke, neuronal damage initiates early
activation processes in microglia to engulf cellular debris
and regulate neuronal function via various neurotransmit-
ters and modulators, such as glutamate, fractalkine,Lipo-
calin-2 (LCN2), Triggering receptor expressed on myeloid
cells-2 (TREM2), and others [44, 77, 78]. Activated
microglia have beneficial functions essential for neuron
survival [62]. Indeed, ablation of microglia results in a
significant increase in infarct size and is associated with
elevated neuronal apoptosis [79]. Microglia-derived IGF-1
has also been identified as a trophic factor involved in the
maintenance of neuronal survival. However, activated
microglia may not always be beneficial. Mounting evi-
dence indicates that uncontrolled microglial activation can
give rise to progressive neurotoxic consequences by the
excess production of a large array of cytotoxic factors such
as superoxide [43, 80, 81], nitric oxide (NO) [82], and
TNF-a [83].

Involvement of Glutamate in Microglia and Neuron
Crosstalk

Neuronal N-methyl-D-aspartate receptors trigger ATP
release which can activate the microglial P2Y12 receptor
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Fig. 2 Dynamic interactions between microglia and all cells within
the neurovascular unit underlie the balance between acute injury and
post-stroke recovery. After ischemic stroke, neuronal damage initiates
an early activation processes of microglia. Activated microglia, in
turn, have beneficial functions essential for neuron survival, and give
rise to progressive neurotoxic consequences by the excess production
of a large array of cytotoxic factors at the same time. Microglia are
active earlier than astrocytes, which promote astrocyte activation.
Astrocyte in turn further activate distant microglia and restrict
microglial activity, with increasing secretion of characteristic

and subsequently induce microglial process extension and
inflammatory responses [20, 21, 84]. Interestingly, gluta-
mate released by activated microglia either from the
connexin 32 hemi-channel or reversed glutamate trans-
porters induces excito-neurotoxicity and may contribute to
neuronal damage. Consistently, the neuronal damage
induced by activated microglia is almost completely
inhibited by using a glutaminase inhibitor or hemichannel
blockers to diminish microglial glutamate release [85].

Involvement of the CX3CLI/CX3CRI Pathway in Mi-
croglia and Neuron Crosstalk

The chemokine fractalkine, also known as CX3CLI1, is
secreted byneurons. CX3CR1 is exclusively expressed on
microglia and has been implicated in microglial chemo-
taxis, microglia-mediated neurotoxicity [86], and micro-
glial activation [87]. Studies have shown that microglia fail
to acquire an amoeboid morphology after the administra-
tion of CX3CL1 toCX3CR1-knockout mice, demonstrating
that CX3CL1/CX3CRI1 plays a critical part in microglial
activation [88]. Early studies also showed that deficiency of
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inflammatory cytokines. In addition, microglial activation is an
important course for damaging oligodendrocyte precursor cells/
oligodendrocytes in ischemic white-matter injury. Disruption of the
blood-brain barrier attracts and activates distant microglia, which in
turn migrate towards the disrupted blood vessels and further start to
phagocytize the damaged vessels. Activated microglia express pro-
inflammatory cytokines extremely highly, which provokes the rapid
disintegration of blood vessels, but also regulate primary brain
endothelial cell proliferation and promote angiogenesis in a biphasic
manner.

CX3CR1 in microglia improves outcomes following
ischemic brain injury, including smaller infarct volume,
depressed neuronal apoptosis, and reduced ROS levels
[89-91]. Soluble CX3CL1 secreted by glutamate-damaged
neurons provides both phagocytic and neuroprotective
signals to promote the microglial clearance of neuronal
debris through the release of milk fat globule-EGF factor 8
[92].

Involvement of LCN2 in Microglia and Neuron Crosstalk

LCN2 is widely expressed in multiple tissues, and its
receptors are located in microglia, astrocytes, epithelial
cells, and neurons [93]. Originally, LCN2 was found to be
secreted by active microglia and acted in an autocrine
manner to sensitize microglia to self-regulatory apoptosis
and to endow them with an amoeboid form [93]. Interest-
ingly, a recent study found that injured neurons release
LCN2 as a ‘help-me’ signal to activate microglia into a
pro-recovery phenotype [94]. LCN2 is also upregulated
within neurons in rat focal cerebral ischemia. Under
stimulation byLCN2 in vitro, primary microglia are
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activated, with enhanced expression of IL-10 and phago-
cytotic activity. Meanwhile, LCN2-activated microglia
upregulate the neuronal expression of synaptic proteins,
such as synaptophysin, postsynaptic density protein 95 and
synaptotagmin, and thus protect neurons against oxygen
and glucose deprivation [94].

Involvement of TREM?2 in Microglia and Neuron Crosstalk

TREM?2, an innate immune receptor of the TREM family,
is exclusively expressed by microglia in the brain and
thought to phagocytose injured brain cells. TREM2 does
not have an intrinsic signaling motif and its stimulation
induces phosphorylation of the membrane adaptor protein
DAPI12 and extracellular signal-regulated kinase, reorga-
nization of the cytoskeleton, and increased phagocytosis. It
has also been demonstrated that TREM2-deficient micro-
glia show increased gene transcription of TNF-a and nitric
oxide synthase (NOS). Overexpression of TREM2 in
microglia results in increased phagocytosis of apoptotic
neurons and decreased gene transcription of TNF-a, IL-1J,
and NOS [95]. Recent studies have explored microglial
TREM2 function in both in vitro and in vivo stroke models
[96]. The number of activated microglia and microglial
phagocytosis of injured neurons are lower in TREM2-
deficientmice than in wild-type mice after MCAO and
reperfusion. Consistently, TREM2-deficientmice also have
worse neurological recovery [97]. Therefore, these results
imply that microglial TREM?2 signaling is involved in the
clearance of dead neurons and suppresses the production of
pro-inflammatory cytokines to maintain the local immuno-
suppressive microenvironment in the CNS.

Microglia and Astrocytes

Both microglia and astrocytes are active participants in
various pathological conditions such as stroke, chronic
pain, and neurodegenerative disorders. Microglia respond
to injury earlier than astrocytes, and can promote astrocyte
activation. Astrocytes in turn further activate distant
microglia, increasing the secretion of characteristic inflam-
matory cytokines. Mediators contributing to microglia-
astrocyte crosstalk include IL-1, Ca’t signaling, ATP,
and S100 Ca“—binding protein B (S100B) [98-100].

Involvement of IL-1[ in Microglia and Astrocyte Crosstalk

Among the various cytokines, IL-1p has been reported to
be mainly produced by microglia [101]. Exogenous
administration of IL-1 promotes astrocytic activation,
which leads to astrogliosis [102]. Consistently, astrocytic
activation is delayed in mice lacking IL-1f receptors [103].
Apart from stimulating astrocytic activation, IL-1p also

mediates neurotoxicity of activated astrocytes. It has been
reported that large amounts of NO are released from
primary human astrocytes, and this is completely blocked
by IL-1P receptor agonist protein [104]. Moreover, IL-1
dose-dependently inhibits astrocytic glutamate uptake,
resulting in the accumulation of glutamate and subsequent
neuronal excitotoxicity [105].

Involvement of Ca’" Signaling and ATP in Microglia
and Astrocyte Crosstalk

One of the notable characteristics of ischemia is the
elevated level of intracellular Ca®" in astrocytes. Interest-
ingly, astrocytic Ca’" wavespropagate to neighboring
microglia [106]. It has been reported that, except for
microglia located in the penumbra, microglia far from the
infarct core are also activated, even though the tissue
shows no sign of damage [107]. Astrocytic Ca** signaling,
in particular their ability to propagate long-distance Ca®"
waves, may trigger the activation of distant microglia
[108]. This is important, especially for delaying the
expansion of infarct volume in focal ischemia [109].
Blocking purinergic receptors with an antagonist abolishes
this spread [110]. Microglia express a variety of purinergic
receptors including P2X4, P2X7, P2Y6, and P2Y12, so it is
possible that ATP is the messenger in astrocyte-to-microglia
communication under stroke conditions [111].

Involvement of S100B in Microglia and Astrocyte Crosstalk

S100B belongs to the large S100superfamily, is mainly
expressed by astrocytes in the brain, and plays crucial roles
in cell proliferation, differentiation, apoptosis, signal
transduction, and metabolism [112]. The level of serum
S100B is elevated in patients who suffer an ischemic
stroke, making it a novel diagnostic biomarker [112].
Astrocytes can release S100B and augment this release
when stimulated by several factors, including TNF- [113].
Under physiological conditions, S100B functions as a
neurotrophic factor, counteracting the stimulatory effect of
neurotoxins on microglia [114] and facilitating glutamate
uptake [115]. Under pathological conditions, like stroke, at
high concentrations S100B binds to Receptor for Advanced
Glycation End products, which may regulate microglial
activation over the course of brain damage [116]. Thus,
secretory S100B is a possible mediator of astrocyte-
microglia crosstalk in ischemic stroke.

Microglia and Oligodendrocytes
Several mechanisms, including oxidative stress, excitatory

amino-acids, trophic factor deprivation, and activation of
apoptotic pathways, have been shown to initiate
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oligodendrocyte injury under ischemic conditions [117].
Among them, microglial activation is thought to be an
important cause of damage to oligodendrocyte precursor
cells/oligodendrocytes during ischemic white-matter injury
[31]. However, other studies have suggested that whether
the interaction between activated microglia and oligoden-
drocytes is deleterious or beneficial may depend on the
developmental stage of the cells. Activated microglia have
been found to be harmful to oligodendrocyte pro-genitor
cells but increase the survival of mature oligodendro-cytes
[118].

Involvement of TNF-o and Inflammatory Cytokines
in the Microglia and Oligodendrocyte Crosstalk

Early studies showed that once microglia are activated,
they produce TNF-o to kill oligodendrocytes, and this
effect is enhanced in the presence of complements [119]. In
addition, activated microglia produce TNF-a and IL-1,
which are associated with periventricular white-matter
injury in hypoxic neonatal brain [120]. Tissue inhibitor of
metalloproteinase3 (TIMP-3) blocks the separation of
various members of the TNF death receptor families,
including TNFR-1, by inhibiting TNF-o converting
enzyme and stabilizing the death receptor on the surface
of oligodendrocytes. Conversely, TIMP-3 also enhances
the inflammatory response and release of inflammatory
mediators by microglia, including TNF-a and MMP-3,
which promote oligodendrocyte apoptosis [121]. Inflam-
matory cytokines derived from activated microglia, such as
IL-1B and IL-6, are also important to the survival,
differentiation, and maturation of oligodendrocytes
[122, 123]. However, microglial activation induced by
IL-4 shows bias towards oligodendrogenesis [124].

Involvement of Oxidative Stress in Microglia and Oligo-
dendrocyte Crosstalk

One source of ROS production is from the multi-subunit
phagocyte NADPH oxidase under stroke conditions.
Oxidative stress occurs when the balance between the
formation of ROS and the ability of cells to defend against
them is disrupted. ROS produced by microglia has
detrimental effects on both neurons and oligodendrocytes
and has been implicated in causing damage to myelin
sheaths [125]. Activated microglia are also known to
release ROS and reactive nitrogen species, which plays a
crucial role in the development of white-matter lesions
[126].

@ Springer

Involvement of iNOS in Microglia and Oligodendrocyte
Crosstalk

During the acute stage of transient focal cerebral ischemia,
the upregulation of iNOS in Ibal-positive microglia plays a
pivotal role in the damage to neurons and oligodendrocytes
in the ipsilateral hippocampal CA1 region [127]. Excessive
production of NO from microglial iNOS is toxic to
oligodendrocytes [128].

Microglia and Endothelial Cells

The brain parenchyma is protected by the BBB, which is
formed by a continuous layer of endothelial cells, peri-
cytes, astrocytes, microglia, and the surrounding basement
membrane. Using time-lapse two-photon microscopy
in vivo, it has been shown that microglia become activated
and start to expand cellular protrusions towards adjacent
blood vessels soon after disruption of the BBB [129].
These activated perivascular microglia start to engulf
endothelial cells, which may be mediated by the CX3CR1
receptor [130, 131]. In the meantime, activated microglia
highly express metalloproteins, ROS, VEGF, and pro-
inflammatory cytokines [132, 133]. Upregulation of VEGF,
a pro-angiogenic molecule, increases in the penumbra and
induces quiescent vessels to sprout, which provokes a rapid
disintegration of blood vessels [132]. This subsequently
leads to leakage of serum components and triggers
microglial phagocytosis. These serum proteins attract and
activate distant microglia, which migrate towards the
disrupted blood vessels and further start to phagocytize
the damaged vessel [130]. The increasingly damaged blood
vessels together with the upregulation of endothelial
ICAM-1, P-selectin, and VCAM, allow for the extravasa-
tion of leukocytes and amplifying the inflammation pro-
cess, a vicious cycle under stroke conditions.

It is well established that angiogenesis occurs following
cerebral ischemia [134]. Interestingly, studies of ischemic
tissue have demonstrated a strong association between new
vessel formation and microglial recruitment and activation
[65, 135]. During the acute and sub-acute phases of stroke,
anti-inflammatory microglia are predominantly localized in
the ischemic area, and promote angiogenesis via secretion
of TGF-f in the potentially salvageable penumbra [136].
Endothelial cell proliferation is a fundamental early step in
the angiogenic process. Microglia regulate primary brain
endothelial cell proliferation in a biphasic manner. Condi-
tioned medium from resting microglia inhibits endothelial
cell proliferation, while conditioned medium from acti-
vated microglia promotes it [57]. Moreover, endothelial
cell proliferation is inhibited by TGF-f, but promoted by
TNF-a. In addition, after the administration of M2-like
microglia, remodeling factors such as VEGF, TGF-§, and
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MMP-9 are secreted in the brain parenchyma, resulting in
angiogenesis [137].

Microglia as a Therapeutic Target for Ischemic
Stroke

A large variety of receptors are present in microglia. Their
activation by immune signals, neurotransmitters, neuropep-
tides, and metabolites drives microglia toward different
phenotypes and functions [7]. Activated microglia with
different morphology and phenotypes are important for the
stroke-induced neuroinflammatory response. Although
activated microglia are thought to be beneficial in clearing
cellular debris, their excessive activation may hinder brain
repair. Therapeutic strategies targeting microglial activa-
tion have shown promise [8, 138, 139]. Minocycline and
other inhibitors of microglial activation have shown
possible beneficial effects. Improved neurogenesis and
neurological function has been reported with reduced
microglial activation in an MCAQO model treated with
minocycline [140, 141]. Inhibitors targeting the TLR4
pathway, DAMP pathway, and inflammasomes such as
NLRPI1 and NLRP3, have also shown possible protective
effects with smaller infarct volumes and better neurological
scores [34].

It is generally considered that pro-inflammatory micro-
glia are harmful, while tissue restorative microglia are
beneficial in stroke. Thus, shifting the phenotypic balance
towards a restorative phenotype could be a novel thera-
peutic intervention for stroke. Several drugs promoting this
phenotype transition have shown protective effects in
stroke [7, 8, 31]. Previous studies have demonstrated that
intravascular administration of beneficial microglia
improves the functional outcome after ischemic stroke.
Moreover, subcutaneous or intraventricular administration
of IL-4 can induce the proposed phenotypic shift and
improves the functional outcome after ischemic stroke
[142]. Microglial phenotype correlates with the balance of
cAMP-response element binding protein (CREB) versus
NF-«B. Increasing the ratio of CREB to NF-kB contributes
to a selective activation of restorative microglia [143].
Finally, targeting cell metabolism has emerged as a new
potential therapeutic approach to redirect microglia from
detrimental to pro-regenerative, and has been demonstrated
to dampen excessive microglial activation after stroke [7].

Conclusion
Microglial cells are traditionally considered to be the

resident immune cells of the CNS. Recent studies have
shown that microglia constantly scan CNS tissue and

maintain homeostasis in the brain environment [129, 144].
However, once disturbed, microglia are activated and
migrate to injury sites [145]. Activated microglia play
essential roles in BBB disruption, neurogenesis, angiogen-
esis, and synaptic remodeling [55, 62, 66, 71]. Yet not all
activation is the same; gene expression is often determined
by the signals microglia encounter [146]. They dynami-
cally interact with, and are influenced by, other cell types
such as neurons, astrocytes, oligodendrocytes, and
endothelial cells during the different stages of ischemic
stroke [76]. Microglial polarization seems to be a key
factor in ischemic stroke. Therefore, methods that promote
restorative microglia are of interest [8]. Several drugs have
been discovered and have considerable effects. However,
controversy still surrounds the modulation of microglial
function in ischemic stroke. Thus, more work is needed
before the targeting of microglia finds clinical application.
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