
REVIEW ARTICLE

Microglial Responses to Brain Injury and Disease: Functional Diversity
and New Opportunities

Junxuan Lyu1
& Xiaoyan Jiang1,2

& Rehana K. Leak3 & Yejie Shi1,2 & Xiaoming Hu1,2
& Jun Chen1,2

Received: 18 August 2020 /Revised: 21 September 2020 /Accepted: 23 September 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
As an integral part of the innate immune system of the brain, resident microglia must react rapidly to the onset of brain injury and
neurological disease. These dynamic cells then continue to shift their phenotype along a multidimensional continuum with
overlapping pro- and anti-inflammatory states, allowing them to adapt to microenvironmental changes during the progression
of brain disorders. However, the ability of microglia to shift phenotype through nimble molecular, structural, and functional
changes comes at a cost, as the extreme pro-inflammatory states may prevent these professional phagocytes from clearing toxic
debris and secreting tissue-repairing neurotrophic factors. Evolution has strongly favored heterogeneity in microglia in both the
spatial and temporal dimensions—they can assume diverse roles in different brain regions, throughout the course of brain
development and aging, and during the spatiotemporal progression of brain injuries and neurological diseases. Age and sex
differences add further diversity to microglia functional status under physiological and pathological conditions. This article
reviews recent advances in our knowledge ofmicroglia with emphases onmolecular mediators of phenotype shifts and functional
diversity. We describe microglia-targeted therapeutic opportunities, including pharmacologic modulation of phenotype and
repopulation of the brain with fresh microglia. With the advent of powerful new tools, research on microglia has recently
accelerated in pace and may translate into potential therapeutics against brain injury and neurological disease.
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Introduction

Microglia were initially characterized over a century ago by
Pío Del Río-Hortega, a graduate of the Cajal school, as the
main immune cells in the brain [1]. Microglia reside through-
out the neuraxis, accounting for approximately 0.5–16.6% of
the total cell population in the human brain and 5–12% in the
mouse brain [2, 3]. Microglia shape neural circuits by modu-
lating synaptic transmission and sculpting neuronal synapses,

especially during development, but also across the lifespan.
By continually surveying and interacting with essential central
nervous system (CNS) components, microglia regulate nor-
mal brain function and attempt to maintain tissue integrity
under both physiological and pathological conditions [4, 5].
Recent studies have uncovered the spatiotemporal heteroge-
neity of microglia, raising new questions about their regional
and time-dependent roles, particularly when homeostasis is
interrupted after the onset of brain injury or disease.

As part of the innate immune system, microglia are activated
promptly after injury but their activation can persist for a long
time as a double-edged sword [6]. Microglia deploy an array of
pro-inflammatory factors, including reactive oxygen species,
with the potential to exacerbate neuronal damage and brain dys-
function. On the other hand, microglia are professional phago-
cytes and facilitate brain repair by clearing toxic debris, releasing
neurotropic factors, and resolving brain inflammation [6].
Emerging studies have sharpened our focus on the complex phe-
notypic changes of these adaptable cells, and many new subpop-
ulations of microglia with distinct molecular signatures have
been recently identified [7]. By leveraging their unique
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phenotype dynamics, microglia regulate the progression of brain
injury and restoration, including but not limited to white matter
repair, neurogenesis, angiogenesis, and synaptic plasticity [6–8].
These diverse and critical roles of microglia after brain injury
justify further exploration of microglia phenotype shifts and their
underlying molecular mediators.

This review reassesses our current understanding of the
diversity of microglia, with a focus on functional diversity.
Microglial phenotype switches and the known molecular
mechanisms underlying and modulating these switches are
defined. We also discuss the influence of sex and age on
microglia heterogeneity under physiological and pathological
conditions. A better understanding of microglia biology may
uncover new targets and opportunities for the development of
therapeutic strategies against brain disorders.

Physiological Functions of Microglia
in the Brain

Microglia in Brain Development and Homeostasis

Microglia are myeloid cells that regulate early development of
the CNS and maintain its homeostasis throughout life [9].
Microglial cells are derived from erythromyeloid progenitors
in the yolk sac and begin to arise by embryonic day 8.5 [10].
They migrate to the brain from the yolk sac prior to the for-
mation of blood-brain barrier (BBB) at embryonic days 13.4
to 14.5. Following BBB closure, microglia begin local self-
renewal and spatial distribution across the brain and spinal
cord [11, 12].

Unique transcriptional signatures of microglia in the nor-
mal adult brain have been identified with RNA sequencing
and other techniques. Microglia signature genes include but
are not limited to purinergic P2 receptors Y12 (P2RY12),
transmembrane protein 119 (Tmem119), sialic acid–binding
Ig-like lectin H (Siglech), and probable G protein–coupled
receptor 34 (Gpr34) [13–15]. These molecules are helpful to
distinguish brain resident microglia from peripheral myeloid
cells. Depending on activation status, microglia assume ram-
ified, primed, reactive, or amoeboid morphologies.
Functionally, microglia play vital and complex roles in main-
taining homeostasis in the adult brain. In the developing brain,
microglia engulf non-functional synapses and axons, which is
essential for shaping neural circuits [4, 5]. Microglia also se-
crete neurotrophic factors, such as brain-derived neurotrophic
factor (BDNF), to promote learning-dependent synapse for-
mation [16]. In the early postnatal stages, activated microglia
promote neurogenesis and oligodendrogenesis by releasing
cytokines or via phagocytic removal of excess newborn cells
[17, 18]. In the adult brain, microglia exist along a continuum
of resting or activated states, depending on the brain

microenvironment, thereby serving as the first line of defense
in the CNS.

Phenotypical and Functional Heterogeneity of
Microglia in the CNS

The heterogeneity of microglia has been recognized for many
years and has been confirmed by the advent of new technol-
ogies. The remarkable temporal and spatial diversities of mi-
croglia have been demonstrated in both rodents and humans.

Temporal Heterogeneity

Microglia have specialized functions in different developmen-
tal stages of the brain (Fig. 1). RNA sequencing studies have
identified a number of new subpopulations of microglia at the
embryonic and early postnatal stages, and these subpopula-
tions gradually disappear as the brain continues to grow [7, 19,
20]. The functions of these transient microglia subpopulations
remain unknown. Single-cell transcriptomic analyses suggest
that microglia go through at least three developmental stages,
including early, pre-adult, and adult stages, during mouse
brain development [21]. For example, early microglia express
genes involved in cell cycling and differentiation, such as
Mcm5 and Dab2. Pre-adult microglia express Csf1 and
Cxcr2 genes, which are associated with neuronal develop-
ment. In adult microglia, the main genes expressed are Cd14
and Pmepa1, which are related to immune responses [21].
Another study suggests that postnatal microglia express
Tmem119, Selplg, and Slc2a5 genes. In contrast, lysosome-
related genes Ctsb, Ctsd, and Lamp1 are highly expressed in
embryonic microglia, likely reflecting robust phagocytic ca-
pacity in the early stages of brain development when pruning
is needed the most [22]. During aging, the diversity of microg-
lia increases even further. The temporal heterogeneity of hu-
man microglia at the transcriptional level during aging is in-
completely understood, although microglia seem to show a
distinct gene signature linked to the age-dependent microen-
vironment in the CNS [22].

Regional Heterogeneity

The microenvironment is not uniform throughout the CNS,
and these variations contribute to the regional heterogeneity
of microglia (Fig. 2). First, the density of microglial cells
exhibits regional difference in both mouse and human brains
[23–25]. Using a multicolor fluorescence fate-mapping sys-
tem, Tay and colleagues found that the turnover rate of mi-
croglia differs across brain regions, with the highest prolifer-
ation rate in the olfactory bulb [26]. The morphology of mi-
croglia also varies regionally, although under physiological
conditions they are normally ramified with extended branches
in most brain regions [23, 27]. For example, cerebellar
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microglia contain bigger cytosolic areas and lower ramifica-
tion complexity than microglia housed in the cortex and stri-
atum [27]. Recent studies using high-throughput RNA se-
quencing technologies further demonstrate regional heteroge-
neity of gene expression in microglia. Grabert et al. sorted
microglia from several brain regions in 4-month-old mice
and found that thousands of genes were differentially
expressed in various brain regions [28]. Specifically, microg-
lia in the cerebellum and hippocampus maintain a higher
immune-alert state compared with microglia in the striatum

and cortex as evidenced by greater expression of immunoreg-
ulatory genes and co-regulated genes such as those involved
in energy metabolism [28]. Masuda et al. examined at single-
cell resolution regional differences in mouse and human mi-
croglia under physiological conditions. They detected tran-
scriptionally distinguishable subpopulations of microglia in
different brain regions. For example, almost all microglia
expressed CST3 and SPARC in the juvenile cortex and these
CST3+SPARC+ microglia were slightly diminished in the
adult cortex. By contrast, this subpopulation of microglia did

Fig. 2 Regional heterogeneity in
density, morphology, molecular
signatures, and function of
microglia. Microglia exhibit
spatial heterogeneity in the brain.
Microglial cell density is higher in
the hippocampus and olfactory
bulb, and lower within fiber
tracts, cerebellum, and brain stem.
Under homeostatic conditions,
microglia are ramified with
extended branches in most brain
regions, with slight variations.
Microglial molecular signatures
also vary across brain regions.
Higher expression of immune-
alert genes has been reported in
the cerebellum and hippocampus,
and microglial gene expression
profiles differ between gray and
white matter. Microglia in differ-
ent brain regions show varying
phagocytosis and pro-
inflammatory capacities

Fig. 1 Functional molecular
signatures of microglia across
developmental stages. Microglia
derive from erythromyeloid
progenitors in the yolk sac. They
harbor specific molecular
signatures and play specialized
roles in the developing, adult, and
aging brain. Microglia in
developing brains strongly
express Csf1, Cxcr2, Ctsb, Ctsd,
and Lamp1 genes, which are
associated with synaptic pruning,
and synapse generation. In the
adult brain, microglia express
immune response-related genes,
such as Cd14 and Pmepa1. Aging
reduces the ability of microglia to
be activated and migrate, which
increases their pro-inflammatory
properties and decrease their ca-
pacity to engulf toxic debris and
protect neurons
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not change between the juvenile and adult in the cerebellum
[20]. By using single-cell mass cytometry, Böttcher et al. con-
firmed that human microglia in the subventricular zone (SVZ)
are phenotypically distinct from microglia in other brain re-
gions [29]. They exhibit higher expression of CD11c, CD195,
and CD45 as well as proliferation markers in SVZ [29].
Although these studies confirm the spatial heterogeneity of
transcriptional profiles of microglia, the molecular mecha-
nisms driving these differences remain elusive and need fur-
ther investigation. We speculate that regional differences in
microglial gene expression partly underlie selective neuronal
vulnerabilities and that neurons and microglia engage in
crosstalk via secreted factors, ligand/receptor signaling, as
well as neuron/glia plasma membrane interactions that vary
spatially across brain regions as well temporally across the
normal lifespan or during the progression of brain disorders.

Diverse Phenotypic Polarization of Microglia
after Brain Injury

As part of the innate immune system, microglia are among the
first cells to detect microenvironmental changes and respond
immediately to brain injuries. Their activation status can per-
sist for quite a long time and changes dynamically during the
pathological process. It seems likely that microglial morphol-
ogy changes cater to their specific roles during brain injury
and repair processes.

Phenotypic Polarization of Microglia after Brain Injury

A dichotomous classification has been adopted to characterize
microglia polarization. Under this system, classically activat-
ed (M1) microglia lead to neuronal damage and brain dys-
function through pro-inflammatory factors, such as IL-1β,
IL-6, TNF-α, etc. In contrast, alternatively activated (M2)
microglia are beneficial for brain repair as they clear toxic
cellular debris through phagocytosis, release neurotropic fac-
tors, and resolve cerebral inflammation [6]. The activation
status of M1 vs M2 microglia has been detected by surface
markers. CD16, CD32, and CD86 are widely used for identi-
fication ofM1microglia and CD206 and arginase 1 (Arg1) for
M2 microglia. After injury, microglia are not static and can
switch their phenotype during the temporal progression of
brain recovery, in spatially segregated areas. They may pres-
ent beneficial phenotypes upon acute activation, but will grad-
ually switch to acting detrimental roles at the later stage. This
phenotype switch can also be diverse in different brain lesion
locations [30–32].

Although it has improved our understanding of the func-
tional status of microglia after brain injuries, the existing M1/
M2 classification is increasingly recognized as an oversimpli-
fication. The M1 and M2 definitions are mainly based on

stimulation of cultured microglia with single cytokines
in vitro and represent two rather extreme stages of microglial
activation [33]. However, in vivo microglia display more nu-
anced phenotypes [34]. It is important to note that some mi-
croglia show overlapping phenotypes with coexpression of
markers of both polarization states, demonstrating even great-
er phenotypic flexibility in this cell type than expected [33,
35]. In a mouse model of experimental autoimmune enceph-
alomyelitis (EAE), IL-4 induced the expression of M1 marker
IL-6 but also resulted in anti-inflammatory effects [36]. New
technologies have exposed additional, complex phenotypes of
microglia after brain injuries [37], such as specialized
microglial subpopulations with distinct molecular signatures
in response to brain demyelinating injury [7]. These subpop-
ulations express some genes in common but also exhibit
unique transcriptional profiles, indicating that microglia can
display multiple forms of activation [7]. There is much discus-
sion of the scientific inadequacy of binary terms such as “M1
vs M2” or even “pro vs anti-inflammatory,” but few alterna-
tives other than sometimes adding “M0 and M1/2 subtypes”
are offered in the literature. Rather, most authors default to
discussing two polarized states for ease of presentation, even
after pointing out the controversy. Wherever appropriate,
terms such as “beneficial phenotype”, “detrimental pheno-
type”, or “neutral phenotype”would better be oriented toward
the functional endpoint of these adaptable cells, rather than
based on ephemeral expression markers or morphological
changes. Alternatively, microglial biology should be viewed
along a continuum, with beneficial and destructive at opposite
poles, but the polarized view is complicated by RNA seq-
based revelations that the continuum is not linear with two
extreme poles. Rather, microglial phenotype is multipolar in
multiple dimensions, as well as highly plastic. For now, given
the current state of the scientific literature, we continue to use
the easily-understood terms “M1” and “M2” below, to distin-
guish phenotype shifts that are based on the expression of
protein markers or on pro versus anti-inflammatory effects.
Additional research will reveal better ways to distinguish
microglial functional status.

Temporal Dynamics of Microglia after Brain Injuries

Microglia change their phenotype over time in response to
both acute brain injuries and neurodegenerative diseases.
They are activated rapidly after acute brain injury and contin-
ue to accumulate at the injury site for over 1 month [38]. In
ischemic stroke, microglia are activated and express M2 phe-
notype markers in the acute stage and then gradually switch
towardM1markers, especially in peri-infarct regions adjacent
to ischemic neurons [30]. Likewise, a temporal transition of
microglia was also found after experimental traumatic brain
injury (TBI), as microglia/macrophages exhibited an immu-
noregulatory phenotype at early stages of the injury but were
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gradually replaced by pro-inflammatory phenotypes at the lat-
er stages [31]. In preclinical intracerebral hemorrhage (ICH),
activation of microglia toward anM1 phenotype occurs main-
ly in the acute phase after ICH, while M2 responses occur in
the subacute and chronic phase and might contribute to clear-
ance of the hematoma and cell debris [39]. Thus, therapies
may need to adjust the balance between pro-inflammatory
microglia and anti-inflammatory microglia responses at differ-
ent phases of brain injury.

Microglia also exhibit dynamic phenotype changes and
regulate neuroprotection vs neurotoxicity processes in chronic
brain injuries and neurodegenerative diseases [40, 41]. In
Alzheimer’s disease (AD), Aβ deposition leads to activation
of microglia. Acutely activated microglia express cytokines
that drive the clearance of Aβ. At the advanced stages of
disease, sustained activation of microglia leads to a chronic
inflammatory state with exacerbation of neurotoxicity and
neurodegeneration [42]. In multiple sclerosis (MS) and
EAE, microglia promote both neuroprotective and detrimental
responses to injury [43]. The initial response of microglia may
be beneficial, aiming to resolve the insult, whereas the chronic
activation of microglia might contribute to neurodegeneration
[43]. Common microglial signatures have been used to esti-
mate the stages of neurodegenerative disease. For example, a
series of genes primarily expressed in microglia, including
triggering receptor expressed on myeloid cells 2 (TREM2)
[44], ATP-binding cassette subfamily A member 7 [45], and
myeloid cell surface antigen CD33 [46], are associated with
the risk of developing early-onset AD. In addition, the expres-
sion of complement receptor-1 is associated with late-stage
AD and may reflect microglial phagocytosis of synapses
[47]. These findings suggest that modulating microglia phe-
notype according to the specific disease stage may halt or slow
the neurodegenerative process.

Modulatory Mechanisms Underlying Microglia
Phenotype Shifts

Myriad biochemical mediators and signaling pathways are
involved in regulating microglia phenotype, as described be-
low (Table 1).

Transcriptional Factors

Transcription factors are proteins that bind to DNA and regu-
late the transcriptional activity of genes. Several transcription
factors are intimately associated with microglia regulation.
For example, NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells) is associated with M1 polariza-
tion, and peroxisome proliferator-activated receptors (e.g.,
PPARγ) and Nrf2 (nuclear factor erythroid 2–related factor
2) are associated with M2 polarization. NF-κB is part of a
ubiquitously expressed protein complex that controls gene

transcription, cytokine production, and cell survival. The ac-
tivation of NF-κB by Toll-like receptor 4 (TLR4) engagement
significantly enhances microglial M1 status and impairs M2
responses [60]. Several members of the signal transducer and
activator of transcription (STAT) family are also involved in
regulating microglia/macrophage functional status [6].
Activation of STAT1 facilitates proinflammatory activities
and increases plasma levels of M1 cytokines/chemokines
[100]. Activation of STAT6 is observed in microglia/
macrophages in the ischemic territory in mice and humans
subjected to stroke [53]. Knockout of STAT6 hampers the
clearance of dead/dying neurons and increases inflammatory
gene signatures in microglia/macrophages after experimental
stroke [53]. The functions of STAT3 are diverse, involving
both IL10stimulated M2 polarization and IL6stimulated M1
polarization [66, 101].

PPARγ belongs to the nuclear receptor family of ligand-
activated transcription factors and is involved in regulating
genes for lipid and glucose metabolism, mitochondrial bio-
genesis, and inflammation [102, 103]. PPARγ agonists, such
as troglitazone and pioglitazone, exhibit neuroprotective func-
tions in brain injuries by reducing pro-inflammatory cytokines
such as TNF-α, IL-1β, IL-6, as well as increasing anti-
inflammatory cytokines such as TGFβ, IL-10, and IL-4, G-
CSF, IGF-1 [55, 56, 103]. Furthermore, PPARγ plays a key
role in modulating NF-κB and Nrf2/CREB signaling path-
ways to mediate anti-inflammatory effects [104]. Nrf2 regu-
lates the expression of antioxidant proteins that protect against
oxidative damage triggered by injury and inflammation.
Activation of Nrf2 by neuroprotectants promotes microglial
polarization to the M2 phenotype and reduces oxidative stress
and neuroinflammation [57, 58].

Receptors

Toll-Like Receptors TLRs, a family of transmembrane proteins
that act as pattern-recognition receptors, are the key factors in
mediating microglial activation in response to inflammation.
After brain ischemia/reperfusion injury, the expression of both
TLR2 and TLR4 is increased in cortical neurons [105], and
knockout of either TLR2 or TLR4 reduces brain infarct vol-
umes by mitigating inflammatory cytokines [106, 107].
Several signaling cascades are associated TLR engagement.
TLR4 induction after stroke results in the activation of the
NF-κB pro-inflammatory pathway [108]. In addition, inhibi-
tion of TLR4 encourages M1 to M2 microglia phenotype
transitions in preclinical AD through the MyD88/NF-κB/
NLRP3 inflammasome [109].

Purinergic Receptors The purinergic signaling systems, in-
cluding adenosine, ATP, other purines, and P1 and P2 recep-
tor subtypes control inflammatory responses in complex ways
[110]. Purinergic P2 receptors are composed of two ionotropic
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receptors, P2X4 and P2X7, and metabotropic receptors.
Blockade of P2X4R signaling worsens clinical symptoms in
the EAE model and promotes microglia activation to a pro-
inflammatory phenotype. Conversely, enhancing P2X4R sig-
naling by the allosteric modulator ivermectin (IVM) encour-
ages microglia to switch to an anti-inflammatory phenotype,
which increases myelin phagocytosis and promotes
remyelination after EAE [73]. P2X7 is constitutively
expressed in mouse and human primary microglia and medi-
ates specific release of IL-1 family cytokines, including IL-
1α, IL-1β, and IL-18 in primary microglia cultures [111].

Sphingosine-1-Phosphate Receptors Sphingosine-1-phos-
phate receptors (S1PRs) are G protein–coupled receptors
expressed in abundance on microglia and include five sub-
types (S1Pr1-S1Pr5) [112]. Treatment with a selective
S1PR1 agonist, RP101075 significantly reduced pro-
inflammatory cytokines IL-1β and TNF-α in the injured brain
hemisphere after ICH [76]. FTY720, another S1PR agonist,
attenuated microglia-mediated neuroinflammation and pro-
moted oligodendrogenesis by shifting microglia toward M2
polarity in a chronic white matter ischemic injury model [48].
On the contrary, in primary cultured microglia, adding S1P to
the culture medium increased expression of IL-17, and exog-
enous administration of S1P to microglia after oxygen-
glucose deprivation (OGD) aggravated neuronal apoptosis
[77]. Additional studies are required to determine the role of
S1PRs in the regulation of microglia polarization following
brain injuries.

Triggering Receptor Expressed on Myeloid Cells-2 TREM2, a
member of the innate immune receptor TREM family, is ac-
tivated when bound to its adaptor DAP12 and promotes sev-
eral cellular functions such as cell survival, phagocytosis, and
cytokine production [113]. However, it remains unclear
whether TREM2 is a pro- or anti-inflammatory molecule.
Early studies reported that TREM2 on microglia promoted
phagocytosis of apoptotic neurons and suppressed expression
of pro-inflammatory molecules such as TNF-α [80, 114].
However, in the subacute phase of an experimental stroke
model (7-day following stroke), the transcription of pro-
inflammatory cytokines TNF-α, IL-1α, and IL-1β as well as
chemokines CCL-2 and CCL-3 were decreased in TREM2
knockout mice, suggesting that TREM2 can also contribute
to M1 phenotype microglial polarization [81]. Therefore,
TREM2 may sustain distinct inflammatory responses at dif-
ferent brain injury stages and in different brain disorders.

The concept of “disease-associated microglia” (DAM) has
recently emerged, which defines a special population of mi-
croglia in the injured/diseased brain with expression of an
array of signature genes (e.g., Lpl, Cst7, Axl, CD11c, etc.).
TREM2 was shown to be the principal inducer of this pheno-
type at late stages in mouse models of AD and amyotrophic

lateral sclerosis (ALS) [82, 115]. Therefore, it is likely that
dysregulation of TREM2/DAP12 signaling contributes to
neurodegenerative diseases.

CD200/CD200R Transmembrane glycoprotein CD200 is high-
ly expressed in neurons, and its receptor CD200R is mainly
present on the surface of microglia [116, 117]. The activation
of microglia is therefore regulated by neurons through the
interaction of CD200 with CD200R. Once CD200 binds to
CD200R, the release of pro-inflammatory factors bymicroglia
is inhibited and microglia are maintained in the resting state
[83, 118]. Mechanistically, CD200R-CD200 interactions trig-
ger recruitment of downstream tyrosine kinase and RasGAP,
which dampens microglia activation [83]. In mice lacking
CD200 or with selective blockade of CD200R,microglia were
coaxed toward a detrimental phenotype and the levels of pro-
inflammatory cytokines were elevated in the brain [86]. On
the contrary, pro-inflammatory markers of microglia were de-
creased in experimental EAE after administration of a
CD200R agonist, CD200Fc [119].

CX3CL1 and CX3CR1The chemokine CX3CL1 and its receptor
CX3CR1 constitute another coupling signal mediating
microglial polarization. CX3CL1 is expressed constitutively
in neurons and astrocytes, while CX3CR1 is exclusively
expressed in microglia in the CNS. CX3CL1/CX3CR1 signal-
ing participates in interactions between neurons/astrocytes
and neighboring microglia [120]. In experimental ischemic
stroke, CX3CR1 deficiency facilitates microglia polarization
toward the M2 phenotype and attenuates synthesis and release
of inflammatory cytokines from microglia [88]. Knockdown
of CX3CR1 by siRNA prevents the increases in expression of
p38MAPK, PKC, TNF-α, IL-1β, and IL-6 after bilateral com-
mon carotid artery stenosis (BCAS), which is used to model
the slow development of vascular dementia in the brain [89].
Cx3cr1−/− mice subjected to EAE displayed worse symptoms
and higher pro-inflammatory cytokines than wild-type ani-
mals [91].

MicroRNAs

Numerous microRNAs regulate microglia polarization. For
example, overexpression of microRNA-384 significantly at-
tenuates OGD-induced neuroinflammation in primary neona-
tal microglia [121]. In an in vitro model of subarachnoid hem-
orrhage (SAH), incubation of primary microglia with
microRNA-146a followed by hemoglobin (Hb) induction re-
duces expression of pro-inflammatory cytokines (TNF-α and
IL-1β) and M1 phenotype-related genes (iNOS and CD86)
[122]. microRNA-199b was shown to repress pro-
inflammatory cytokines via modulation of microglia activa-
tion in a rat model of spinal cord injury [123]. MicroRNA-98
could reduce M1 microglia in an experimental stroke model
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[124]. Among all the microRNAs, microRNA-124 and
microRNA-155 are well studied in microglia and will be
discussed in detail in the following paragraphs.

microRNA-124 microRNA-124 is the most abundant brain-
specific microRNA highly expressed in microglia.
microRNA-124 contributes to M2 polarization of microglia
in models of CNS disorders [95, 125–127]. For example, in-
tracerebral injections of microR-124 at both 2 days and 10
days after experimental stroke shifts pro-inflammatory mi-
croglia toward the anti-inflammatory phenotype [95].
Intravenous administration of exosomes packed with
microRNA-124 at 24 h after experimental TBI promotes M2
polarization and improves functional recovery [128]. On the
other hand, downregulation of microR-124 by cocaine admin-
istration increases neuroinflammation by polarizing microglia
toward M1 [129]. Mechanistically, microRNA-124 may reg-
ulate microglia polarization by inhibiting activation of
Krüppel-like factor 4 (KLF4) and TLR4 signaling [128, 129].

microRNA-155 microRNA-155 is well established as a mi-
croglia phenotype modulator that promotes M1 polarization.
In lipopolysaccharide (LPS)-stimulated microglia cultures,
microRNA-155 expression is significantly increased and ac-
companied by polarization toward the pro-inflammatory phe-
notype [94]. Inhibition of microR-155 by either gene knock-
down or antagomir treatment significantly downregulates ex-
pression of pro-inflammatory cytokines, including IL-1β, IL-
6, and TNF-α, in injured brain tissues [130, 131]. Intravenous
injection of microRNA-155 inhibitor even as late as 48 h after
experimental stroke significantly decreases pro-inflammatory
cytokine expression at 7 days and increases anti-inflammatory
cytokines such as IL-10 and IL-4 at 14 days after stroke,
which is likely to influence repair processes [132].

Although modulation of microRNA levels has therapeutic
potential against brain disorders, there remain many obstacles.
First, there remains the challenge of delivering miRNAs to the
CNS across the blood-brain barrier (BBB), and prevention of
degradation of exogenous miRNAs by lysosomal and other
enzymes. These obstacles may be addressed by the develop-
ment of new technologies, such as oligonucleotide backbone
and sugar modifications (phosphorothioate and 2′-O-
methoxyethyl) employed in the antisense therapies milasen
and nusinersen [133].

Others

In clinical and experimental studies, a large number of mole-
cules and modulators are able to regulate neuroinflammation
and microglia polarization. FAM19A3, a member of a cluster
of TAFA family genes that function as brain-specific
chemokines or neurokines, is predominantly expressed in
the CNS and promotes polarization of microglia toward M2

in brain ischemia [96]. Ion channels such as Hv1 and Kv1.3
have also been associated with microglia polarization. For
example, an increase in Hv1 expression induces
neuroinflammatory responses through the Hv1/noX/ROS
pathway [97]. Kv1.3 modulates Ca2+ signaling and induces
neuroinflammation [98]. In addition, infiltrating peripheral
immune cells, particularly T lymphocytes, interact with mi-
croglia and induce their differentiation toward M1 or M2 phe-
notypes after brain injury [134]. Overexpression of pro-
grammed death protein 1 and programmed death-ligand 1
selectively promotes microglia polarization toward anti-
inflammatory phenotypes after intracerebral hemorrhage and
inhibi ts phosphorylat ion of STAT1 [99] . T cel l
immunoglobulin- and mucin-domain-containing molecule
family-3 (Tim-3), which is mainly expressed microglia, pro-
motes the M1 phenotype in experimental ICH [135]. It is also
possible that groups of molecules work synergistically (or
differentially at specific times) after CNS injury to regulate
microglia phenotypic shifts.

Functional Diversities of Activated Microglia
after Brain Injuries

Phagocytosis

As the professional phagocytes of the CNS, microglia are able
to recognize and engulf misfolded proteins, cellular debris
from apoptotic cells, or invading pathogens [136].
Microglial phagocytosis is a fine-tuned process mediated by
the activation of specific membrane receptors, which directly
recognize the targets. For example, TLR-4 and scavenger re-
ceptors such as CD1 are associated with pathogen recognition
a f t e r exposu re to s igna l ing molecu le s such as
phosphat idylser ine and ol igosacchar ides [137] .
Pharmacological or genetic disruption of TLR4 impairs
microglial phagocytosis [138]. TAM (Tyro3, Axl, and Mer)
receptors recognize mainly apoptotic cells and virus-infected
cells exposing phosphatidylserine [139, 140]. TREM2 medi-
ates the internalization of dead cells as well as protein aggre-
gates such as Aβ [115, 141, 142]. In acute CNS injuries, such
as TBI, stroke, and spinal cord injury (SCI), phagocytosis is
initially performed by resident microglia and subsequently by
infiltrating macrophages in an attempt to restore brain homeo-
stasis [143]. Microglia engulf apoptotic cell debris or dam-
aged myelin to prevent the release of cytotoxic and immuno-
genic intracellular contents [136, 144]. In neurodegenerative
disease such as MS, resident microglia and peripheral macro-
phages are both capable of phagocytosing and degrading large
quantities of myelin. Specifically, microglia exhibit a greater
ability to engulf degenerating myelin and are more resistant to
apoptosis following myelin phagocytosis than peripheral mac-
rophages [145, 146]. In AD, microglia play an important role
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in preventing the accumulation of Aβ through phagocytosis
as well as the production of Aβ-degrading intra- and extracel-
lular enzymes [147]. Genetic defects in neurodegenerative
disorders can cause dysregulation of phagocytosis [148,
149]. For example, in prion disease, the pathogenic form of
prion protein (PrPsc) is not taken up by microglia, and it even
alters the uptake of other particles, resulting in further accu-
mulation of pathology [148]. Live neurons may also be
phagocytosed by microglia during brain injury, and this pro-
cess may contribute to neuronal cell death during pathological
states [136]. In sum, precise and context-appropriate modula-
tion of microglial phagocytosis is needed to optimize its ben-
eficial effects (Fig. 3).

Regulation of BBB Integrity

The phenotype-specific roles of microglia in regulating BBB
integrity after brain injury have been demonstrated. At early
stages, pro-inflammatory microglia may produce cytokines
and chemokines, leading to barrier hyperpermeability in both
acute brain injuries and neurodegenerative disorders [84,
150]. Activated microglia also upregulate endothelial cell ad-
hesion molecules and promote leukocyte infiltration. The in-
filtrated leukocytes further aggravate BBB disruption [150,
151]. In contrast, anti-inflammatory microglia can facilitate
long-term neurovascular remodeling and improve neurologi-
cal functions [152]. Microglia also play a role in rapid closure
of the BBB by chemotaxis of microglia processes after brain
injury, a process that may be mediated by the purinergic re-
ceptor P2Y G protein–coupled 12 (P2RY12) [153].

Axonal Regeneration

Axonal regeneration after injury is very limited in the adult
brain. Microglia that are activated by brain injury secrete pro-
or anti-inflammatory cytokines and other molecules that are
detrimental or beneficial for axonal regeneration. M1 microg-
lia activated by LPS or interferon gamma (IFNγ) inhibit
neurite outgrowth and induce axonal retraction in dystrophic
neurons in vitro [154, 155]. Pro-inflammatory cytokines se-
creted by microglia, such as TNF-α, IL-1β, may enhance
astrogliosis and glia scar formation, another obstacle to axonal
regeneration [156]. In contrast, M2 microglia secrete protec-
tive molecules, such as Arg1 and BDNF, and promote axonal
regrowth [8]. There are other ways in which microglia can
influence axon regeneration. Promoting microglial phagocy-
tosis by deletion of signal regulatory protein-α (SIRPα) also
enhances the removal of myelin debris after brain injuries and
facilitates axon regeneration from nerve injury [157]. One
study disputed the importance of microglia in axonal regener-
ation by suggesting that microglia depletion failed to change
induction of regeneration-associated genes upon optic nerve
injury or modify the regenerative potential of retinal ganglion

cells (RGCs) after injury [158]. Given the complex roles of
microglia in regulating axonal regeneration, timely and con-
trolled microglia activation may be essential for promoting
axonal regeneration after brain injury.

Regulation of Synaptic Plasticity

Microglia regulate neuroplasticity not only during brain develop-
ment but also after brain injuries [159, 160]. Experimental evi-
dence suggests that microglia can rapidly modify neuronal activ-
ity and modulate synaptic function in response to injury [161].
Resting microglia processes make brief and direct contacts with
neuronal synapses. After cerebral ischemia, however, the dura-
tion of these contacts is markedly prolonged and accompanied
with the disappearance of presynaptic bouton, suggesting that
microglia enhance the turnover of synaptic connections after
brain ischemia [160]. Activated microglia can increase neuronal
activity by displacing inhibitory presynaptic terminals from cor-
tical neurons in the adult mouse [162]. In a mouse model of
spinal cord injury, CX3CR1 deficiency in microglia and macro-
phages creates a microenvironment that attenuate dendritic pa-
thology and improves synaptic plasticity in ventral horn motor
neurons [163]. Whether and howmicroglia phenotypes differen-
tially affect synaptic plasticity after brain injury remain to be
elucidated.

Neurogenesis and Angiogenesis

Microglia regulate neurogenesis mainly through anti-
inflammatory effects and the secretion of neuroprotective factors.
M2 microglia-conditioned media induced by IL-4 has the ability
to promote proliferation and differentiation of neural stem/
progenitor cells (NSPCs) in the ipsilateral SVZ of ex vivo ische-
mic brain sections [164]. Curcumin ameliorates microglia de-
rived brain inflammation and improves neurogenesis in the hip-
pocampus by activating the BDNF/Trkb/PI3K/Akt signaling af-
ter TBI [165]. In addition, the phagocytic capacity of microglia
also participates in neurogenesis. Neural progenitor cells in the
hippocampus are known to give rise to neuroblasts throughout
life. However, the majority of these newborn cells undergo death
by apoptosis early during the differentiation process. Microglia
routinely and rapidly clear out these apoptotic cells through
phagocytosis and therebymaintain a non-inflammatorymicroen-
vironment in the brain [18]. On the other hand, M1 microglia
secrete destructive factors and promote brain inflammation,
which can exert detrimental effects on adult neurogenesis after
injury [166]. For example, M1microglia and neuroinflammation
driven by IFNγ impair hippocampal neurogenesis in the adult
mouse brain [167]. Similarly, microglial shifts toward the anti-
inflammatory phenotype may improve angiogenesis after brain
injury through production of neuroprotective vascular endothelial
growth factor (VEGF) and IL-8 [168, 169]. Knockdown of miR-
377 in the ischemic brain suppresses microglial secretion of pro-
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inflammatory cytokines, promotes angiogenesis, and lessens
brain injury [170]. Conversely, knockdown of HIF-1α enhances
brain inflammation and attenuates angiogenesis in a rat model of
chronic cerebral hypoperfusion [50]. VEGF is a major contribu-
tor to the development and patterning of blood vessels. In mi-
croglia and endothelial cell co-culture systems, activated microg-
lia increase the release of VEGF-A and platelet-derived growth
factor-BB (PDGF-BB) from endothelial cells and enhance an-
giogenesis [171]. This mechanism may partially underlie the
impact of microglia on vascularization.

White Matter Regulation

It is known that microglia clear myelin debris and apoptotic
cells during the process of demyelination, which contributes

not only to axon regeneration but also to remyelination.
Microglia can secrete growth factors and modulate the extra-
cellular matrix to provide an environment that supports oligo-
dendrocyte precursor cell (OPC) recruitment and differentia-
tion [7]. Microglia polarization phenotype strongly influences
white matter damage and repair after brain injury. The severity
of white matter injury is closely correlated with M1 polariza-
tion after brain injuries, such as TBI, ischemic stroke, and ICH
[31, 172, 173]. Pro-inflammatory microglia secrete cytokines
and reactive oxygen species that can directly damage oligo-
dendrocytes and favor demyelination [37]. Selectively deple-
tion of M1 or M2 microglia has been used to show that oligo-
dendrocyte regeneration is promoted by the M2 phenotype
and impaired by the M1 phenotype [174]. Oligodendrocyte
differentiation can also be enhanced in vitro with M2

Fig. 3 Diverse functions of microglia after brain injury.Microglia rapidly
activate when the microenvironment changes after brain injury and play
diverse roles in brain repair. Activated microglia can engulf misfolded
proteins and clear cellular debris and apoptotic cells through the
activation of specific membrane receptors. Anti-inflammatory microglia
secrete neuroprotective cytokines/chemokines and neurotrophic factors
that contribute to improvements in the blood-brain barrier, remyelination,

neurogenesis, angiogenesis, and axon regeneration. By contacting the
blood-brain barrier, microglia also play a role in direct closure of the
injured barrier by P2RY12-mediated chemotaxis of microglial processes.
Furthermore, microglial processes make direct contact with neuronal syn-
apses and can rapidly modulate neuroplasticity and neuronal function in
response to brain injury
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microglia-conditioned media [174]. Recent advances in
single-cell techniques have identified additional subpopula-
tions of activated microglia with unique signatures at different
stages of white matter disease. The contribution of these mi-
croglia subpopulations to the regulation of white matter awaits
further elucidation [37]. Thus, precisely timed and spatially
segregated modulation of microglia subtypes may yield the
greatest improvements in white matter integrity.

Impact of Age and Biological Sex onMicroglia
Function in Brain Disorders

Aging

Aging is the major risk factor for neurodegenerative diseases and
may aggravate the severity of brain injuries such as stroke and
TBI. Microglia play pivotal roles in brain immune surveillance
and may play a significant role in age-related brain changes.
Understanding the temporal changes of microglia in normal or
diseased brains over the lifespan may be useful in identifying
therapeutic interventions for age-related brain disorders.

Microglia in the Normal Aging Brain

Emerging evidence suggests that microglia undergo aging-
related changes, as characterized by the emergence of dystro-
phic morphologies, dynamic behavior, changes in expression
of inflammatory markers, and cytokine production. The num-
ber of microglia is quite homogenous across the adult lifespan.
Streit et al. identified morphological changes of microglia in
the human brain, as demonstrated by abnormalities such as
deramification, spheroid formation, gnarling, and fragmenta-
tion [175]. In addition, aged microglia have fewer dendritic
branches and less process motility, which may be linked to
lower migration rates and sustained inflammatory responses
in the aged brain [75, 176]. In general, inflammation is in-
creased in the CNS with aging. Accordingly, aged microglia
express higher levels of inflammatory markers, such as CD68,
TLR, CD11b, CD11c, and MHCII. MHCII was found to be
present on microglia predominantly in the aged brain [177]. A
recent study observed characteristic lipid droplets in the cyto-
plasm of aged microglia, but rarely in young microglia. These
lipid droplets contribute to deficits in phagocytosis and in-
creased ROS in aged microglia [178]. In 2017, Flowers et al.
leveraged mass spectrometry-based proteomics to compare
primary cultures of microglia derived from young vs aged
animals. They reported that microglia from aged mice show
key changes in cellular metabolism and energy regulation,
which may underlie alterations in inflammatory signaling
[179]. In 2020, Shi et al. reported the genome-wide transcrip-
tional profiles of microglia isolated directly from aged and
young mouse brains in vivo, using bulk RNA sequencing

[180]. Shi and colleagues discovered that aged microglia up-
regulate transcriptomic pathways involved in immune-
inflammatory responses, suggesting that microglia are in an
active inflammatory stage even in the healthy aged brain
[180]. Another study using single-cell RNA sequencing found
a small age-specific subpopulation of microglia that contrib-
utes to age-related brain inflammation [7]. Olah et al. further
confirmed the existence of an aging-related microglia pheno-
type by employing RNA Seq analyses of microglia collected
from postmortem human brains [181].

Microglia in Aged and Diseased or Injured Brains

The responses of aged microglia to acute brain injuries or
neurodegeneration diseases exhibit features distinct from
young microglia. Shi and colleagues compared the morphol-
ogy and function of microglia in young and aged mice after
acute brain ischemia and reported that the somal volumes of
Tmem119+ microglia were larger in the latter group [180]. In
addition, transcriptomic alterations suggest that aged microg-
lia are less dynamically responsive to acute ischemic insults
compared with young microglia, as evidenced by suppressed
expression of genes involved in biological functions such as
immune cell recruitment, immune responses, cellular homeo-
stasis, and cell-cell interactions [180]. During the brain recov-
ery stage after stroke, genes associated with cell movement,
cell-cell interactions, cell viability, and cell homeostasis were
more robustly activated in young mice and their expression
appeared to be impaired in aged microglia [182]. In the acute
phase after TBI, aged animals display robust microglia prolif-
eration but the aged microglia show impairments in phagocyt-
ic activity and higher production of IL-1β, which may con-
tribute to the higher mortality and worse neurological out-
comes in aged organisms suffering TBI, including humans
[183].

The role of senescent microglia in age-associated neurode-
generative diseases has been reviewed extensively. Microglia
purified from aged animals secrete molecules that drive brain
inflammation, a key contributor to the emergence of brain
disorders in the aged brain [184, 185]. Depletion of microglia
with PLX3397 in 9-month-old 5xFAD mice can prevent am-
yloid pathology and rescue synaptic plasticity [186]. Aged
microglia display a decrease in the capacity to degrade cellular
debris such asβ-amyloid, as suggested by reduced expression
of β-amyloid degrading enzymes, which may exacerbate neu-
rological deficits in neurodegenerative diseases [187, 188]. In
addition, iron-rich dystrophic microglia have been found in
most neurodegenerative brain disorders including human
and animal models. This glial iron sink could protect the brain
from iron toxicity but may damage microglia themselves
[189]. Overall, an improvement in our understanding of dis-
tinctions between microglia in the young versus aged brain
may help us design better therapies for brain disorders.
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Sex Differences

Several brain disorders display notable sex differences in in-
cidence, severity, and progression. Women have a lower risk
of developing stroke, but display worse outcomes and worse
neurological deficits than men after stroke onset [190, 191]. In
addition, men and women exhibit different clinical complica-
tions, which can impact diagnoses and treatments. Microglia
partly regulate sex differences in brain injuries, as discussed
below. Further understanding of sex differences in microglia
phenotype may help us develop more targeted therapies, es-
pecially in diseases where sex differences are prominent.

Microglial Sex Differences in the Healthy Brain

No differences in the number of male versus female microglia
have been observed in the fetal brain [192]. After birth, sex
differences in the number and morphology of microglia start
to emerge [192]. The number of microglial cells in the
preoptic area, hippocampus, parietal cortex and amygdala
are higher in male than female during postnatal development,
whereas females have higher numbers of microglia with acti-
vated morphologies later during development [192, 193].
Furthermore, the expression of a large number of cytokines,
chemokines and their receptors are highly sex-dependent in
both neonatal and adult brains [192]. An ex vivo study using
microglia derived from neonatal brains suggests that male
versus female microglia exhibit divergent inflammatory sig-
naling responses to LPS and estradiol [194]. The neonatal
microglial sex differences may determine sex-specific func-
tions later in life. Sex differences in microglia in the adult
brain are incompletely understood. RNA sequencing analyses
have recently identified sex distinctions in gene expression
profiles of adult murine microglia [195]. Sex hormones in
males and females are likely to be a contributing factor to
several developmental differences, but the specific roles of
sex hormones in the maturation of microglia are not yet fully
understood [196, 197]. It is important to recognize immuno-
logical differences in the male versus female CNS at various
developmental stages, as they may determine susceptibility to
neurological conditions later in life.

Microglial Sex Differences in the Injured Brain

Accumulating evidence suggests that microglia dynamics and
neuroinflammatory responses are sex-specific under injury
conditions. Using RNA sequencing, Villa et al. found that
male microglia express more inflammatory genes, while fe-
male microglia exhibit a more protective phenotype after
stroke. When microglia from female mice were transplanted
into male mouse brains, brain infarct volumes were signifi-
cantly reduced at both 24 h and 48 h after ischemia [195].
Neurodegeneration induced by kainate infusions into the

hippocampus is accompanied with microglial activation and
this response is more severe in males than females [198]. TBI
causes rapid and pronounced cortical microglia activation in
male mice and leads to a more aggressive neuroinflammatory
profile in males compared with females, in both acute and
subacute stages [199]. The blood protein vitronectin promotes
stroke-induced microglia activation and leukocyte infiltration
in females only [200]. One of the mechanisms underlying sex
differences might be sex hormones, which regulate microglia
activation and cytokine release in vitro and in vivo [201, 202].
However, as microglia isolated from adult brains maintain
sex-specific features when grown in culture or transplanted
into the brains of the opposite sex, hormone-independent
mechanisms may also exist [195].

Potential Opportunities and Challenges
in Targeting Microglia for Rationally
Designed Therapies against Brain Disorders

Due to the long-lasting influence of microglia on brain inju-
ries, targeting this cell type offers promise in the development
of therapies against brain injuries. However, the complicated
and dynamic features of microglial responses make it chal-
lenging to develop microglia-targeting treatments.

An enormous number of pharmacological or molecular
modulators have been tested in experimental models and/or
clinical trials. Fingolimod, an FDA-approved drug for the
treatment of MS, polarizes microglia toward the M2 state
and promotes angiogenesis by suppressing STAT3 signaling
in experimental models [48, 203]. Rosiglitazone treatment
increases M2 microglia responses following experimental is-
chemic stroke and improves white matter integrity [204].
Other pharmaceutical agents and factors such as ion channels
and transcription factors might be able to regulate microglia
polarization toward anti-inflammatory phenotypes and have
therapeutic potential for brain protection after experimental
injury [205–210]. Cellular therapies that target microglia-
mediated neuroinflammation have also been tested in preclin-
ical studies. Intrathecal transplantation of autologousM2mac-
rophages in nonacute stroke patients elicited an improvement
in neurological scores and increased spontaneous production
of IL-10, FGF-β, PDGF and VEGF [211]. Despite the bene-
ficial effects of therapies that regulate microglia polarization
in experimental or preclinical studies, the clinical translation
of these factors is in its infancy.

The process of microglial depletion and subsequent repop-
ulation is emerging as a potential therapy against brain inju-
ries. Microglia can be depleted from the brain by pharmaco-
logical as well as genetical approaches [212]. Depletion of
microglia results in few to no behavioral consequences in
the normal brain, and elicits varying outcomes in models of
brain diseases [213, 214]. Depleted microglia are able to
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repopulate in vivo, but the origin of the repopulated microglia
is still debated [215–218]. Freshly repopulated microglia in
the mammalian brain tend to adopt a neuroprotective and pro-
regenerative phenotype, which facilitates brain repair and al-
leviates cognitive deficits after brain injury. In 24-month-old
aged mice, acute and noninvasive depletion and repopulation
of microglia with the CSF1 receptor (CSF1R) inhibitor
PLX5622 significantly improved spatial memories and re-
versed age-related changes in neuronal gene expression
[219]. Sustained microglial depletion after experimental TBI
with continuous PLX5622 treatment (i.e., before and during
TBI) does not affect injury-induced cognitive deficits.
However, the repopulation of microglia after both pharmaco-
logical or genetical depletion successfully promotes function-
al recovery and improves neurogenesis after experimental TBI
in an IL-6 dependent manner [220]. Even in the chronic stages
after TBI, short-term elimination of microglia followed by
repopulation results in long-term improvements in neurologi-
cal function and a reduction in persistent neurodegenerative
processes, thereby dramatically extending the therapeutic win-
dow for TBI [221]. Furthermore, microglia depletion and re-
population by PLX3397 has the potential to attenuate chronic
immune activation in primary organotypic hippocampal slice
cultures, as demonstrated by elevated anti-inflammatory cyto-
kine and growth factor expression in repopulated microglia
[222]. Although microglial depletion and replacement has
therapeutic potential against brain injury, there remain limita-
tions, as with all clinical treatments. First, pharmacological
approaches to deplete microglia by oral drug intake may have
equivalent effects on peripheral macrophages or other im-
mune cells that express the targeted receptors, which may
elicit unwanted effects. In addition, microglia depletion at
different disease stages may have distinct outcomes. Further
investigations are essential before we deploy the power of
microglia depletion as a clinical intervention in patients.

Given the lack of effective therapeutic options for many
neurological diseases, further understanding of microglial
function is essential [223, 224]. Technological advances in
molecular biology, imaging, and single-cell analysis have
provided considerable insights into dynamic microglial re-
sponses to brain injuries and boosted the potential of
microglia-based treatments against brain injury. A superior
understanding of crosstalk between microglia and other
peripheral immune cells might allow us to modulate
microglial function indirectly without forced ingress into
the CNS. However, there are still obstacles that need to be
overcome before microglial weaponry can be exploited
against CNS disorders. In particular, it is difficult but nec-
essary to develop drugs that target disease-associated mi-
croglia specifically without negatively affecting normal
microglia. Future studies are warranted to further distin-
guish differences between microglia phenotypes and shift
the equilibrium toward the beneficial microglial responses.

Conclusion

The present review provides an overview of the activation
status and functional diversities of microglia following brain
injury. As resident myeloid cells and professional phagocytes,
microglia shape neural circuits and neuroplasticity during
brain development. In the postnatal and adult brain, microglia
serve as the primary arm of the innate immune system of the
brain, monitoring its dynamic microenvironment and main-
taining homeostasis. The morphological changes and physio-
logical functions of microglia exhibit temporal and spatial
heterogeneity, allowing them to assume diverse roles in dif-
ferent brain regions and across the lifespan. In the injured
brain, microglia undergo rapid activation and phenotypic
change, functioning as dual-edged swords in brain damage
and restorative processes. Age and sex differences significant-
ly influence microglia function in both physiological and
pathological conditions, and a variety of modulators have
the capacity to regulate microglia phenotype polarization.
Thus, recent insights into microglia biology open a new hori-
zon in the battle against brain disorders.
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