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ABSTRACT

It has recently emerged that microglia, the tissue-resident
macrophages of the central nervous system, play significant non-
innate immune roles to support the development, maintenance,
homeostasis and repair of the brain. Apart from being highly
specialized brain phagocytes, microglia modulate the development
and functions of neurons and glial cells through both direct and
indirect interactions. Thus, recognizing the elements that influence
the homeostasis and heterogeneity of microglia in normal brain
development is crucial to understanding the mechanisms that lead
to early disease pathogenesis of neurodevelopmental disorders.
In this Review, we discuss recent studies that have elucidated
the physiological development of microglia and summarize our
knowledge of their non-innate immune functions in brain
development and tissue repair.
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Introduction

Microglia are highly motile, surveillant brain-resident macrophages
that constitute a significant proportion of neuroglia in the central
nervous system (CNS) (Lawson et al., 1990; Nimmerjahn et al.,
2005). Microglia that form during CNS development go on to self-
renew throughout the lifetime of the healthy animal, thereby
maintaining the tissue-resident population (Ajami et al., 2007; Prinz
et al.,, 2014; Tay et al., 2017b). Although microglia are largely
known for their immune response-driven phagocytosis of pathogens
and debris, as well as changes in inflammatory phenotypes in
neurodegenerative diseases, they are also involved in many non-
immune aspects of CNS development, homeostasis and repair
throughout life (Tay et al., 2017a). Without a doubt, microglia are
the de facto workhorses of the CNS immune system.

Here, we discuss recent findings and highlight reviews
that examine this topic in greater detail. Notably, microglia do not
form a monolithic population within the CNS, despite originating
from common sources in early brain development. Aside from
their dual developmental origin, the complex microenvironment
where microglia reside shapes the phenotype and function of the
cells (Bennett and Bennett, 2020). As a crucial regulator of the
brain microenvironment, evidence of molecular and state-specific
functional heterogeneity of microglia throughout the CNS is
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unsurprising. However, we are only at the beginning of
understanding microglial heterogeneity. In addition, there have
been an increasing number of examples that demonstrate how
microglial interactions with other brain cell types modulate
CNS development and repair (Greenhalgh et al., 2020; Werneburg
et al, 2017). More strikingly, recent evidence from human
mutations and preclinical models has revealed mild (e.g.
dysregulation of microglial state) to devastating (e.g. pediatric-
onset leukoencephalopathy) consequences in brains that lack
healthy microglia (Oosterhof et al., 2019; Spittau et al., 2020). To
elucidate the mechanisms that lead to early disease pathogenesis
of neurodevelopmental disorders, we find it timely to expound
the factors that impact microglial specification, heterogeneity and
functional diversity in physiological CNS development in this
Review. In particular, we examine the influence microglia exert on
other brain cell types for normal brain development and regeneration.

Specification of microglia

Developmental origins of microglia

In contrast to neuroepithelium-derived glia, such as astrocytes and
oligodendrocytes, microglia originate from early erythromyeloid
progenitors (EMPs) derived from yolk sac hematopoiesis at
embryonic day (E) 7.25-7.5 (Alliot et al., 1999; Ginhoux et al.,
2010; reviewed by Becker and Becker, 2022). Embryonic microglia
infiltrate the developing murine neuroepithelium by E9.5, around
the period that primary brain vesicles are formed and prior to the
appearance of the first neurons at E11.0 (Chen et al., 2017; Ginhoux
et al., 2010). In addition, a subpopulation of Hoxb8" microglia
(Table 1) has been suggested to arise from a second wave of yolk sac
hematopoiesis that gives rise to microglial precursors, which expand
their population in the aorta-gonad-mesonephros (AGM) and fetal
liver. Fate mapping has revealed that these Hoxb8" AGM and fetal
liver microglial precursors then colonize the embryonic CNS from
E12.5 (Deetal., 2018; Fehrenbach et al., 2018) (Fig. 1A). Although
the origin of this second source of Hoxb8" microglia has only been
shown in one study, genetically preventing hematopoiesis after E11
reduces the number of microglia in sampled mouse brains at E16.5,
E18.5, postnatal day (P) 0 and P1, thus supporting the notion that a
subpopulation of microglia is generated independently of early
EMPs (Fehrenbach et al., 2018).

The transcription factor PU.1 (also known as Spil) is required for
commitment to the myeloid lineage in EMPs (Back et al., 2004), and
interferon (Ifn) regulatory factor 8 (Irf8) is a master regulator of
microglial identity (Van Hove et al., 2019) (Fig. 2). Together, Irf8 and
PU.1 function as heterodimers during the early specification
of microglial precursors between E9 and E10.5, and are required to
determine the molecular and morphological phenotype of microglia
(Beers et al., 2006; Kierdorf et al., 2013; Minten et al., 2012; Schulz
et al., 2012). Between E10.5 and E14.5 transforming growth factor
beta (TgfP) signaling drives EMPs to acquire a microglial molecular
identity, by inducing the upregulation of spalt-like transcription factor
1 (Salll), which encodes a zinc-finger transcription factor that defines
the identity and roles of microglia (Buttgereit et al., 2016) (Fig. 2).
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Table 1. Examples of developmental microglial heterogeneity mentioned in this Review

Subset/markers Spatial/temporal context (species)

AGM and fetal liver-derived
(mouse)

Embryonic brain >E14.5 (mouse)

Corpus callosum and cerebellar
white matter E14.5, P7 (mouse)

Pre-myelinated brain P4/5 (mouse)

Specific observations/functions Reference(s)

De et al., 2018

Hoxb8"* microglia Distinct from microglia derived from E7.25 EMPs
Cd11b"' Cd45' microglia
Proliferative region-
associated microglia (PAM)
Axon tract-associated
microglia (ATM)
Immune-sensing microglia

Nrros-dependent microglial identity

Ameboid, proliferative microglia with enlarged soma
and thicker processes

Control axonal organization and fasciculation and
myelination

Increased chromatin accessibility; associated with
environmental sensing and susceptibility to
perturbations

Express Igf1 and other neurogenic signals;
upregulation of Mac3 in ameboid microglial cells

Line capillaries to control vasodilation and blood flow

Wong et al., 2017
Lietal, 2019

Hammond et al., 2019

Fetal >GW13 (human) Kracht et al., 2020

Cd11c* Igf1* microglia White matter regions P1-P8
(mouse)

>P5 (mouse)

Hagemeyer et al., 2017;
Wilodarczyk et al., 2017

Capillary-associated Bisht et al., 2021
microglia (CAM)

Synaptic-region associated Silva et al., 2021

Mid/hindbrain >7 dpf (zebrafish) Ramified morphology; express complement pathway

microglia genes

Neurogenic-associated Optic tectum >7 dpf (zebrafish) Ameboid morphology; preferentially phagocytose dead  Silva et al., 2021
microglia neurons

Gray matter-associated Gray matter >P4 (mouse) 1134 dependent Easley-Neal et al., 2019
microglia

White matter-associated White matter >P4 (mouse) Csf1 dependent; express Nrp1, which affects OPC Easley-Neal et al., 2019;
microglia proliferation and remyelination Sherafat et al., 2021

GABA-receptive microglia Juvenile (<P21) (mouse)

Express GABA receptors and preferentially prune

Favuzzi et al., 2021

inhibitory synapses in the somatosensory cortex

Trem2* microglia Adult mice (6-12 weeks old);

adult human

Clear the products of oxidative stress and myelin debris

Dong et al., 2021;
Piccio et al., 2008;
Cignarella et al., 2020

dpf, days post-fertilization; GW, gestational week.

Ontogenically similar to microglia, the CNS-associated
meningeal, choroid plexus and perivascular macrophages (CAMs)
are located at CNS interfaces and are also largely derived from early
yolk sac EMPs to form tissue-resident macrophages in their
respective compartments (Goldmann et al., 2016) (Fig. 2). CAMs
are morphologically distinct from homeostatic ramified microglia,
but, like microglia, also express PU.1 and Irf8 (Goldmann et al.,
2016). Microglia are distinguished from CAMs by the early
expression of hexosaminidase B (Hexb) and Salll, suggesting that
high expression of these two proteins is specific to the microglial
population (Buttgereit et al., 2016; Kim et al., 2021; Masuda et al.,
2020). Furthermore, although the development of microglia is
dependent on Tgfp signaling, fate mapping of CAMs [also referred
to as border-associated macrophages (BAMs) as a result of their
localization in the border compartments of the CNS] has revealed
the early segregation of CAMs into a TgfB-independent lineage (Utz
et al., 2020) (Fig. 2).

Microglia and CAMs do not express Myb, Batf3 and Nr4al,
which are instead associated with hematopoietic stem cell (HSC),
bone marrow-derived macrophages (BMDMs) (Goldmann et al.,
2016). A subpopulation of Ly6cM Cer2” BMDMs are able to replace
microglia to a certain extent under specific conditions (Priller et al.,
2001; Prinz et al., 2014) (Fig. 2). Studies have demonstrated the
replacement of microglia by BMDMs as an artifact of irradiation
(Mildner et al., 2007), or through freeing of the brain parenchymal
microglial niche by genetic manipulation to cause partial microglial
depletion (Cronk et al., 2018; Lund et al., 2018). BMDMs acquire
distinct microglia-like phenotypes once engrafted into the brain
microenvironment, including a regular, tiled distribution, ramified
morphology and the expression of some microglia signature genes,
such as Fc receptor-like S scavenger receptor (Fcrls) and TgfB
receptor genes. However, BMDMs do not fully recapitulate the
microglial identity (Bennett et al., 2018; Cronk et al., 2018; Lund
et al., 2018; Shemer et al., 2018); long-term integrated brain

BMDMs display a distinct transcriptome, epigenetic regulation and
immune responses compared with endogenous microglia (Shemer
et al.,, 2018). Nevertheless, these observations emphasize the
therapeutic potential of BMDMs in modulating the pathogenesis
and disease burden of neurodevelopmental disorders.

Maturation of microglia

As for all macrophages, the normal proliferation, maturation and
survival of microglia is dependent on colony-stimulating factor 1
(Csfl) receptor (Csflr) signaling, which acts through both the Csfl
and interleukin (I1) 34 ligands expressed by neural cells to signal to
microglia in a brain region-dependent manner (Elmore et al., 2014;
Bohlen et al., 2017; Erblich et al., 2011; Greter et al., 2012; Nandi
et al., 2012; Wang et al., 2012). Similarly, deficiency in the Csflr
adaptor protein DNAX activation protein of 12 kDa (DAP12; also
known as Tyrobp) in mice leads to an eventual reduction in microglial
cell numbers due to defects in Csflr-dependent proliferation and
survival (Otero et al., 2009). The complete lack of Nrros, a myeloid-
expressed protein that regulates reactive oxygen species (ROS)
production by controlling NADPH oxidase 2 (Nox2; also known as
Cybb) stability, also results in the loss of bona fide embryonic
microglia marked by Cd11b (Itgam)" Cd45 (Ptprc)® (Table 1) by
E14.5 (Wong et al., 2017) (Fig. 2). In the Nrros knockout mouse,
perivascular macrophage-like cells have been observed to take the
place of microglia in the CNS at P2 (Wong et al., 2017). Furthermore,
runt-related transcription factor 1 (Runx1) appears to be required for
the proliferation and maturation of ameboid microglia during the first
2 weeks of postnatal forebrain development by promoting the
ramified microglial morphology found in homeostatic adult brain
(Zusso et al., 2012).

In summary, subtle differences in the fate specification program
of microglia likely distinguish them from their close CAM myeloid
relatives. However, in addition to intrinsic fate-determining factors,
microglial identity is subject to external influences (Box 1).
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Fig. 1. Microglial specification, heterogeneity and functional diversity across stages of CNS development and maturation. (A) During early CNS
development, the brain is infiltrated by erythromyeloid progenitors (EMPs) from the yolk sac between E8.5 and E9.5 from the first wave of hematopoiesis. A second
wave of yolk sac hematopoiesis generates Hoxb8" microglial precursors that migrate to the CNS from the aorta-gonad-mesonephros (AGM) and fetal liver from
E12.5. (B,C) Proliferative microglial cells are a common feature during the perinatal (E14.5-P7) and early maturation (P7-P14) stages. (B) Specific proliferative
microglial clusters, such as the white matter-associated microglia and axon tract-associated microglia, are observed within the first week after birth. (C) Microglial
maturation and expansion of the population continue within various brain compartments. Phagocytic microglia, immune-sensing microglia and Cd11c*
myelination-associated microglia can be found in fetal human and juvenile murine brains.

Microglia identification and heterogeneity

Concerted efforts have enabled the recent identification of
additional microglial cell markers and transcriptomic signatures to
study precisely their origins, specification and functions in the brain.
To unveil these factors, it is important to target microglia
specifically within the brain environment, while distinguishing
them from other brain cell types and close myeloid relatives, such as
circulating monocytes and BMDMs. The fractalkine receptor or
CX3C chemokine receptor 1 (Cx3crl) GFP reporter mouse has
served as an invaluable tool in the visualization of brain microglia
for over two decades (Jung et al., 2000). The subsequent availability
of the inducible Cre-driver under the control of the Cx3crI promoter
has permitted temporal labeling of microglia and microglia-
specific gene targeting (Goldmann et al., 2013; Yona et al.,
2013). However, because Cx3crl is also expressed in CAMs
(Fig. 2), clear identification of microglia requires additional
information, such as location, morphology and the expression of
other markers (Goldmann et al., 2016; Jung et al., 2000). The
identification of genes enriched in microglia has led to the recent
expansion of resources for targeting rodent and human microglia in

development and disease (Butovsky et al., 2014). Genetic tools
based on markers, such as Salll and Hexb, and others, now
distinguish microglia from monocytes and BMDMs, as well as
CAMs (Bennett et al., 2016; Buttgereit et al., 2016; Kaiser and
Feng, 2019; Masuda et al., 2020; McKinsey et al., 2020). One
caveat, however, is that — with the exception of Hexb — these
microglial markers are downregulated in some disease conditions,
such as demyelination (Masuda et al., 2020). Here, we provide a
brief perspective on the regulation of microglia homeostasis and
activity, as well as their heterogeneity in space and time.

Regulation of microglial homeostasis

Several of the factors that promote microglial identity are also
required for the survival, self-renewal and homeostatic state of
microglia. Steady-state microglia are typically considered to be
the mature, ramified and dynamic cells that actively survey their
local microenvironments without overt increase in inflammatory
response (Tay et al., 2017a). Reactive microglia (which appear
ameboid and upregulate proinflammatory proteins and antigen-
presenting markers), primed microglia (which produce an
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Cell-type specification

Fig. 2. Microglial identity. Microglia reside in the brain
parenchyma and can be distinguished by their
expression of the combination of Fcrls, Hexb, Nrros,

Microglia CAMs OIfmI3, P2ry12, Sall1, TgfB, Tgfp receptors 1 and 2,
and Tmem119. Microglial identity is maintained by
Maintenance Fcrls  Tgfp signaling through 1134, NF-xB and TgfB. In the CNS
1134 Hexb Tgfpr1 Irf8 border compartments, choroid plexus, meningeal and
NF-kB Nrros Tgfpr2 PU.1 perivascular macrophages, otherwise known as CNS-
Tefp Olfm(3 Tmem119 . associated macrophages (CAMs) or border-
P2ry12 é(f(;r associated macrophages (BAMs), are distinct from
Salt1 |;a1r microglia but share the expression of the transcription
factors Irf8 and PU.1 in their lineage specification.
Bone marrow-derived macrophages (BMDMs), which
BMDMs are not typically localized in the brain, share the
i y common expression of Csf1r and Cx3cr1 with
Microglia Meningeal Ei:? Z\ﬁm microglia and CAMs, but selectively express Batf3,
ma?(r:ﬂla)ges Ly6chi Ccr2, Lyéc™, Myb and Nr4a1.
s

Perivascular
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exaggerated inflammatory response to a second stimulus) and
senescent microglia (which have enlarged soma and thick
processes, and accumulate cellular debris) are generally
considered dysfunctional and associated with pathology and
aging. Notably, the proliferative, phagocytic or ameboid microglia
that appear with spatial and temporal specificity during normal CNS
development are integral to the diverse functions performed by
microglia and should not be confused with undesirable microglial
states that lead to neurotoxicity (Tay et al., 2017a). Stable TgfB
signaling maintains the wunique homeostatic —microglial
transcriptomic signature comprising Salll, Hexb, transmembrane
protein 119 (Tmemli19), purinergic receptor P2RY12 (P2ryi2),
Tgfbrl, Ferls and olfactomedin-like 3 (Olfinl3) (Fig. 2), as well as
immune reactivity (Butovsky et al., 2014; Zdller et al., 2018). In
mice that lack expression of TgfBl in the CNS, no microglia that
express the microglial markers ionized calcium-binding adapter
molecule 1 (/bal)and P2ryl2 are observed in the brains of P20 and
older animals (Butovsky et al., 2014). Epigenetic factors, such as the
class I histone deacetylases Hdacl and Hdac2, are required for
microglial survival during development, but are functionally
redundant in homeostatic adult microglia (Datta et al., 2018).
Microglial homeostasis and function are also post-transcriptionally
regulated by microRNAs (miRNAs) in an age-dependent
manner (Varol et al, 2017). For instance, knocking out
Dicer (Dicerl), a protein that processes miRNAs, in Cx3crl ™ yolk
sac EMPs leads to a global increase in DNA damage in PO
newborn microglia, but microglial depletion of Dicer in adults does
not have the same outcome. Instead, loss of Dicer in adult microglia
drives hyper-reactivity and results in hippocampal neuronal
impairment (Varol et al,, 2017). Maintaining microglial self-
renewal and normal tiling pattern in the CNS requires Csflr
signaling, largely through 1134 (Greter et al., 2012). Regeneration of
microglial homeostasis and cell density after transient chemical
ablation by a Csflr inhibitor in the adult mouse brain requires a

Bone marrow-derived
macrophages (BMDMs)

stepwise maturation process reminiscent of CNS development
(Zhan et al., 2019). However, the requirement for the activation of
NF-xB signaling, and the upregulation of the transcription factor
Mafb, may be specific to the regulation of adult microglial
homeostasis and is independent of the developmental and
perinatal maturation programs (Matcovitch-Natan et al., 2016;
Zhan et al., 2019).

Microglia-specific inactivation of Salll causes the adoption
of an inflammatory phenotype in steady-state microglia that leads
to altered brain development, disrupted tissue homeostasis and
impaired neurogenesis (Buttgereit et al., 2016). miR-124 reportedly
modulates mouse and zebrafish microglial phagocytosis and
motility as the cells switch from the ameboid to the ramified
phenotype (Ponomarev et al, 2011; Svahn et al., 2016).
Furthermore, a study of juvenile rodent microglia has reported
that the ramified surveillant phenotype of motile microglia is
regulated by the two-pore domain potassium channel Thik-1
(Kenk13) (Madry et al., 2018). Aside from cell-intrinsic aspects
that mediate microglial homeostasis, we next examine the non-cell-
autonomous signals that modulate the steady state phenotype.
Signaling between neurons and microglia via Cx3crl is important
for maintaining microglia in their non-reactive state. Notably,
Cx3crl is also necessary for regulating microglial behavior,
including their timely recruitment into the CNS, cell density in
the early postnatal stage and phagocytic activity that impact
their role in physiological synaptic pruning and synaptic
plasticity (Hoshiko et al., 2012; Paolicelli et al., 2011; Rogers
etal., 2011; Ueno et al., 2013; Zhan et al., 2014). Furthermore, the
dysregulation of microglial activity does not necessarily involve a
switch to an inflammatory state. In fact, elevated mammalian target
of rapamycin (mTOR) signaling in microglia activates a reactive
phenotype, independently of inflammatory responses, and is
correlated with early-onset seizures or death in juvenile mice
(Zhao et al., 2018).
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Box 1. External factors that influence microglial identity
and activity

Tissue microenvironments drive chromatin modifications and enhancer
selections that impact the transcriptional regulation of local microglial
phenotypes (Gosselin et al., 2014; Lavin et al., 2014). Relocating human
and mouse microglia from the brain to tissue culture leads to such broad
epigenetic remodeling that even Tgff addition cannot fully reverse
(Bohlen et al., 2017; Gosselin et al., 2017). Conversely, transplantation
of CNS naive HSC-derived myeloid cells into Csf71r knockout brains
devoid of microglia induces the donor cells to partially adopt a microglial
identity (Bennett et al., 2018).

Although there are reports of sexual dimorphism in adult microglia and
sex differences in microglia behavior (Guneykaya et al., 2018;
Hanamsagar et al., 2017; Nelson et al., 2017; Schwarz et al., 2012), it
is currently unclear whether genetic sex differences or sex hormones
play a role in microglial specification. It is important to investigate the
impact of sex on microglia to understand the sex biases that underlie
several neurodevelopmental and neurodegenerative disorders
(Hanamsagar and Bilbo, 2016; Villa et al., 2019).

Extrinsic cues may be important to the regulation of microglial
homeostasis. Several aspects of gut-brain crosstalk influence
microglial state and functions: prenatal mice raised under germ-free
conditions display dysregulated microglial development and maturation
in a sex- and brain region-dependent manner (Thion et al., 2018). Tgfa
release by microglia is activated by gut-derived metabolites, such as
tryptophan, through the aryl hydrocarbon receptor expressed by
microglia (Rothhammer et al., 2018). Finally, maternal intake of
omega-3 fatty acids is essential for hippocampal development in
offspring, a process that is mediated by microglial phagocytosis
(Madore et al., 2020). Other environmental factors that could indirectly
interact with brain microglia to alter their homeostatic functions are
discussed elsewhere (Tay et al., 2018).

In summary, several endogenous and external elements (Box 1)
act independently or in concert to regulate microglial homeostasis
and function during CNS development and maturation.

Microglial heterogeneity in space and time

In the adult CNS, morphological diversity of microglia across brain
compartments has been described for more than three decades
(Lawson et al., 1990) and non-uniform microglial expression of
various myeloid and inflammatory markers across the CNS has also
been summarized in a recent review (Tan et al., 2020). One of the
earliest studies that revealed microglial diversity was a genome-
wide analysis of microglia from discrete brain regions across the
adult lifespan of the mouse, in which microglia reportedly
possessed distinct regionally variable transcriptional identities,
immunophenotypes and metabolic requirements (Grabert et al.,
2016).

Subsequent studies have also distinguished between gray and
white matter-associated microglia. For instance, white matter
microglia upregulate ubiquitin-specific protease 18 to maintain
homeostasis by negatively regulating basal interferon signaling
(Goldmann et al., 2015). Furthermore, white matter-associated
microglia are activated in an age-dependent manner, in contrast to
gray matter microglia, possibly in relation to the former’s role in
clearing myelin debris (Safaiyan et al., 2021) (Table 1) (Fig. 1B).
More recently, studies using function-blocking antibodies have
revealed the differential dependence on 1134 and Csfl for
maintaining microglia in gray matter and white matter,
respectively, in adult mice (Easley-Neal et al., 2019). Temporally,
1134 appears to play a lesser role in maintaining the microglial
population compared with Csfl during prenatal development and

the region-specific dependency on each Csflr ligand is only
apparent after P4 (Easley-Neal et al., 2019). Follow-up studies on
these findings using inducible genetic targeting approaches would
be valuable to verify these results because of the relatively unknown
penetrance and efficacy of the blocking antibodies in brain tissue in
developmental and postnatal stages. A similar example is the
transient appearance of a proliferative and reactive Cdl1c (Itgax)*
Mac3 (Lamp2)" Igfl* (insulin-like growth factor 1) microglial
subset associated with white matter but absent in gray matter
(Hagemeyer et al., 2017; Wlodarczyk et al., 2017) (Fig. 1B).

The broad accessibility of single-cell RNA sequencing (sScCRNA-
seq), high-dimensional mass and fluorescence cytometry, and
spatial transcriptomics, has delivered unparalleled new information
on the heterogeneity of brain microglia in various spatial and
temporal contexts of health or disease (Bottcher et al., 2019; Kubick
et al., 2020; Mrdjen et al., 2018). Multi-dimensional clustering of
single-cell transcriptomes has typically revealed greater temporal
heterogeneity (in terms of more clusters) among embryonic and
early postnatal microglia than in adult microglia of healthy mice
(Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019,
Matcovitch-Natan et al., 2016). For instance, unsupervised
clustering of microglia from the mouse brain at E16.5, 3 weeks of
age and 16 weeks of age gave rise to six, three and one cluster(s),
respectively (Masuda et al.,, 2019). The increasing microglial
homogeneity from the third postnatal week is also reflected in the
stabilization of microglial turnover and cell density from P42, which
remain constant in the healthy adult brain (Nikodemova et al.,
2015). A subpopulation of ameboid proliferative region-associated
microglia (PAM) (Table 1) have been identified at E14.5 and P7,
particularly in the developing murine corpus callosum and
cerebellar white matter at one week after birth (Li et al., 2019)
(Fig. 1B,C). Here, PAM possess a specific transcriptome that
resembles that of aging- and neurodegenerative disease-related
microglia, including the secretion of the chemokine ligands Ccl3
and Ccl4. Morphologically, PAM have been shown to possess
enlarged soma and thicker processes, and largely express the surface
protein Clec7a (Li et al., 2019). Similarly, a subset of ameboid axon
tract-associated microglia (ATM) (Table 1) in the P4/P5 pre-
myelinated mouse brain has been described. The functions of these
ATM have been identified as the control of axonal organization
and fasciculation, as well as myelination and homeostasis of
oligodendrocytes (Hammond et al., 2019). This early postnatal
ATM population has not been found at any other time points and
they have been shown to upregulate the expression of osteopontin
(also known as Sppl), Igfl, neuromedin B, immune response-
associated galectin genes, lysosomal-associated membrane protein
1 (Lampl) and Cd68 (Hammond et al., 2019) (Fig. 1B).

scRNA-seq analyses of aborted fetuses have also enabled
the transcriptomic-based tracing of human microglia at different
developmental stages and have identified the early acquisition of
immune-sensing properties by fetal microglia (Bian et al., 2020; Fan
et al., 2018; Kracht et al., 2020) (Table 1) (Fig. 1C).

Taken together, it is likely that the studies mentioned
have identified consistent populations of microglia during CNS
maturation that share similarities in gene regulation with microglial
subsets that arise during normal aging, adult white matter microglial
reconstitution or neurodegeneration (Benmamar-Badel et al., 2020;
Hohsfield et al., 2021) (Fig. 1). Although there is now some
evidence that the adult pool of microglia is derived from two
temporally distinct sources (De et al., 2018; Fehrenbach et al., 2018;
Ginhoux et al.,, 2010), past studies have not taken this into
consideration. Thus, it is currently unclear whether the second
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source of microglia is specified by the same intrinsic factors to a
similar extent during CNS development. It is reasonable to believe
that a different response to the transcription factors PU.1 and Irf8,
and TgfP and Csflr signaling pathways could impact microglial
heterogeneity during development. Furthermore, the microglial
heterogeneity that has been reported so far is independent of sex
differences (Hammond et al., 2019) (Box 1). Considering the
diverse needs of the CNS during development, spatial and temporal
microglial heterogeneity is likely tied to the various developmental
processes that microglia help to regulate, including neurogenesis,
axonogenesis and myelination, as we discuss below (Stratoulias
et al., 2019).

Function of microglia

Guided by their spatial and temporal heterogeneity, microglia are
crucial architects of the developing brain. Microglia promote brain
development and homeostasis through complex interactions with
various neuronal and non-neuronal cell types (Figs 3 and 4). Below,
we consider these unique interactions between microglia and other
cell types that underlie normal brain development and CNS tissue
regeneration.

Fig. 3. Microglia physically interact
with neural cell types to promote
healthy brain development. Microglia
are capable of modulating brain
development through direct contact with
various cell types of the CNS. (A)
Elimination of NPCs and neurons via
phagocytosis is crucial for the formation
and function of neuronal circuitry. (B) In
particular, microglial phagocytosis of
retinal ganglion cells (RGCs) to regulate
proper eye development has been well
documented. (C) Microglia can also
modulate neuronal activity by directly
interacting with neuronal somata. (D)
Microglia physically interact with
neuronal dendrites and routinely prune
synapses to direct brain and eye
development. (E) Microglia phagocytose
oligodendrocyte precursor cells (OPCs)
and myelin to regulate homeostatic
density and myelination. (F) Microglia
bridge endothelial tip cells to promote
fusion and vascularization, and capillary-
associated microglia are present
throughout postnatal life, lining brain
capillaries to control blood flow and
dilation.

C Microglia contact
neuronal somata to
modulate activity

E Microglia phagocytose
OPCs and myelin to
regulate homeostatic
density and myelination

Y—@

Neural precursor cells and neurogenesis

Neural precursor cells (NPCs) crucially give rise to both neurons
and a variety of glial cell populations (Martinez-Cerdefio and
Noctor, 2018). Early work documenting the presence of microglia
during normal development, and subsequent cell death in both mice
and birds, first hinted at the importance of microglia in shaping the
newly formed CNS (Antony et al., 2011; Lang and Bishop, 1993;
Marin-Teva et al., 1999). Recent research has further identified key
interactions between microglia and NPCs, which have profound
effects on neurogenesis and overall brain development in
vertebrates. Microglia regulate developmental neurogenesis in
multiple proliferative brain regions via phagocytosis (Fig. 3A).
For instance, microglia in the subgranular zone of the murine
dentate gyrus phagocytose apoptotic neuroblasts in the early
postnatal period to regulate their incorporation into hippocampal
circuits (Sierra et al., 2010). Dysregulation of Sal/l/l abrogates
neuroblast differentiation in the murine dentate gyrus via disruption
of microglial gene expression, morphology and reactivity
(Buttgereit et al., 2016). During embryonic development,
microglia also colonize the subventricular zone (SVZ) and inner
SVZ of macaque and rat brains to phagocytose NPCs and regulate
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NPC population density (Cunningham et al., 2013). Notably, the
phagocytic capacity of microglia is heavily context dependent;
during zebrafish neurodevelopment, a phenotypically distinct
microglial subpopulation, called neurogenic-associated microglia
(Table 1), localizes to the neurogenic regions of the optic tectum and
primarily phagocytoses dead neurons. In contrast, microglia located
in the zebrafish midbrain and hindbrain, called synaptic-region
associated microglia (Table 1), express genes associated with
phagocytosis of synaptic material and complement pathway
activation (Silva et al., 2021). Taken together, these findings
emphasize the multi-faceted ways microglia can regulate
neurogenesis via phagocytosis.

Although the mechanism(s) that drive microglial selection of
NPC phagocytosis remain unclear, an increasing body of work has
elucidated the role of microglial secreted factors in regulating NPCs
and neurogenesis to support brain development. When cultured
alone, murine NPCs lose the capacity to produce committed
neuroblasts, but co-culture with either microglia or microglial-

ANPCs B Neurons
® .
(j B Cxcl12
X
1B, 16, w A
Tnfa, Ifny
]
| 2
D Synapses
133, AT, A& Microglia
O3clt - ©®
Bdnf, @
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conditioned media rescues this ability. These findings suggest that
microglial-secreted factors are sufficient to promote SVZ
neurogenesis (Walton et al., 2006). Indeed, microglial reactivity
and the subsequent secretion of inflammatory cytokines [e.g. I11j3,
116, tumor necrosis factor o (Tnfo) and Ifny], in early postnatal
development promotes both neurogenesis and oligodendrogenesis
in the rat SVZ (Shigemoto-Mogami et al., 2014) (Fig. 4A). Recent
work has suggested that the crosstalk between microglia and NPCs
may also be bidirectional; basal progenitor cells in the murine
ventricular zone and SVZ actively recruit microglia through the
expression of Cxcll2 during cortical development. In turn,
disruption of essential microglial Csflr signaling reduces the
population of basal progenitor cells, implicating microglia in proper
progenitor cell maintenance (Arno et al., 2014). Furthermore,
embryonic murine microglia are recruited by Cxcll2 to both the
SVZ and meninges from the cortical plate. The absence of
microglia-secreted factors (e.g. 116 and type 1 interferons) in the
cortical plate is instrumental in the proper maturation of post-

C Neural cells

—&—

Type 1 interferons,
116, Igf1, Tnfa,
Ngf, ions

E Oligodendroglial lineage cells

.
1B, 116, Tnfa,

Ifny, Igf1, Nrp1
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Fig. 4. Microglia secrete cytokines to regulate CNS development. Microglia regulate brain development through the secretion of cytokines that have distinct,
complex effects on different neural cell types depending on their cellular, spatial and temporal context. (A) Reactive microglia can release inflammatory cytokines
(I11B, 116, Tnfa and Ifny) that promote neurogenesis in specific brain regions. However, the absence of these cytokines (lI6, type 1 interferons) promotes proper
neuronal maturation in other brain regions. Reciprocally, neural precursor cells (NPCs) can recruit microglia to specific brain regions through Cxcl12 secretion. (B)
Microglial-derived factors (type 1 interferons, 116, Igf1, Tnfo,, Ngf and superoxide ions) can either support or impair neuronal survival to ensure proper circuit

formation in a context-specific manner. (C) CNS-wide disruption of Tgff signaling induces dysmature microglia, which impact both neuronal and oligodendroglial
cell populations. (D) At the synapse, microglial [110 and Bdnf regulate synaptic formation and maturation, whereas neuronal 1133, ATP and fractalkine signaling can
modulate microglia maturation and function. (E) Inflammatory cytokines (1118, 116, Tnfo. and Ifny) as well as other factors expressed by microglial subsets (Igf1 and
Nrp1) can regulate OPC proliferation, oligodendrogenesis, and myelination in different spatial contexts. (F) Microglia-to-astrocyte crosstalk is crucial to astrocyte
development (Lif, 116, II1, nitric oxide) and reactivity (Tnf, C1q, ll1c) in both health and disease contexts. Similarly, astrocyte-derived cholesterol, Csf1 and Tgfp2
are essential for microglial survival. (G) Finally, Tgf1 is expressed by microglia to regulate vascularization, but there are likely other microglial-derived factors that

promote angiogenesis that remain to be elucidated.
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migratory cortical plate neurons (Hattori et al., 2020). These studies
highlight both the phagocytic (Fig. 3A) and secretory (Fig. 4A)
mechanisms by which microglia mediate NPC development and
neurogenesis. Future studies linking bidirectional signaling
mechanisms, secretory or otherwise, to phagocytosis will clarify
the complex crosstalk between NPCs and microglia during
neurodevelopment.

Neurons

Microglia are central regulators of the survival and activity of
newborn neurons after embryonic development, both promoting
and inhibiting cell death when appropriate. To highlight this,
numerous studies have investigated the role of microglia during pre-
and postnatal eye development (Anderson et al., 2019; Jobling et al.,
2018; Lang and Bishop, 1993; Marin-Teva et al., 1999). During
murine prenatal development, retinal microglia primarily associate
with newborn retinal ganglion cells (RGCs) and regulate neuronal
elimination via complement-dependent phagocytosis (Anderson
et al., 2019) (Fig. 3B). During postnatal murine eye development,
microglial fractalkine signaling modulates microglial-cone contacts,
as well as proper cone photoreceptor cilium gene expression and
maturation. Genetic ablation of Cx3crl signaling induces retinal
dysfunction and the loss of cone photoreceptors (Jobling et al.,
2018), demonstrating the crucial role of microglia in cell survival.
Recent studies have also demonstrated the importance of microglial
cytokines for neuronal survival. Previously, microglial-derived
Tnfo (Sedel et al., 2004), nerve growth factor (Ngf) (Frade and
Barde, 1998) and superoxide ions (Marin-Teva et al., 2004) have
been identified as salient mediators of neuronal survival during
mouse development (Fig. 4B). More recent work has found that
microglia postnatally accumulate near subcerebral and callosal
projection axons and that microglial-derived Igfl is crucial in
preventing the apoptosis of layer V cortical neurons (Ueno et al.,
2013). Moreover, disruption of microglial TgfP signaling (achieved
by aVB8 integrin deletion in the CNS) induces the formation of
dysmature microglia, which impair oligodendrocyte maturation and
promote the loss of GABAergic interneurons, ultimately leading to
severe motor dysfunction and death (Arnold et al., 2019) (Fig. 4C).
In addition to secretory mechanisms, microglial processes can
directly contact neuronal somata to modulate neuronal function
through purinergic junctions in both adult mice and humans (Cserép
et al., 2020) (Fig. 3C). Collectively, these findings indicate that
microglia are vital to sustain numerous neuronal populations, yet,
crucially, microglia are also imperative to the establishment and
refinement of the neuron—neuron communication that forms the
foundation of neural signaling.

Synaptogenesis, synaptic activity and pruning

Microglia are also involved in the formation of functional neural
circuits by modulating synaptogenesis, synapse maturation and
synaptic activity. A number of early studies have demonstrated that
the loss of functional microglia can alter both excitatory and
inhibitory synaptic activity, as well as long-term potentiation
(Béchade et al., 2013; Bessis et al., 2007; Roumier et al., 2004).
More recent work has elucidated novel mechanisms underlying
microglial-mediated alterations to synaptic activity in different
cellular, spatial and temporal contexts. For example, microglial loss
in prenatal mice can disrupt the proper laminar positioning of a
subset of neocortical Lhx6"* inhibitory interneurons, which is
required for circuit function (Squarzoni et al., 2014). Alternatively,
microglia can physically interact with the dendrites of pyramidal
neurons within the somatosensory cortex to initiate actin

accumulation and augment calcium ion transients, allowing for
filopodia and spine formation in mice. Pharmacological blockade of
microglia decreases spine density and excitatory synapse formation
(Miyamoto et al., 2016). In contrast, microglial depletion in
postnatal development increases excitatory and inhibitory synapse
number in the somatosensory cortex by disrupting the preferential
pruning of inhibitory parvalbumin interneuron synapses by GABA-
receptive microglia (Favuzzi et al., 2021) (Table 1). Notably,
microglial depletion in utero increases inhibitory parvalbumin
interneuron synaptic connections with layer IV neurons in the
juvenile (P20) barrel cortex, but decreases them in adults (P60)
(Thion et al., 2019). Adding further to this complexity, microglial
depletion in adult mice increases synapse number, as well as the
activity, of excitatory neurons and inhibitory parvalbumin
interneurons in the visual cortex (Liu et al., 2021) (Fig. 3D).
These seemingly contradictory findings saliently highlight the
necessity of studying the temporal and spatial heterogeneity of
microglia during development.

As with neurogenesis, microglia can secrete cytokines as a
mechanism to aid developmental synaptogenesis and synaptic
maturation (Fig. 4D). In vitro, microglial-secreted 1110 increases the
number of hippocampal dendritic spines, excitatory synapses and
inhibitory synapses of rat hippocampal neurons (Lim et al., 2013).
In vivo, microglial brain-derived neurotrophic factor (Bdnf)
signaling in juvenile mice promotes motor learning-related
synapse formation and structural plasticity, and ultimately
supports glutamatergic synaptic activity and cognitive function
(Parkhurst et al., 2013). Postnatal microglial recruitment to
thalamocortical synapse clusters in the murine somatosensory
cortex is mediated by fractalkine signaling and genetic ablation of
this signaling delays the maturation of postsynaptic glutamate
receptors at these synapses (Hoshiko et al., 2012). Intriguingly,
during human brain development, integrated scRNA-seq has
revealed a human cytokine-associated microglia subtype, and
xenotransplantation of human prenatal microglia in cerebral
organoids increases the synchronization and frequency of neural
activity, suggesting a role for microglia in circuit formation and
accelerated synaptic maturation (Popova et al., 2021).

Reciprocal crosstalk between microglia and neurons is another
key component regulating synaptic activity. Activated hippocampal
neurons in adolescent mice secrete 1133, which induces experience-
dependent microglial spine remodeling and engulfment of the
extracellular matrix, which in turn augments excitatory postsynaptic
current frequency (Nguyen et al., 2020). In adult mice, striatal
microglia migrate to the synapses of activated thalamocortical
projection neurons that secrete ATP. Microglia then convert this
ATP to adenosine, which limits neuronal synchrony and firing
frequency to prevent seizure (Badimon et al., 2020). However, when
hippocampal microglia release ATP, it can be amplified by P2y1r-
expressing astrocytes, leading to increased excitatory postsynaptic
currents (Pascual et al., 2012). Using several transgenic mouse
models to disrupt microglial homeostasis during CNS development,
another study has demonstrated that microglia are important for the
negative regulation of neuronal activity in an ATP-dependent
manner to prevent overactivation and seizures (Badimon et al.,
2020).

In addition to building functional circuits, microglia are also
essential for synaptic refinement, in which established synapses
are either eliminated or reinforced and maintained (Schafer et al.,
2013). Surveilling microglia phagocytose live synaptic material
in the hippocampi of young mice and microglial loss leads to an
increase in dendritic spines and the development of immature
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synapses (Paolicelli et al., 2011). Microglial loss and impaired
synaptic pruning during neurodevelopment has also been associated
with autism spectrum disorder; Cx3cr! knockout mice exhibit a
reduced number of excitatory synapses per axon, which is
associated with deficits in long-range hippocampal connectivity,
decreased social interactions and increased repetitive behavior
(Zhan et al., 2014). These works suggest a neuroprotective role
for synaptic pruning. Indeed, reactive microglia in adult mice
physically disrupt inhibitory presynaptic terminals at cortical
neuron somata (Fig. 3C) and the subsequent increase in
neuronal activity prevents neuronal apoptosis post-injury (Chen
et al., 2014).

Synaptic pruning in the postnatal retinogeniculate system
depends on both intact microglial complement signaling and
neuronal signaling. In mice, the Clq protein initiates classical
complement signaling and is expressed by RGCs in the dorsal
lateral geniculate nucleus (dLGN) in response to astrocyte
exposure. Complement pathway activation ultimately leads to the
deposition of the C3 complement proteins, which mark cells for
phagocytosis, and thus promotes dLGN synapse refinement and
proper segregation of RGC inputs from each eye (Stevens et al.,
2007). Microglia in the dLGN preferentially prune less-active RGC
presynaptic terminals and loss of microglial complement signaling
induces increased synaptic density and impaired eye segregation
(Schaferet al., 2012), thereby demonstrating that synaptic pruning is
essential for proper eye development. However, in a murine
multiple sclerosis model, microglia engulf synapses in the dLGN
during early-stage disease. Inhibition of synaptic C3 prevents
pruning and rescues vision loss independently of demyelination and
Clq (Werneburg et al., 2020), suggesting that alterations to synaptic
pruning may underlie the neurodegeneration associated with
multiple sclerosis. In summary, microglia control synaptogenesis
and synapse refinement in both health and disease through
numerous mechanisms depending on their unique cellular, spatial
and temporal contexts.

Beyond the synapse: axonogenesis, myelinogenesis and
oligodendrocyte precursor cells
In addition to the synapse, microglia are known to influence the
generation and pruning of neuronal axons and the myelin that
ensheathes them. Studies in Drosophila initially provided evidence
that glial cells can alter axons. These glia engulf the fragmented
axons of mushroom body y neurons in a microglial-like manner to
facilitate proper larval development (Watts et al., 2004). In the
prenatal murine forebrain, microglia regulate the outgrowth of
dopaminergic axons (Squarzoni et al., 2014). In the context of
optic nerve injury, RGC axonal regeneration requires Clec7a (also
known as dectin-1), which is expressed only by myeloid
cells (including microglia) in the murine retina (Baldwin et al.,
2015), thus suggesting that microglia are instrumental for proper
axonogenesis. However, in embryonic human brains, reactive
microglia are present in the pons, olivary bodies, hippocampus,
optical tract and anterior limb of the internal capsule, but are absent
from most regions with growing axons, indicating that reactive
microglia may limit axonogenesis (Cho et al., 2013). These works
shed light on both pro- and anti-axonogenic roles for microglia
during neurodevelopment and further work is necessary to fully
elucidate the context-specific nuances in microglial regulation of
axonogenesis.

Microglia are also crucial regulators of myelinogenesis, which is
the process of myelin formation around bare axons. Myelin is a
lipid-rich sheath produced by oligodendrocytes that enwraps

neuronal axons to insulate and promote the saltatory conduction
of action potentials. As such, the differentiation of oligodendrocyte
precursor cells (OPCs) into mature oligodendrocytes and properly
formed myelin is crucial for healthy brain development. Genetic or
pharmacological ablation of microglia soon after birth in mice leads
to decreased numbers of OPCs and oligodendrocytes and a transient
decrease in white matter-specific myelinated axons (Hagemeyer
etal., 2017) (Fig. 3E). Aberrant perinatal activation of inflammatory
signaling in microglia is associated with white matter dysregulation
of myelination; however, blocking the microglial intracellular
protein complex (known as the inflammasome) in mouse
brain explants can reverse the developmental hypomyelination
(Holloway et al., 2021). Furthermore, murine microglial ablation
in adults results in a rapid decrease in OPCs of the corpus
callosum (Hagemeyer et al., 2017). The type | integral membrane
protein neuropilin 1 (Nrpl), expressed specifically by white
matter-associated microglia, facilitates OPC proliferation during
development and remyelination after acute demyelination via
PDGF-AA signaling (Sherafat et al., 2021), thus underscoring the
potent role of microglia in oligodendroglial lineage cell
maintenance throughout life. Microglia migrating from the
ventricular zone can phagocytose viable OPCs in the murine
corpus callosum, a process that is reduced with knockdown of
fractalkine signaling; this reduced OPC phagocytosis resulting from
fractalkine signaling knockdown is subsequently associated with an
increase in adulthood of mature oligodendrocytes that produce
thinner myelin, thereby suggesting that microglia contribute to
myelin and myelin-forming cell homeostasis (Nemes-Baran et al.,
2020). Indeed, in zebrafish, microglia phagocytose excess myelin in
the optic tectum to ensure proper developmental myelination in a
neuronal activity-dependent manner (Hughes and Appel, 2020).
Furthermore, young human patients who carry homozygous
mutations for the CSFIR completely lack the myelinated nerve
bundles that connect both hemispheres of the brain (Oosterhof et al.,
2019).

Another mechanism by which microglia regulate developmental
myelination is through cytokine release (Fig. 4E). Suppression of
microglial reactivity with minocycline in early life decreases
secretion of inflammatory cytokines and oligodendrogenesis in the
SVZ (Shigemoto-Mogami et al., 2014). Intriguingly, though a
Cdl1c" subset of microglia has been shown to poorly produce
proinflammatory cytokines during experimental autoimmune
encephalitis in mice (Wlodarczyk et al., 2014), a Cd11c¢" postnatal
microglial population (Table 1) can express /gf7 and other neurogenic
signals implicated in developmental myelination (Wlodarczyk et al.,
2017) (Fig. 4E). Finally, as in neurogenesis, CNS-specific deletion of
murine o'V8 integrin causes dysmature microglia, leading to deficits
in oligodendrocyte maturation (Arnold et al., 2019). Taken together,
these works emphasize pivotal neuron-glia and glial-glial interactions
that support healthy CNS development.

Astrocytes and astrogenesis

Prenatal and postnatal interactions between microglia and astrocytes
also underscore the essential role of microglia for glia-glia
interactions pertaining to development. Experiments culturing
NPCs from Spil™~ mice, which lack microglia, have reduced
staining for glial fibrillary acidic protein-positive (Gfap®) cells
relative to mice with intact microglia, thus suggesting that microglia
may be involved in astrogenesis (Antony et al., 2011). Further work
has specified how secreted factors may regulate astrogenesis and
astrocyte development (Fig. 4F). Recombinant, proinflammatory
cytokine I11 increases Gfap* cell number in embryonic mixed-glial
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Box 2. Therapeutic potential of targeting microglia to
regenerate CNS tissue
As microglia are central architects in generating a healthy CNS during
development, ongoing research seeks to leverage this regulatory
capacity for tissue regeneration in the context of multiple sclerosis.
Microglia can promote demyelination via Csf1r signaling, and inhibiting
this signaling can alleviate demyelination, oligodendrocyte loss and
reactive astrogliosis (measured by Gfap staining) after cuprizone
treatment (Marzan et al., 2021). In the injured optic nerve, both
reactive microglia and OPCs impair de novo myelination of newly
regenerated axons. A combination approach blocking OPC Gpr17
signaling and depleting microglia via Csf1r inhibition promotes robust
remyelination (Wang et al., 2020), suggesting that eliminating microglia
may be advantageous. However, the caveat of lack of specificity
associated with Csf1r inhibition remains (Dai et al., 2002; Lei et al.,
2020). Thus, more research is necessary to understand the long-term
benefits and consequences of persistent myeloid depletion.
Intriguingly, recent work has elucidated beneficial roles of microglia in
promoting remyelination. In response to neuronal potassium release,
microglia preferentially interact with nodes of Ranvier to promote
remyelination (Ronzano et al., 2021). Additionally, stimulation of sterol
synthesis in microglia can promote inflammation resolution and
oligodendrocyte differentiation at demyelinating lesions (Berghoff et al.,
2021). Finally, Trem2* microglia (Table 1) can be found in adult humans
(Piccio et al., 2008) and mice; in mice they have been shown to clear the
products of oxidative stress induced by multiple sclerosis, which
otherwise can kil neurons and oligodendrocytes and cause
neurodegeneration (Dong et al., 2021). An alternative therapeutic route
may be to reprogram, rather than eliminate, pathologic microglia; Trem2
agonism promotes the clearance of myelin debris after cuprizone
administration and allows for an increase in OPC number, OPC
differentiation and remyelination (Cignarella et al., 2020). Together,
these works suggest that there may be significant clinical utility in
targeting pathologic microglia, but underscore the need to refine the
specificity of these approaches with respect to cellular, spatial and
temporal dynamics to promote myelin regeneration successfully.

cerebral cortex cultures (Giulian et al., 1988). Likewise, culturing
embryonic rat SVZ cells in microglial conditioned media, which
specifically contains 116 and leukemia inhibitory factor (Lif), also
increases the percentage of Gfap™ cells (Nakanishi et al., 2007).
Nitric oxide has also been implicated in the differentiation of
hippocampal radial glia into mature astrocytes. Nitric oxide synthase
2 (Nos2) is highly upregulated by inflammatory microglia and a key
producer of nitric oxide; genetic ablation of Nos2 shows no evidence
of disrupting the generation of glutamine synthetase-positive
astrocytes, but does reduce astrocyte differentiation in mice as
measured by reduced Gfap expression (Béchade et al., 2011). Thus,
microglial secreted factors are a primary mechanism by which
microglia regulate putative astrocyte development.

Finally, recent work has drawn attention to the reciprocal nature
of crosstalk between microglia and astrocytes that supports cellular
survival. Microglial survival ex vivo requires a number of astrocyte-
derived factors including Csfl, 1134, TgfB2 and cholesterol
(Bohlen et al., 2017). Microglial-astrocyte communication has
functional implications in a neurodegenerative context as well;
neuroinflammatory microglia secrete I11o, Tnf and Clq, which
induce Al astrocyte reactivity (Fig. 4F). In mice, A1 astrocytes fail
to promote multiple regenerative mechanisms ranging from
neuronal process outgrowth and synaptogenesis to phagocytosis,
leading to neuronal and oligodendrocyte death (Liddelow et al.,
2017). As such, microglial-astrocyte crosstalk represents yet another
axis for microglial maintenance of brain homeostasis.

Angiogenesis

Microglia have been implicated in multiple aspects of functional
blood vessel generation during CNS development. Previous
imaging work initially identified microglia in close physical
proximity to newly formed blood vessels in several animal
models and humans (Arnold and Betsholtz, 2013; Cuadros et al.,
1992; Dalmau et al., 1997; Monier et al., 2007). In the mammalian
hindbrain, brain macrophages physically bridge endothelial tip
cells to promote vessel fusion/anastomosis, with genetic ablation
of CNS macrophages impairing hindbrain vascularization (Fantin
et al., 2010). Recent work has identified a distinct microglial
subpopulation in mice (Table 1), deemed capillary-associated
microglia, which line brain capillaries and regulate vasodilation and
blood flow (Fig. 3F). These capillary-associated microglia can be
detected as early as P5 and maintain their density from P15 through
to 12 months of age (Bisht et al., 2021). A number of studies have
also investigated microglial control of retinal vascularization. In the
rat retina, clodronate liposome depletion of microglia, but not
systemic macrophages, early in postnatal development reduces
blood vessel growth and density (Checchin et al., 2006). In the
murine retina, as with the hindbrain (Fantin et al., 2010), microglia
are physically present at tip cells and promote anastomosis (Rymo
etal., 2011). However, in murine aortic ring cultures, microglia can
additionally promote vessel sprouting via secreted factors (Rymo
et al., 2011). Intriguingly, murine microglia must migrate through
extracellular matrix of varying stiffness, which in turn regulates their
bipolarization and expression of TgfBl and ultimately determines
normal retinal vascularization (Dudiki et al., 2020) (Fig. 4G). In
summary, microglial regulation of developmental angiogenesis is
multimodal, providing many avenues for further mechanistic
research on neurodevelopmental interactions between microglia
and endothelial cells.

Conclusion

The works summarized here highlight the dynamic nature of
microglial heterogeneity and crucial microglial interactions with
neuronal and non-neuronal cell types that regulate proper CNS
development.  Understanding how these developmental,
transcriptionally distinct microglial subsets determine microglial
function and reactivity remains a crucial question in the field. As
such, dissecting the functional roles of diverse microglial
populations in health will yield indispensable insights into what
microglial-mediated processes may go awry in disease (Box 2).
With this knowledge, we will be one step closer to determining how
microglia can be effectively targeted for therapeutic benefit in
different cellular, spatial and temporal contexts.
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