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The multifaceted roles of
embryonic microglia in the
developing brain
Yuki Hattori*

Department of Anatomy and Cell Biology, Graduate School of Medicine, Nagoya University, Nagoya,
Japan

Microglia are the resident immune cells of the central nervous system (CNS).

Microglia originate from erythromyeloid progenitors in the yolk sac at the

early embryonic stage, and these progenitors then colonize the CNS through

extensive migration and proliferation during development. Microglia account

for 10% of all cells in the adult brain, whereas the proportion of these cells in

the embryonic brain is only 0.5–1.0%. Nevertheless, microglia in the developing

brain widely move their cell body within the structure by extending filopodia;

thus, they can interact with surrounding cells, such as neural lineage cells and

vascular-structure-composing cells. This active microglial motility suggests that

embryonic microglia play a pivotal role in brain development. Indeed, recent

increasing evidence has revealed diverse microglial functions at the embryonic

stage. For example, microglia control differentiation of neural stem cells, regulate

the population size of neural progenitors and modulate the positioning and

function of neurons. Moreover, microglia exert functions not only on neural

lineage cells but also on blood vessels, such as supporting vascular formation

and integrity. This review summarizes recent advances in the understanding of

microglial cellular dynamics and multifaceted functions in the developing brain,

with particular focus on the embryonic stage, and discusses the fundamental

molecular mechanisms underlying their behavior.
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1. Introduction

Microglia are the resident immune cells in the central nervous system (CNS), comprising
the brain, spinal cord, and retina. Microglia were initially identified as innate immune cells
acting at the front line to defend against damage-related agents, and bacterial and viral
invasion within the CNS (Ajami et al., 2018; Thorsdottir et al., 2019; Picard et al., 2021; Waltl
and Kalinke, 2022). Microglia were once mainly assumed to function in pathological states,
such as aging, chronic stress, and Alzheimer’s disease, by mediating neuroinflammatory
processes (Tynan et al., 2010; Venegas et al., 2017; Streit et al., 2020). However, an increasing
body of research has demonstrated their essential roles under physiological conditions:
microglia support neuronal differentiation and synaptic organization, and maintain the CNS
environment by removing cellular debris and apoptotic cells (Wake et al., 2009; Paolicelli
et al., 2011; Parkhurst et al., 2013; Sierra et al., 2014; Shemer et al., 2015).

Although diverse microglial roles in the adult brain have been revealed, there has
been relatively little research looking into microglia in the embryonic brain. Nonetheless,
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emerging evidence over the last 10 years has revealed that
embryonic microglia, despite their scarce abundance (0.5–1.0% of
total brain cells) (Hattori and Miyata, 2018), play an essential role
in the developing brain as reviewed later. These cells interact with
surrounding cells, i.e., neural lineage cells (neural progenitors and
mature neurons) and vascular endothelial cells, in the developing
cerebral wall through their extensive migration within the structure
(Swinnen et al., 2013; Hattori et al., 2020). Such broad microglial
patrolling activity enables them to exert various functions during
neurogenesis and vascular formation in development.

Recently, multiple human studies reported that elevated
maternal inflammation during pregnancy is associated with the
emergence of separate psychological outcomes in their offspring
later in development (Han et al., 2021; Kwon et al., 2022). Emerging
evidence using direct assessment of inflammatory activation have
linked maternal exposure to infection during pregnancy with
greater likelihood of offspring psychiatric diagnoses of autism,
schizophrenia, bipolar disorder, and major depressive disorder
(Mac Giollabhui et al., 2019; Aguilar-Valles et al., 2020).

Of note, maternal inflammation has detrimental effects
on fetal microglia. In mice, intraperitoneal challenge with
lipopolysaccharide (LPS) during late gestation stages [at embryonic
day (E) 15–17] induced fetal microglia to their proinflammatory
state (Pont-Lezica et al., 2014; Schaafsma et al., 2017). Pont-Lezica
et al. (2014) demonstrated that microglial dysfunction affected
the formation of the corpus callosum, the largest commissure
of the mammalian brain, using knockout mice of DAP12, a
microglia-specific signaling molecule, and LPS-induced maternal
inflammation mouse model. Ozaki et al. (2020) reported that
maternal inflammation induced by intraperitoneal injection of
poly(I:C) at E12 caused the sustained alterations in the patterns of
microglial process motility and behavioral deficits in mice. Using
maternal inflammation mouse models by LPS treatment, Hayes
et al. (2022) demonstrated that gene expression alterations in
microglia from neonatal whole brains compared to control animals
treated with saline. Block et al. (2022) showed that gestational
exposure to environmental toxins and socioeconomic showed
male offspring displayed long-lasting behavioral abnormalities
and alterations in the activity of brain networks encoding social
interactions via an impairment of microglial synapse pruning.

These studies suggest that microglia are vulnerable during
gestation, and maternal immune status is closely linked with the
subsequent risks for cognitive disease in their offspring. Of note,
microglia change their characteristics in a stage-dependent manner.
Microglia present an amoeboid morphology, which is specific to
immature microglia in the pallium in the early embryonic stage
(Marin-Teva et al., 1998; Monier et al., 2007; Swinnen et al., 2013).
Such morphology facilitates microglial flexible and locomotive
migration (Swinnen et al., 2013). As development progresses,
microglia transform into ramified shapes with long processes
(Swinnen et al., 2013). Microglia also change their gene expression
pattern over the course of development (Matcovitch-Natan et al.,
2016; Thion et al., 2018; Hammond et al., 2019; Kracht et al.,
2020). Thus, it is essential to carefully observe and investigate how
fetal microglia act and function at each developmental stage in the
physiological conditions to identify their abnormal behavior in the
pathological states. This review focuses on the important studies on
embryonic microglia and discusses the elusive points that remain to
be elucidated in the future.

2. Microglial ontology and
colonization into the CNS

Neural lineage cells including other glial cells (astrocytes and
oligodendrocytes) originate from the neuroectoderm, whereas
microglia are derived from erythromyeloid progenitors (EMPs)
in the extraembryonic yolk sac blood island (Alliot et al., 1999;
Ginhoux et al., 2010; Menassa and Gomez-Nicola, 2018). In mice,
EMPs are generated at E7.5–8.5, and subsequently microglial
precursors immigrate into the brain at E9.5 (Kierdorf et al., 2013;
Prinz et al., 2021; Figure 1).

Although the mechanisms underlying the entrance of
microglial precursors into the brain remain largely unknown,
several possibilities have been suggested as far. First, blood
vessels are considered one of the most likely candidates to
support microglial colonization into the brain and retina.
Early studies suggested that microglial appearance in the CNS
coincides with the formation of vascular structure, as based on
immunohistochemical analyses observing that microglia are
distributed in the cerebral wall along with blood vessels (Ashwell,
1991; Cuadros et al., 1993; Rigato et al., 2011). Importantly, another
study of microglial colonization demonstrated that Ncx-1-deficient
mice that lack heartbeat and blood circulation because of a defect
in sodium calcium exchanger 1, showed abnormally less microglial
colonization of the brain from E9.5 to E10.5, whereas Na+/Ca2+

exchanger-1 (Ncx-1)+/+ mice already had a substantial number
of microglia at this stage (Ginhoux et al., 2010). They suggested
that development of functional blood vessels was required for the
recruitment of microglial progenitors from the yolk sac into the
brain. In addition, a recent study showed that microglia start to
colonize the retina along with blood vessel formation (Ranawat
and Masai, 2021). They demonstrated that microglial precursors
associated with hyaloid blood vessels initialize their infiltration
into the retina by passing through the neurogenic regions in an
IL-34/colony-stimulating factor-1 receptor (CSF1R)-dependent
manner.

Second, the meninges may assist microglial infiltration into the
cerebral wall. Several studies confirmed that microglial precursors
accumulate in the meninges in the early embryonic stage, prior to
their colonization of the cerebral wall (Boya et al., 1991; Navascues
et al., 2000). Such regional information raised the possibility that
microglia positioned in the meninges might infiltrate the brain
parenchyma. A very recently published paper demonstrated that
brain-border lymphatic vessels localize in the meninges support
the early colonization of some microglial precursors into the
embryonic zebrafish brain (Green et al., 2022). They discovered
that Mrc1a+ microglial progenitors seed the brain parenchyma via
lymphatic vasculature surrounding the brain before the entrance of
traditionally described Pu.1+ microglia.

Third, pallial microglia might be provided from the ventricle.
Previous study reported that macrophage progenitors first
appeared in the fourth ventricle in chick embryos (Cuadros
et al., 1993). These cells progressively appeared in the other
brain region and in the spinal cord in the later stage. Earlier
than this report, Kawaguchi (1980) proposed the model that
ventricular microglia/macrophage precursors are derived from
leptomeninges and arrived at the ventricle via the roof plate,
based on their electron microscopic observation for amoeboid
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FIGURE 1

Microglial colonization into the brain. Schematic shows how microglial progenitors colonize the brain in mice. Microglial progenitors are generated
in the yolk sac at E7.5–8.5, and then immigrate into the brain at E9.5. The possible mechanisms by which microglial precursors enter the brain
remain are summarized.

cells that were present in these regions (leptomeninges, ventricle,
and roof plate) in chick embryos. In addition, Ashwell (1991)
suggested a similar route of entry to explain the presence of
microglia in rat forebrain. A recent study showed that the
developing choroid plexus permits the entry of macrophages
into the ventricle by secreting inflammatory molecules into the
cerebrospinal fluid during maternal inflammatory states (Cui et al.,
2020). Furthermore, our recent work based on brain slice culture
and in vivo live imaging system indicated that intraventricular
Mrc1 (CD206)+ macrophages, which are supplied from the
center of the roof plate, infiltrate the developing cerebral wall
at E12.5 in mouse brain (Hattori et al., 2023). Notably, the
post-infiltrative cells subsequently acquired microglial properties
[CD206−P2RY12 (purinergic receptor P2Y12)+], through GFP-
labeled macrophage transplantation experiment and the tracking
analysis for the intraventricular macrophages which were labeled
with carboxyfluorescein succinimidyl ester (CFSE) (Hattori et al.,
2023). In sum, some microglia in the pallium seem to be derived
from intraventricular macrophages.

Fourth, apoptotic cells may recruit microglial progenitors.
The colonization of the optic tectum by microglial progenitors
is driven by apoptotic neuronal death, which occurs in the
midbrain in the developmental process. The authors reported that
lysophosphatidylcholine, a phospholipid released from apoptotic
cells, promoted the entry of microglial precursors into the brain
via its cognate receptors grp132b, indicating that microglial
colonization of developing zebrafish midbrain is triggered by
apoptotic neuronal death (Xu et al., 2016). The same group also
reported that microglial precursors are attracted to the proximal
brain regions via IL-34/CSF1R signaling, which is prior to neuronal
apoptosis. In both Il34- and Csf1ra-deficient zebrafish larva,
embryonic macrophages fail to migrate to the anterior head and
colonize the CNS, showing that cytokine signaling support the
colonization of microglia in collaboration with neuronal apoptosis
in early zebrafish development (Wu et al., 2018).

Overall, several factors are involved in the colonization and
entry of microglia/macrophage precursors into the developing CNS

in a complicated manner. Further studies are needed to elucidate
the cellular dynamics and mechanisms that regulate microglial
colonization into the brain as well as the routes used by these cells.

3. Microglial distribution and
migration in the brain parenchyma

Microglia account for about 10% of the total cells in the adult
brain (Mittelbronn et al., 2001) but only 0.5–1.0% of cells in the
embryonic brain (Hattori et al., 2020). Once microglia are seeded
in the embryonic brain at E9.5, they increase the cell population
through proliferation until the postnatal stage, which is induced
by CSF-1, granulocyte macrophage colony-stimulating factor (G-
CSF), neurotrophin-3, IL-4, and IL-5 (Navascues et al., 2000). The
cell number of microglia reaches a peak in 2 weeks after birth
in rodents, and microglial cell density is maintained with their
low proliferation capacity until adulthood (Dalmau et al., 2003;
Ginhoux et al., 2010; Arnoux et al., 2013; Nikodemova et al., 2015).

In the developing brain, the distribution of microglia in the
cerebral wall changes in a stage-dependent manner. Microglia
are homogenously localized in the cerebral wall in the early
embryonic stage. However, microglia transiently disappear from
the cortical plate (CP), the region where mature post-migratory
neurons accumulate after their radial migration, from E15 to
E16. Instead, microglia preferentially colonize the ventricular zone
(VZ), subventricular zone (SVZ), and intermediate zone (IZ).
Intriguingly, microglia reenter the CP at E17 and then show
a homogenous pattern toward the birth and postnatal stages
(Cunningham et al., 2013; Swinnen et al., 2013; Hattori et al., 2020;
Figure 2).

Although the molecular mechanisms that regulate microglial
time-dependent migration remain unclear, emerging evidence
is gradually unraveling them. Previous studies have suggested
that microglial surrounding structure in the cerebral wall and
chemokine molecules regulate their migration pattern.
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FIGURE 2

The multiple roles of embryonic microglia. The multifaceted functions of microglia in the embryonic brain are shown. Microglia change their
distribution in a stage-dependent manner in the developing mouse cerebral wall. Microglia are homogenously distributed in the pallium in the early
and late embryonic stages, but these cells are transiently absent from the CP from E15 to E16. Both microglial abundance in the VZ/SVZ/IZ and their
transient absence from the CP are essential for the development of neural lineage cells and vascular formation. ATP, adenosine triphosphate; CP,
cortical plate; CX3CL1, C-X3-C motif ligand 1; CX3CR1, C-X3-C motif receptor 1; IFN-I, type I interferon; IL-6, interleukin-6; IZ, intermediate zone;
MZ, marginal zone; P2RY12, purinergic receptor P2Y12; SVZ, subventricular zone; VZ, ventricular zone.

First, the neural intermediate progenitors and the meninges
regulate microglial stage-specific migration in the cerebral wall.
During the embryogenesis, microglia most actively and extensively

migrate throughout the cerebral wall at E14 (Swinnen et al., 2013;
Hattori and Miyata, 2018). Our group previously reported that
microglia show an interesting behavior at E14. Microglia do not
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randomly but in a regulatory manner migrate throughout the
cerebral wall: microglia positioned in the CP migrate toward the
meninges and then accumulate in the marginal zone, whereas the
cells in the IZ move toward the SVZ. In the embryonic brain, C-X-
C motif ligand 12 (CXCL12) is highly expressed in the cells in
the meninges from E13, and the neural intermediate progenitors
positioned in the SVZ at the strongest level at E14. On the other
hand, microglia express C-X-C motif receptor 4 (CXCR4), the
receptor for CXCL12 (Hattori et al., 2020). We found that microglia
bidirectionally migrate in a CXCL12/CXCR4-dependent manner at
E14, thereby permitting absence of microglia from the CP at E15.

Second, radial glial cells contribute to microglial migration. The
fibers of radial glial cells regulate microglial migration in the quail
retina (Sanchez-Lopez et al., 2004) and mouse embryonic spinal
cord (Rigato et al., 2011). Sanchez-Lopez et al. (2004) reported that
microglia spread in the tissue through their radial migration in the
quail retina. Microglia use radial processes of s-laminin-expressing
Müller glia as their foothold for their radial migration. Rigato et al.
(2011) observed that microglia physically interact with radial glial
cell fibers in the ventral area of the spinal cord in the embryonic
mouse. Microglia start to colonize the mouse embryonic spinal
cord at E11.5. At E13.5, microglia invade the ventral marginal
zone along with radial glial cell fibers, which elongate toward the
pial surface. Another study based on live imaging demonstrated
that fetal microglia survey their environment in association with
radial glia projections when an exogenous insult is induced (Rosin
et al., 2021). Upon an insult [i.e., in utero electroporation or adeno-
associated virus (AAV) transduction], hypothalamic microglia
actively migrate by touching with radial glial cells that line the third
ventricle of the E15.5 hypothalamus.

Third, the microglia-fibronectin interaction regulates
microglial migration in a stage-dependent manner in the
embryonic mouse brain (Smolders et al., 2017). At E13.5,
α5β1 integrin, which is the receptor for the adhesion molecule
fibronectin, facilitates microglial active migration. In contrast,
microglia decrease their migration speed at E15.5 and E17.5 due to
the decrease of cortical fibronectin production and α5β1 integrin
expression on microglia.

Forth, blood vessels might be utilized as the scaffold of
microglia to migrate throughout the CNS structure. In the postnatal
and adult brain, microglia have been suggested to migrate along
with blood vessels (Checchin et al., 2006; Fantin et al., 2010), it
still remains unclear in the embryonic brain, though. But, about
half of microglia are associated with blood vessels at E14 mouse
brain (Hattori et al., 2022), raising the possibility that microglia
may migrate along with blood vessels. In the spinal cord, microglia
have been suggested to reach the spinal cord periphery through
developing blood vessels in the embryonic mouse (Rigato et al.,
2011).

Taken together, microglial distribution and migration
in the developing CNS are spatiotemporally regulated by
multiple mechanisms.

4. Microglial various effects on
neural lineage cells

Active microglial motility enables these cells to associate
with surrounding cells, such as neural lineage cells and vascular

composing cells (Swinnen et al., 2013; Smolders et al., 2017; Hattori
et al., 2020), and exert a pivotal role on them in the process of brain
development (Figure 2).

4.1. Regulation of the differentiation and
population size of neural progenitors

In the embryonic stage, microglia tend to colonize the VZ/SVZ,
which is the neurogenic region of the brain in rodents and primates
(Antony et al., 2011; Cunningham et al., 2013; Arno et al., 2014;
Squarzoni et al., 2014). The knockout of CSF1R do not only target
microglia because the CSF-1/CSF1R signaling is essential for the
development of monocytes and other tissue-specific macrophages.
However, the studies using CSF1R knockout animals raised the
possibility that microglia influence neurogenesis in the embryonic
brain.

Colony-stimulating factor-1 receptor deficient mice showed
the abnormal brain architecture characterized with the reduced
brain size, olfactory bulb atrophy and expansion of lateral
ventricle size (Erblich et al., 2011; Nandi et al., 2012). In CSF1R
knockdown zebrafish, retinal progenitor cells maintained their
continuous state of proliferation, which led to the delayed onset of
neurogenesis, indicating that microglia contribute to neurogenesis
by inducing neural progenitors to exit the cell cycle (Huang et al.,
2012). Of note, reoccupation of microglia in the retina partially
recovered neurogenesis. Another study using cytomegalovirus
(CMV) promoter-driven Csf1rflox/flox mice, in which microglia
are conditionally depleted, the number of Tbr2+ intermediate
progenitors positioned in the SVZ decreased in the mid and late
embryonic stages (Arno et al., 2014). Supporting this finding,
pharmacological depletion of microglia by the intraventricular
administration of clodronate liposomes reduced the number of
Tbr2+ neural intermediate progenitors in the SVZ and increased
that of Pax6+ neural stem cells in the VZ in the mid embryonic
stage in mice (Hattori and Miyata, 2018). Arrest of microglial
motility by administration of the CXCR4 antagonist (AMD3100)
resulted in a decrease of the number of Tbr2+ cells and an increase
of Pax6+ cells. Furthermore, in vitro cell culture experiments
demonstrated that the proportion of Tbr2+ cells in neural
progenitors was increased when co-cultured with isolated microglia
compared with cultures without microglia, whereas that of Pax6+

cells was decreased. The data indicate that microglia promote
differentiation of neural stem cells into intermediate progenitors.

Microglia also regulate the cell population size of neural
progenitors by phagocytosis. Cunningham et al. (2013) reported
that microglia engulf neural progenitors to reduce their number
in the developing rat brain. They showed that induction
of a proinflammatory state in microglia through maternal
inflammation using LPS led to a decrease in both Pax6+ and
Tbr2+ cells in the VZ/SVZ, resulting in reduced thickness of the
VZ/SVZ during the late embryonic period. In contrast, microglial
inactivation by minocycline administration, induction to the anti-
inflammatory state by doxycycline administration, and microglial
depletion by liposomal clodronate increased the number of Pax6+

and Tbr2+ cells in the VZ/SVZ. They also demonstrated that
microglia do not only engulf apoptotic cells but also live neural
progenitors and mature neurons, suggesting that microglia do
not merely eliminate the dead cells but actively modulate the
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cell population size. In line with this, another study also found
that microglia with phagocytic features in the VZ/SVZ form
a close connection with Tbr2+ neural progenitors, and their
phagocytic activity was augmented in the inflammation model
induced by the peritoneal administration of LPS to the mother
mouse, leading to the decrease of Tbr2+ intermediate progenitors
(Tronnes et al., 2016). A pre-exposure to progesterone, which
reduces microglia activation, significantly increased the density of
Tbr2+ cells compared to LPS treatment alone, which was similar to
the density observed in control animals.

Taken together, microglia play an important role in regulating
the size of the neural precursor pool by promoting the
differentiation of neural progenitors and/or maintaining their total
number in the developing brain.

4.2. Neuronal circuit formation

Most excitatory projection neurons are generated from neural
stem cells positioned at the apical side of the neocortical
primordium and migrate radially toward the basal surface (Rakic,
1974; Nadarajah et al., 2001), whereas inhibitory interneurons are
produced in the ganglionic eminence and migrate tangentially
toward the neocortex (Marin et al., 2001; Tamamaki et al., 2003;
Lim et al., 2018). Embryonic microglia not only have an effect
on the population size of neural progenitors but also restrict
the outgrowth of dopaminergic axons of interneurons into the
forebrain. A recent study reported that microglia regulate the
entrance and positioning of interneurons (Squarzoni et al., 2014).
The authors demonstrated that normal activity of microglia limits
the embryonic outgrowth of dopaminergic axons in the forebrain.
Moreover, they showed that microglial depletion and maternal
immune activation remarkably affect the positioning of Lhx6+

interneurons, which are locally restricted in layer V of the
neocortex. This interneuron subpopulation prematurely entered
the neocortex, with a reduced focal distribution around layer V
under these conditions. Furthermore, the authors demonstrated
that microglia fine-tune neocortical interneuron positioning in a
manner dependent on CX3CR1 and DNAX-activating protein of
12 kDa (DAP12) signaling.

As mentioned above, embryonic microglia change their
distribution in a stage-dependent manner. Hattori et al. (2020)
demonstrated that microglia bidirectionally migrate within the
mid embryonic cerebral wall to permit temporal microglial
absence from the CP at E15–E16 in the mouse embryonic brain.
Through experiments to artificially expose post-migratory neurons
positioned in the CP to excessive microglia in vivo or in vitro
co-cultures of neurons with microglia, the authors showed that
post-migratory neurons failed to appropriately express subtype-
associated transcription factors; the cells displayed a tendency
toward reduced expression of deep-layer neuron marker genes
and increased expression of typical upper-layer neuron marker
genes. Furthermore, they demonstrated that microglia-derived IL-
6 and type I interferon (IFN-I) participate in the disturbance
of gene expression of neuronal subtype-associated genes in post-
migratory neurons. Hence, this transient microglial absence from
E15 to E16 is required for post-migratory neurons in the CP to
fine-tune expression of transcription factors needed for proper
differentiation.

A recent study demonstrated that microglial processes form
specialized contacts with the cell bodies of developing neurons
throughout embryonic, early postnatal, and adult neurogenesis
(Cserep et al., 2022). Such early developmental formation of
microglia-neuron contact is associated with the somatic purinergic
junctions which have a specialized nanoarchitecture optimized
for purinergic signaling in the adult brain (Cserep et al., 2020).
Furthermore, the formation and maintenance of these junctions
is regulated by microglial P2RY12. Deletion of P2RY12 inhibited
the proliferation of neuronal progenitors, which caused abnormal
cortical structure in the developing and adult brain.

Together, how microglia interact with immature neurons in the
developing brain and which type of cellular communication has
an impact on neuronal complicated networks in the adult brain
have been enthusiastically studied. Future studies to investigate
the exact cellular communication pathways enabling microglia to
influence the development of neurons and the formation of neural
networks are required.

4.3. Gliogenesis

Recent studies have suggested a potential role of microglia
in gliogenesis. An in vitro study showed that microglia-derived
factors such as interleukin-6 (IL-6) and leukemia inhibitory factor
(LIF) promoted the differentiation of in vitro-prepared neural
stem/progenitor cells, which were obtained from the SVZ of rats
on E16, into astrocytes (Nakanishi et al., 2007).

Several studies that focused on postnatal stages showed
that microglia contribute to gliogenesis. Shigemoto-Mogami
et al. (2014) reported that microglia modulate the survival and
maturation of oligodendrocytes via releasing of IL-1β, IL-6, tumor
necrosis factor alpha (TNF-α), and platelet-derived growth factor
(PDGF) at the early postnatal stage. Nemes-Baren et al. (2020)
demonstrated that microglia engulf oligodendrocyte progenitors
(OPCs) in the corpus callosum during early postnatal development
before myelination. Sherafat et al. (2021) reported that microglial
neuropilin 1 promotes the expansion of OPCs in the white matter
tracts during development and remyelination.

Although the studies which investigate microglial contribution
to gliogenesis in the embryonic stage are few, a recent study
suggested that embryonic microglia have an effect on gliogenesis
in the developing hypothalamus (Marsters et al., 2020). Marsters
et al. (2020) demonstrated that embryonic microglia influence
nearby Olig2+ neural precursors through cytokine signaling
and are required for proper maturation of oligodendrocytes
in the developing tuberal hypothalamus. By E11.5, microglia
invade the tuberal hypothalamus, and by E15.5 these cells
accumulate alongside Olig2+ progenitors which are positioned
in the hypothalamic sulcus, adjacent to the third ventricle. In
microglial depletion model using a PLX5622, the authors observed
a migration delay of Olig2+ cells from the VZ. It also caused a
disruption of maturation and migration of OPCs in the gray matter
at the embryonic and early postnatal stage. In particular, the authors
found that C-C motif chemokine ligand 2 (CCL2) and CXCL10
derived from microglia influenced neuronal differentiation at the
expense of astrocyte differentiation, with CCL2 further promoting
an oligodendrocyte fate. Studies have shown that microglia in the
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forebrain SVZ take on a similar activated form during neurogenesis
and gliogenesis. Thus, microglia may not only regulate the
differentiation and function of neurons but also contribute to the
fate decision of glial progenitors in the embryonic brain.

5. Microglial functions on blood
vessels

Blood vessels play essential roles in microglial
colonization and migration; microglia support blood vessel
formation, and vice versa.

Previous study proposed that proper retinal blood vessel
formation requires an adequate resident microglial population.
Ischemic retinopathy mouse models exhibit decreased microglia
concomitant with the characteristic reductions in vasculature
observed in these retinopathies in the postnatal stage.
Microglia depletion using liposomal clodronate impairs vascular
development in the rat retina, suggesting that an adequate resident
microglial population is critical for proper retinal blood vessel
formation (Checchin et al., 2006). They also confirmed that
microglia occupied the entire retinal surface in the human fetal
retina at the 15-week of gestation, when retinal blood vessels are
just beginning to emanate from the optic disc.

Subsequently, two important studies based on analysis of
mutant mice with a deficiency in macrophage and microglial
development showed that microglia contribute to vascular
development. Kubota et al. (2009) found that CSF1-deficient
mice resulted in defects in vascular and lymphatic development
at the early postnatal stage. They demonstrated a significant
decrease in branching of the primary vascular plexus in these
mice. Fantin et al. (2010) found embryonic tissue macrophages
in close spatiotemporal association with sprouting vessels in the
embryonic mouse hindbrain. Microglia form the simultaneous
connections with one or more spatially well-separated tip cells,
and these cells promote fusion of vascular tip cells, which extend
thin filopodia. Microglia numbers were correlated with numbers
of vascular branch points, and were frequently found to be in
contact with neighboring endothelial sprouts. They also observed
that macrophages were also associated with endothelial tip cells
during vessel fusion in the zebrafish trunk. Using CSF-1op/op mice
with an inactivating point mutation of CSF-1 and PU.1-deficient
mice, they demonstrated that CSF-1 is an essential recruitment
factor for embryonic macrophages in the mouse brain, which is
consistent with the observations for zebrafish panther mutants,
which lack a functional CSF1R. In CSF1R-deficient zebrafish,
tissue macrophages could differentiate and migrate into the head
mesenchyme, but their colonization into the brain was impaired.

An increasing body of studies based on the postnatal and
adult brain have demonstrated that microglia contribute to vascular
formation, such as extension and branching, vascular diameter
modulation, regulation of blood flow circulation and blood brain
barrier (BBB) integrity, but little research has focused on microglial
function in the embryonic brain (Hattori, 2023). It is certainly
worth investigating microglial function in such earlier stage to
understand how abnormally activated microglia in the fetal brain
affect vascular structure and function.

6. Conclusion

Microglial colonization of the brain parenchyma and their
migration activity are tightly regulated in a spatiotemporal manner
by a vast series of cues elicited from other surrounding CNS
cells. Given that microglia contribute to a variety of steps in
neurogenesis and vascular development, unnecessary microglial
activation or disruption may cause microglial functional failure
at critical time points during development, which is likely to
lead to the aberrant brain formation and function. Loss of a
functional Trem2 signaling pathway has been demonstrated as the
genetic cause of Nasu-Hakola disease, which is characterized by
early onset cognitive dementia (Thrash et al., 2009), suggesting
that microglial proper functioning during development is crucial
for the process of brain development. Moreover, recent studies
have reported that maternal environmental factors, such as viral
or bacterial infection, abnormal immune activation, or nutrition
condition, are associated with fetal aberrant brain development and
neurological disease manifestation in their offspring (Brown and
Derkits, 2010; Kwon et al., 2022). Wu et al. (2017) demonstrated
that lack of IL-6 signaling in placental trophoblasts effectively
blocks inflammatory responses induced by maternal immune
activation in the placenta and the fetal brain as well as downstream
neuropathological and behavioral impairments using Cyp19-Cre:
Il6rafl/fl mice. Notably, embryonic microglia have been suggested to
directly sense maternal inflammation and change their phenotype
and/or motility in the embryonic stage (Schaafsma et al., 2017;
Ozaki et al., 2020). When pregnant mice were treated with
poly(I:C) at E12.5, fetal brain microglia isolated by the CD11b
expression level obtained from E16 mice showed a significant
increase of IL-6 production compared to those obtained from
fetal brains in mock-treated pregnant mice (Pratt et al., 2013).
To prevent the occurrence of neurological disorders in the
offspring by maternal inflammation, further investigation for how
maternal immune activation and the environmental factors affect
the fetal microglia is needed. As mentioned above, microglia
dramatically change their characteristics and behavior in a stage-
dependent manner in the embryonic stage (Swinnen et al.,
2013; Matcovitch-Natan et al., 2016; Hammond et al., 2019).
Thus, it is quite important to carefully investigate how fetal
microglia act and function at each developmental stage in the
physiological conditions. The understanding for them in turn
may contribute to identify microglial abnormal behavior of in the
pathological context.

Furthermore, recent advances in single-cell transcriptomic
analysis revealed that microglial have heterogenic properties in the
spatial and developmental axes, and not only in the postnatal and
adult brain but also in the embryonic brain (Matcovitch-Natan
et al., 2016; Thion et al., 2018; Hammond et al., 2019; Kracht
et al., 2020). We recently reported that microglia constitute the
cells which use different colonization routes from the yolk sac
into the embryonic cerebral wall (Hattori et al., 2023). To address
how microglial heterogeneity is generated, we need to evaluate
the possibility that differences in microglial colonization routes or
entry timing into the pallium are related to their heterogeneity.
Moreover, it is also interesting to investigate how maternal
abnormal immune activation affects microglial colonization route
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and timing into the pallium. These investigations may provide
profound insight into microglial developmental biology, and
contribute to elucidation of the mechanism of brain development.

Author contributions

YH wrote the manuscript and created the figures.

Funding

This work was supported by Grant-in-Aid for Young Scientists
(JP21K15330 to YH) and Grant-in-Aid for Transformative
Research Areas (A) (JP21H05624 to YH).

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Aguilar-Valles, A., Rodrigue, B., and Matta-Camacho, E. (2020). Maternal immune
activation and the development of dopaminergic neurotransmission of the offspring:
relevance for schizophrenia and other psychoses. Front. Psychiatry 11:852. doi: 10.
3389/fpsyt.2020.00852

Ajami, B., Samusik, N., Wieghofer, P., Ho, P. P., Crotti, A., Bjornson, Z., et al. (2018).
Single-cell mass cytometry reveals distinct populations of brain myeloid cells in mouse
neuroinflammation and neurodegeneration models. Nat. Neurosci. 21, 541–551. doi:
10.1038/s41593-018-0100-x

Alliot, F., Godin, I., and Pessac, B. (1999). Microglia derive from progenitors,
originating from the yolk sac, and which proliferate in the brain. Brain Res. Dev. Brain
Res. 117, 145–152. doi: 10.1016/s0165-3806(99)00113-3

Antony, J. M., Paquin, A., Nutt, S. L., Kaplan, D. R., and Miller, F. D. (2011).
Endogenous microglia regulate development of embryonic cortical precursor cells.
J. Neurosci. Res. 89, 286–298. doi: 10.1002/jnr.22533

Arno, B., Grassivaro, F., Rossi, C., Bergamaschi, A., Castiglioni, V., Furlan, R., et al.
(2014). Neural progenitor cells orchestrate microglia migration and positioning into
the developing cortex. Nat. Commun. 5:5611. doi: 10.1038/ncomms6611

Arnoux, I., Hoshiko, M., Mandavy, L., Avignone, E., Yamamoto, N., and Audinat,
E. (2013). Adaptive phenotype of microglial cells during the normal postnatal
development of the somatosensory “barrel” cortex. Glia 61, 1582–1594. doi: 10.1002/
glia.22503

Ashwell, K. (1991). The distribution of microglia and cell death in the fetal rat
forebrain. Brain Res. Dev. Brain Res. 58, 1–12. doi: 10.1016/0165-3806(91)90231-7

Block, C. L., Eroglu, O., Mague, S. D., Smith, C. J., Ceasrine, A. M., Sriworarat, C.,
et al. (2022). Prenatal environmental stressors impair postnatal microglia function and
adult behavior in males. Cell Rep. 40:111161. doi: 10.1016/j.celrep.2022.111161

Boya, J., Calvo, J. L., Carbonell, A. L., and Borregon, A. (1991). A lectin
histochemistry study on the development of rat microglial cells. J. Anat. 175, 229–236.

Brown, A. S., and Derkits, E. J. (2010). Prenatal infection and schizophrenia: a
review of epidemiologic and translational studies. Am. J. Psychiatry 167, 261–280.
doi: 10.1176/appi.ajp.2009.09030361

Checchin, D., Sennlaub, F., Levavasseur, E., Leduc, M., and Chemtob, S. (2006).
Potential role of microglia in retinal blood vessel formation. Invest. Ophthalmol. Vis.
Sci. 47, 3595–3602. doi: 10.1167/iovs.05-1522

Cserep, C., Posfai, B., Lenart, N., Fekete, R., Laszlo, Z. I., Lele, Z., et al. (2020).
Microglia monitor and protect neuronal function through specialized somatic
purinergic junctions. Science 367, 528–537. doi: 10.1126/science.aax6752

Cserep, C., Schwarcz, A. D., Posfai, B., Laszlo, Z. I., Kellermayer, A., Kornyei, Z., et al.
(2022). Microglial control of neuronal development via somatic purinergic junctions.
Cell Rep. 40:111369. doi: 10.1016/j.celrep.2022.111369

Cuadros, M. A., Martin, C., Coltey, P., Almendros, A., and Navascues, J. (1993).
First appearance, distribution, and origin of macrophages in the early development
of the avian central nervous system. J. Comp. Neurol. 330, 113–129. doi: 10.1002/cne.
903300110

Cui, J., Shipley, F. B., Shannon, M. L., Alturkistani, O., Dani, N., Webb, M. D.,
et al. (2020). Inflammation of the embryonic choroid plexus barrier following maternal
immune activation. Dev. Cell 55, 617–628.e6. doi: 10.1016/j.devcel.2020.09.020

Cunningham, C. L., Martinez-Cerdeno, V., and Noctor, S. C. (2013). Microglia
regulate the number of neural precursor cells in the developing cerebral cortex.
J. Neurosci. 33, 4216–4233. doi: 10.1523/JNEUROSCI.3441-12.2013

Dalmau, I., Vela, J. M., Gonzalez, B., Finsen, B., and Castellano, B. (2003). Dynamics
of microglia in the developing rat brain. J. Comp. Neurol. 458, 144–157. doi: 10.1002/
cne.10572

Erblich, B., Zhu, L., Etgen, A. M., Dobrenis, K., and Pollard, J. W. (2011). Absence
of colony stimulation factor-1 receptor results in loss of microglia, disrupted brain
development and olfactory deficits. PLoS One 6:e26317. doi: 10.1371/journal.pone.
0026317

Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., et al. (2010).
Tissue macrophages act as cellular chaperones for vascular anastomosis downstream
of VEGF-mediated endothelial tip cell induction. Blood 116, 829–840. doi: 10.1182/
blood-2009-12-257832

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive macrophages.
Science 330, 841–845. doi: 10.1126/science.1194637

Green, L. A., O’Dea, M. R., Hoover, C. A., DeSantis, D. F., and Smith, C. J. (2022).
The embryonic zebrafish brain is seeded by a lymphatic-dependent population of
mrc1(+) microglia precursors. Nat. Neurosci. 25, 849–864. doi: 10.1038/s41593-022-
01091-9

Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A.,
et al. (2019). Single-cell RNA sequencing of microglia throughout the mouse lifespan
and in the injured brain reveals complex cell-state changes. Immunity 50, 253–271.e6.
doi: 10.1016/j.immuni.2018.11.004

Han, V. X., Patel, S., Jones, H. F., and Dale, R. C. (2021). Maternal immune activation
and neuroinflammation in human neurodevelopmental disorders. Nat. Rev. Neurol.
17, 564–579. doi: 10.1038/s41582-021-00530-8

Hattori, Y. (2023). The microglia-blood vessel interactions in the developing brain.
Neurosci. Res. 187, 58–66. doi: 10.1016/j.neures.2022.09.006

Hattori, Y., Itoh, H., Tsugawa, Y., Nishida, Y., Kurata, K., Uemura, A., et al. (2022).
Embryonic pericytes promote microglial homeostasis and their effects on neural
progenitors in the developing cerebral cortex. J. Neurosci. 42, 362–376. doi: 10.1523/
JNEUROSCI.1201-21.2021

Hattori, Y., Kato, D., Murayama, F., Koike, S., Asai, H., Yamasaki, A., et al. (2023).
CD206(+) macrophages transventricularly infiltrate the early embryonic cerebral
wall to differentiate into microglia. Cell Rep. 42:112092. doi: 10.1016/j.celrep.2023.1
12092

Hattori, Y., and Miyata, T. (2018). Microglia extensively survey the developing
cortex via the CXCL12/CXCR4 system to help neural progenitors to acquire
differentiated properties. Genes Cells 23, 915–922. doi: 10.1111/gtc.12632

Hattori, Y., Naito, Y., Tsugawa, Y., Nonaka, S., Wake, H., Nagasawa, T., et al.
(2020). Transient microglial absence assists postmigratory cortical neurons in proper
differentiation. Nat. Commun. 11:1631. doi: 10.1038/s41467-020-15409-3

Hayes, L. N., An, K., Carloni, E., Li, F., Vincent, E., Trippaers, C., et al. (2022).
Prenatal immune stress blunts microglia reactivity, impairing neurocircuitry. Nature
610, 327–334. doi: 10.1038/s41586-022-05274-z

Frontiers in Cellular Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fncel.2023.988952
https://doi.org/10.3389/fpsyt.2020.00852
https://doi.org/10.3389/fpsyt.2020.00852
https://doi.org/10.1038/s41593-018-0100-x
https://doi.org/10.1038/s41593-018-0100-x
https://doi.org/10.1016/s0165-3806(99)00113-3
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1038/ncomms6611
https://doi.org/10.1002/glia.22503
https://doi.org/10.1002/glia.22503
https://doi.org/10.1016/0165-3806(91)90231-7
https://doi.org/10.1016/j.celrep.2022.111161
https://doi.org/10.1176/appi.ajp.2009.09030361
https://doi.org/10.1167/iovs.05-1522
https://doi.org/10.1126/science.aax6752
https://doi.org/10.1016/j.celrep.2022.111369
https://doi.org/10.1002/cne.903300110
https://doi.org/10.1002/cne.903300110
https://doi.org/10.1016/j.devcel.2020.09.020
https://doi.org/10.1523/JNEUROSCI.3441-12.2013
https://doi.org/10.1002/cne.10572
https://doi.org/10.1002/cne.10572
https://doi.org/10.1371/journal.pone.0026317
https://doi.org/10.1371/journal.pone.0026317
https://doi.org/10.1182/blood-2009-12-257832
https://doi.org/10.1182/blood-2009-12-257832
https://doi.org/10.1126/science.1194637
https://doi.org/10.1038/s41593-022-01091-9
https://doi.org/10.1038/s41593-022-01091-9
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1038/s41582-021-00530-8
https://doi.org/10.1016/j.neures.2022.09.006
https://doi.org/10.1523/JNEUROSCI.1201-21.2021
https://doi.org/10.1523/JNEUROSCI.1201-21.2021
https://doi.org/10.1016/j.celrep.2023.112092
https://doi.org/10.1016/j.celrep.2023.112092
https://doi.org/10.1111/gtc.12632
https://doi.org/10.1038/s41467-020-15409-3
https://doi.org/10.1038/s41586-022-05274-z
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-988952 May 8, 2023 Time: 11:55 # 9

Hattori 10.3389/fncel.2023.988952

Huang, T., Cui, J., Li, L., Hitchcock, P. F., and Li, Y. (2012). The role of microglia
in the neurogenesis of zebrafish retina. Biochem. Biophys. Res. Commun. 421, 214–220.
doi: 10.1016/j.bbrc.2012.03.139

Kawaguchi, M. (1980). Electron microscopic study on the amoeboid microglial cells
in the roof plate of the early chick embryo brain. Arch. Histol. Jpn. 43, 311–317.
doi: 10.1679/aohc1950.43.311

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G.,
et al. (2013). Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-
dependent pathways. Nat. Neurosci. 16, 273–280. doi: 10.1038/nn.3318

Kracht, L., Borggrewe, M., Eskandar, S., Brouwer, N., Chuva de Sousa Lopes, S. M.,
Laman, J. D., et al. (2020). Human fetal microglia acquire homeostatic immune-
sensing properties early in development. Science 369, 530–537. doi: 10.1126/science.
aba5906

Kubota, Y., Takubo, K., Shimizu, T., Ohno, H., Kishi, K., Shibuya, M.,
et al. (2009). M-CSF inhibition selectively targets pathological angiogenesis and
lymphangiogenesis. J. Exp. Med. 206, 1089–1102. doi: 10.1084/jem.20081605

Kwon, H. K., Choi, G. B., and Huh, J. R. (2022). Maternal inflammation and its
ramifications on fetal neurodevelopment. Trends Immunol. 43, 230–244. doi: 10.1016/
j.it.2022.01.007

Lim, L., Mi, D., Llorca, A., and Marin, O. (2018). Development and functional
diversification of cortical interneurons. Neuron 100, 294–313. doi: 10.1016/j.neuron.
2018.10.009

Mac Giollabhui, N., Breen, E. C., Murphy, S. K., Maxwell, S. D., Cohn, B. A.,
Krigbaum, N. Y., et al. (2019). Maternal inflammation during pregnancy and offspring
psychiatric symptoms in childhood: timing and sex matter. J. Psychiatr. Res. 111,
96–103. doi: 10.1016/j.jpsychires.2019.01.009

Marin, O., Yaron, A., Bagri, A., Tessier-Lavigne, M., and Rubenstein, J. L. (2001).
Sorting of striatal and cortical interneurons regulated by semaphorin-neuropilin
interactions. Science 293, 872–875. doi: 10.1126/science.1061891

Marin-Teva, J. L., Almendros, A., Calvente, R., Cuadros, M. A., and Navascues,
J. (1998). Tangential migration of ameboid microglia in the developing quail retina:
mechanism of migration and migratory behavior. Glia 22, 31–52. doi: 10.1002/(sici)
1098-1136(199801)22:1<31::aid-glia4<3.0.co;2-b

Marsters, C. M., Nesan, D., Far, R., Klenin, N., Pittman, Q. J., and Kurrasch, D. M.
(2020). Embryonic microglia influence developing hypothalamic glial populations.
J. Neuroinflammation 17:146. doi: 10.1186/s12974-020-01811-7

Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad,
A., Sarrazin, S., et al. (2016). Microglia development follows a stepwise program
to regulate brain homeostasis. Science 353:aad8670. doi: 10.1126/science.aa
d8670

Menassa, D. A., and Gomez-Nicola, D. (2018). Microglial dynamics during
human brain development. Front. Immunol. 9:1014. doi: 10.3389/fimmu.2018.
01014

Mittelbronn, M., Dietz, K., Schluesener, H. J., and Meyermann, R. (2001). Local
distribution of microglia in the normal adult human central nervous system differs
by up to one order of magnitude. Acta Neuropathol. 101, 249–255. doi: 10.1007/
s004010000284

Monier, A., Adle-Biassette, H., Delezoide, A. L., Evrard, P., Gressens, P., and
Verney, C. (2007). Entry and distribution of microglial cells in human embryonic
and fetal cerebral cortex. J. Neuropathol. Exp. Neurol. 66, 372–382. doi: 10.1097/nen.
0b013e3180517b46

Nadarajah, B., Brunstrom, J. E., Grutzendler, J., Wong, R. O., and Pearlman, A. L.
(2001). Two modes of radial migration in early development of the cerebral cortex.
Nat. Neurosci. 4, 143–150. doi: 10.1038/83967

Nakanishi, M., Niidome, T., Matsuda, S., Akaike, A., Kihara, T., and Sugimoto,
H. (2007). Microglia-derived interleukin-6 and leukaemia inhibitory factor promote
astrocytic differentiation of neural stem/progenitor cells. Eur. J. Neurosci. 25, 649–658.
doi: 10.1111/j.1460-9568.2007.05309.x

Nandi, S., Gokhan, S., Dai, X. M., Wei, S., Enikolopov, G., Lin, H., et al. (2012).
The CSF-1 receptor ligands IL-34 and CSF-1 exhibit distinct developmental brain
expression patterns and regulate neural progenitor cell maintenance and maturation.
Dev. Biol. 367, 100–113. doi: 10.1016/j.ydbio.2012.03.026

Navascues, J., Calvente, R., Marin-Teva, J. L., and Cuadros, M. A. (2000). Entry,
dispersion and differentiation of microglia in the developing central nervous system.
An. Acad. Bras. Cienc. 72, 91–102. doi: 10.1590/s0001-37652000000100013

Nemes-Baran, A. D., White, D. R., and DeSilva, T. M. (2020). Fractalkine-dependent
microglial pruning of viable oligodendrocyte progenitor cells regulates myelination.
Cell Rep. 32:108047. doi: 10.1016/j.celrep.2020.108047

Nikodemova, M., Kimyon, R. S., De, I., Small, A. L., Collier, L. S., and Watters,
J. J. (2015). Microglial numbers attain adult levels after undergoing a rapid decrease
in cell number in the third postnatal week. J. Neuroimmunol. 278, 280–288. doi:
10.1016/j.jneuroim.2014.11.018

Ozaki, K., Kato, D., Ikegami, A., Hashimoto, A., Sugio, S., Guo, Z., et al. (2020).
Maternal immune activation induces sustained changes in fetal microglia motility. Sci.
Rep. 10:21378. doi: 10.1038/s41598-020-78294-2

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al.
(2011). Synaptic pruning by microglia is necessary for normal brain development.
Science 333, 1456–1458. doi: 10.1126/science.1202529

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III, Lafaille, J. J.,
et al. (2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.11.030

Picard, K., St-Pierre, M. K., Vecchiarelli, H. A., Bordeleau, M., and Tremblay, M. E.
(2021). Neuroendocrine, neuroinflammatory and pathological outcomes of chronic
stress: a story of microglial remodeling. Neurochem. Int. 145:104987. doi: 10.1016/j.
neuint.2021.104987

Pont-Lezica, L., Beumer, W., Colasse, S., Drexhage, H., Versnel, M., and Bessis, A.
(2014). Microglia shape corpus callosum axon tract fasciculation: functional impact of
prenatal inflammation. Eur. J. Neurosci. 39, 1551–1557. doi: 10.1111/ejn.12508

Pratt, L., Ni, L., Ponzio, N. M., and Jonakait, G. M. (2013). Maternal inflammation
promotes fetal microglial activation and increased cholinergic expression in the fetal
basal forebrain: role of interleukin-6. Pediatr. Res. 74, 393–401. doi: 10.1038/pr.2013.
126

Prinz, M., Masuda, T., Wheeler, M. A., and Quintana, F. J. (2021). Microglia and
central nervous system-associated macrophages-from origin to disease modulation.
Annu. Rev. Immunol. 39, 251–277. doi: 10.1146/annurev-immunol-093019-110159

Rakic, P. (1974). Neurons in rhesus monkey visual cortex: systematic relation
between time of origin and eventual disposition. Science 183, 425–427. doi: 10.1126/
science.183.4123.425

Ranawat, N., and Masai, I. (2021). Mechanisms underlying microglial colonization
of developing neural retina in zebrafish. Elife 10:e70550. doi: 10.7554/eLife.70550

Rigato, C., Buckinx, R., Le-Corronc, H., Rigo, J. M., and Legendre, P. (2011). Pattern
of invasion of the embryonic mouse spinal cord by microglial cells at the time of the
onset of functional neuronal networks. Glia 59, 675–695. doi: 10.1002/glia.21140

Rosin, J. M., Marsters, C. M., Malik, F., Far, R., Adnani, L., Schuurmans, C.,
et al. (2021). Embryonic microglia interact with hypothalamic radial glia during
development and upregulate the TAM receptors MERTK and AXL following an insult.
Cell Rep. 34:108587. doi: 10.1016/j.celrep.2020.108587

Sanchez-Lopez, A., Cuadros, M. A., Calvente, R., Tassi, M., Marin-Teva, J. L., and
Navascues, J. (2004). Radial migration of developing microglial cells in quail retina: a
confocal microscopy study. Glia 46, 261–273. doi: 10.1002/glia.20007

Schaafsma, W., Basterra, L. B., Jacobs, S., Brouwer, N., Meerlo, P., Schaafsma, A.,
et al. (2017). Maternal inflammation induces immune activation of fetal microglia and
leads to disrupted microglia immune responses, behavior, and learning performance
in adulthood. Neurobiol. Dis. 106, 291–300. doi: 10.1016/j.nbd.2017.07.017

Shemer, A., Erny, D., Jung, S., and Prinz, M. (2015). Microglia plasticity during
health and disease: an immunological perspective. Trends Immunol. 36, 614–624.
doi: 10.1016/j.it.2015.08.003

Sherafat, A., Pfeiffer, F., Reiss, A. M., Wood, W. M., and Nishiyama, A. (2021).
Microglial neuropilin-1 promotes oligodendrocyte expansion during development
and remyelination by trans-activating platelet-derived growth factor receptor. Nat.
Commun. 12:2265. doi: 10.1038/s41467-021-22532-2

Shigemoto-Mogami, Y., Hoshikawa, K., Goldman, J. E., Sekino, Y., and Sato, K.
(2014). Microglia enhance neurogenesis and oligodendrogenesis in the early postnatal
subventricular zone. J. Neurosci. 34, 2231–2243. doi: 10.1523/JNEUROSCI.1619-13.
2014

Sierra, A., Tremblay, M. E., and Wake, H. (2014). Never-resting microglia:
physiological roles in the healthy brain and pathological implications. Front. Cell
Neurosci. 8:240. doi: 10.3389/fncel.2014.00240

Smolders, S. M., Swinnen, N., Kessels, S., Arnauts, K., Smolders, S., Le Bras, B.,
et al. (2017). Age-specific function of alpha5beta1 integrin in microglial migration
during early colonization of the developing mouse cortex. Glia 65, 1072–1088. doi:
10.1002/glia.23145

Squarzoni, P., Oller, G., Hoeffel, G., Pont-Lezica, L., Rostaing, P., Low, D., et al.
(2014). Microglia modulate wiring of the embryonic forebrain. Cell Rep. 8, 1271–1279.
doi: 10.1016/j.celrep.2014.07.042

Streit, W. J., Khoshbouei, H., and Bechmann, I. (2020). Dystrophic microglia in
late-onset Alzheimer’s disease. Glia 68, 845–854. doi: 10.1002/glia.23782

Swinnen, N., Smolders, S., Avila, A., Notelaers, K., Paesen, R., Ameloot, M., et al.
(2013). Complex invasion pattern of the cerebral cortex bymicroglial cells during
development of the mouse embryo. Glia 61, 150–163. doi: 10.1002/glia.22421

Tamamaki, N., Fujimori, K., Nojyo, Y., Kaneko, T., and Takauji, R. (2003). Evidence
that Sema3A and Sema3F regulate the migration of GABAergic neurons in the
developing neocortex. J. Comp. Neurol. 455, 238–248. doi: 10.1002/cne.10476

Thion, M. S., Low, D., Silvin, A., Chen, J., Grisel, P., Schulte-Schrepping, J., et al.
(2018). Microbiome influences prenatal and adult microglia in a sex-specific manner.
Cell 172, 500–516.e16. doi: 10.1016/j.cell.2017.11.042

Thorsdottir, S., Henriques-Normark, B., and Iovino, F. (2019). The role of
microglia in bacterial meningitis: inflammatory response, experimental models and
new neuroprotective therapeutic strategies. Front. Microbiol. 10:576. doi: 10.3389/
fmicb.2019.00576

Frontiers in Cellular Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fncel.2023.988952
https://doi.org/10.1016/j.bbrc.2012.03.139
https://doi.org/10.1679/aohc1950.43.311
https://doi.org/10.1038/nn.3318
https://doi.org/10.1126/science.aba5906
https://doi.org/10.1126/science.aba5906
https://doi.org/10.1084/jem.20081605
https://doi.org/10.1016/j.it.2022.01.007
https://doi.org/10.1016/j.it.2022.01.007
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.jpsychires.2019.01.009
https://doi.org/10.1126/science.1061891
https://doi.org/10.1002/(sici)1098-1136(199801)22:1<31::aid-glia4<3.0.co;2-b
https://doi.org/10.1002/(sici)1098-1136(199801)22:1<31::aid-glia4<3.0.co;2-b
https://doi.org/10.1186/s12974-020-01811-7
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1126/science.aad8670
https://doi.org/10.3389/fimmu.2018.01014
https://doi.org/10.3389/fimmu.2018.01014
https://doi.org/10.1007/s004010000284
https://doi.org/10.1007/s004010000284
https://doi.org/10.1097/nen.0b013e3180517b46
https://doi.org/10.1097/nen.0b013e3180517b46
https://doi.org/10.1038/83967
https://doi.org/10.1111/j.1460-9568.2007.05309.x
https://doi.org/10.1016/j.ydbio.2012.03.026
https://doi.org/10.1590/s0001-37652000000100013
https://doi.org/10.1016/j.celrep.2020.108047
https://doi.org/10.1016/j.jneuroim.2014.11.018
https://doi.org/10.1016/j.jneuroim.2014.11.018
https://doi.org/10.1038/s41598-020-78294-2
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1111/ejn.12508
https://doi.org/10.1038/pr.2013.126
https://doi.org/10.1038/pr.2013.126
https://doi.org/10.1146/annurev-immunol-093019-110159
https://doi.org/10.1126/science.183.4123.425
https://doi.org/10.1126/science.183.4123.425
https://doi.org/10.7554/eLife.70550
https://doi.org/10.1002/glia.21140
https://doi.org/10.1016/j.celrep.2020.108587
https://doi.org/10.1002/glia.20007
https://doi.org/10.1016/j.nbd.2017.07.017
https://doi.org/10.1016/j.it.2015.08.003
https://doi.org/10.1038/s41467-021-22532-2
https://doi.org/10.1523/JNEUROSCI.1619-13.2014
https://doi.org/10.1523/JNEUROSCI.1619-13.2014
https://doi.org/10.3389/fncel.2014.00240
https://doi.org/10.1002/glia.23145
https://doi.org/10.1002/glia.23145
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1002/glia.23782
https://doi.org/10.1002/glia.22421
https://doi.org/10.1002/cne.10476
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.3389/fmicb.2019.00576
https://doi.org/10.3389/fmicb.2019.00576
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-988952 May 8, 2023 Time: 11:55 # 10

Hattori 10.3389/fncel.2023.988952

Thrash, J. C., Torbett, B. E., and Carson, M. J. (2009). Developmental
regulation of TREM2 and DAP12 expression in the murine CNS: implications
for Nasu-Hakola disease. Neurochem. Res. 34, 38–45. doi: 10.1007/s11064-008-9
657-1

Tronnes, A. A., Koschnitzky, J., Daza, R., Hitti, J., Ramirez, J. M., and Hevner,
R. (2016). Effects of lipopolysaccharide and progesterone exposures on embryonic
cerebral cortex development in mice. Reprod. Sci. 23, 771–778. doi: 10.1177/
1933719115618273

Tynan, R. J., Naicker, S., Hinwood, M., Nalivaiko, E., Buller, K. M., Pow, D. V.,
et al. (2010). Chronic stress alters the density and morphology of microglia in a
subset of stress-responsive brain regions. Brain Behav. Immun. 24, 1058–1068. doi:
10.1016/j.bbi.2010.02.001

Venegas, C., Kumar, S., Franklin, B. S., Dierkes, T., Brinkschulte, R., Tejera, D., et al.
(2017). Microglia-derived ASC specks cross-seed amyloid-beta in Alzheimer’s disease.
Nature 552, 355–361. doi: 10.1038/nature25158

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., and Nabekura, J. (2009). Resting
microglia directly monitor the functional state of synapses in vivo and determine the
fate of ischemic terminals. J. Neurosci. 29, 3974–3980. doi: 10.1523/JNEUROSCI.4363-
08.2009

Waltl, I., and Kalinke, U. (2022). Beneficial and detrimental functions of microglia
during viral encephalitis. Trends Neurosci. 45, 158–170. doi: 10.1016/j.tins.2021.11.004

Wu, S., Xue, R., Hassan, S., Nguyen, T. M. L., Wang, T., Pan, H., et al. (2018). Il34-
Csf1r pathway regulates the migration and colonization of microglial precursors. Dev.
Cell 46, 552–563.e4. doi: 10.1016/j.devcel.2018.08.005

Wu, W. L., Hsiao, E. Y., Yan, Z., Mazmanian, S. K., and Patterson, P. H. (2017). The
placental interleukin-6 signaling controls fetal brain development and behavior. Brain
Behav. Immun. 62, 11–23. doi: 10.1016/j.bbi.2016.11.007

Xu, J., Wang, T., Wu, Y., Jin, W., and Wen, Z. (2016). Microglia colonization
of developing zebrafish midbrain is promoted by apoptotic neuron and
lysophosphatidylcholine. Dev. Cell 38, 214–222. doi: 10.1016/j.devcel.2016.06.018

Frontiers in Cellular Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fncel.2023.988952
https://doi.org/10.1007/s11064-008-9657-1
https://doi.org/10.1007/s11064-008-9657-1
https://doi.org/10.1177/1933719115618273
https://doi.org/10.1177/1933719115618273
https://doi.org/10.1016/j.bbi.2010.02.001
https://doi.org/10.1016/j.bbi.2010.02.001
https://doi.org/10.1038/nature25158
https://doi.org/10.1523/JNEUROSCI.4363-08.2009
https://doi.org/10.1523/JNEUROSCI.4363-08.2009
https://doi.org/10.1016/j.tins.2021.11.004
https://doi.org/10.1016/j.devcel.2018.08.005
https://doi.org/10.1016/j.bbi.2016.11.007
https://doi.org/10.1016/j.devcel.2016.06.018
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	The multifaceted roles of embryonic microglia in the developing brain
	1. Introduction
	2. Microglial ontology and colonization into the CNS
	3. Microglial distribution and migration in the brain parenchyma
	4. Microglial various effects on neural lineage cells
	4.1. Regulation of the differentiation and population size of neural progenitors
	4.2. Neuronal circuit formation
	4.3. Gliogenesis

	5. Microglial functions on blood vessels
	6. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


