Role of microglia in embryonic neurogenesis
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Abstract

Microglia begin colonizing the developing brain as early as embryonic day 9, prior to the emergence of neurons and other glia.
Their ontogeny is also distinct from other central nervous system cells, as they derive from yolk sac hematopoietic progenitors
and not neural progenitors. In this review, we feature these unique characteristics of microglia and assess the spatiotemporal
similarities between microglia colonization of the central nervous system and embryonic neurogenesis. We also infer to existing
evidence for microglia function from embryonic through to postnatal neurodevelopment to postulate roles for microglia in

neurogenesis.
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Introduction

Microglia are the tissue-specific macrophages of the central
nervous system (CNS). Typically known for mediating
inflammation in the CNS, continually emerging roles for
microglia in physiological conditions emphasize their
unique functional niche as both mononuclear phagocyte
and glia (reviewed in Ransohoff and Cardona'). Microglia
actively survey the CNS to regulate homeostasis, provide
trophic support for neurons and regulate synaptic develop-
ment; functions that underscore their diverse roles.
Microglia are also distinct in their origin. While neurons,
astrocytes and oligodendrocytes develop from neuroepithe-
lial cells, microglia are derived from yolk sac macrophages
and appear in the CNS prior to the aforementioned cells.
Embryonic neurogenesis involves symmetric and asym-
metric cell division for the purpose of expanding the pool of
neural precursors and differentiating them. The progenitors
that give rise to mature neurons of the CNS are not a single
homogenous population, as their continuing division and
differentiation generate a repertoire of neural progenitors at
different developmental time points (reviewed in Gotz and
Huttner” and Kriegstein and Alvarez-Buylla®). As microglia
share the same spatiotemporal compartment as neural pro-
genitors, their influence on the development, survival and
differentiation of neural progenitors is of great interest.
Reviews on the effects of microglia in neurogenesis are
available, with a focus on early postnatal and adult neuro-
genesis within the hippocampal dentate gyrus and lateral
ventricles* or on the pathological or aging brain.” In this
review, we describe microglial roles in embryonic
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neurogenesis, primarily focusing on their regulation of the
neural precursor pool size.

Embryonic neurogenesis: A cell
biology perspective

Our description on embryonic neurogenesis focuses on the
mouse neocortex (unless specified otherwise) as the major-
ity of the literature lies here. There are several key events
that form the neocortex: (1) proliferation of neuroepithelial
cells creates a multilayered neural plate, the innermost
apical layer being the ventricular zone (VZ), (2) continued
proliferation and differentiation of neuroepithelial cells and
formation of a second germinal zone, the subventricular
zone (SVZ), (3) formation of neurons and their positioning
away from the neurogenic regions towards the pial surface,
resulting in the six layers of the cortex and (4) emergence of
astrocytes and oligodendrocytes during late embryogenesis,
just prior to birth (reviewed in Kriegstein and Alvarez-
Buylla®). The size of the neural precursor pool is, therefore,
not static, shifting as progenitors and their intermediates
form, proliferate and differentiate. A slowdown in cell pro-
liferation (largely due to the lengthening of the Gap 1 (G1)
phase),®® developmental cell death,”'° phagocytosis of pre-
cursors'! and differentiation all may contribute to the retrac-
tion of the neural precursor pool, and this machinery
requires tight regulation for sculpting of CNS circuitry.
The cellular development of the embryonic brain begins
with neuroepithelial cells—the most primitive neural pre-
cursor that gives rise to all neurons and macroglia in the
CNS. Neuroepithelial cells exhibit features that resemble
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epithelial cells, including expression of tight junctions and
adherens junction proteins.'*'* They also express an inter-
mediate filament protein, nestin'®and the transmembrane
protein prominin-1 (CD133)."® First forming a single layer
of cells called the neural plate; neuroepithelial cells sym-
metrically divide to expand the thickness of the neural
plate. They then begin expressing features of astrocytes
and assume a radial morphology, giving rise to a popula-
tion of cells termed radial glia.

Radial glia are conserved across vertebrates and present
in the embryo throughout neurogenesis. They are a heter-
ogenous population of cells which interestingly share prop-
erties similar to astrocytes, for instance, they contain
glycogen granules and express the brain lipid-binding pro-
tein,” astrocyte-specific glutamate transporter,18 adhesion
molecule tenascin-C,*° calcium-binding protein 5100 [320 and
intermediate filament vimentin.*' Radial glia signify a
common progenitor for neurons, astrocytes and oligo-
dendrocytes and appear to be a more fate-restricted pro-
genitor compared to neuroepithelial cells.'"® Tt is most
likely that CNS progenitors consist of populations of
single-fate restricted progenitors, i.e. they are either of
neuron-producing lineages or glia-producing lineages,
and multipotent progenitors (a single progenitor capable
of differentiation into multiple CNS cell types) as evidence
exists for both. For further reading, Kriegstein and Alvarez-
Buylla® and Malatesta et al.*> offer detailed reviews on
radial glia and neural stem cells. In mice, neuroepithelial
cells transform to radial glia at around E9 to E10 and com-
pletes at E12.2?* From E14 to E18, radial glial cells divide
asymmetrically to generate neurons or produce intermedi-
ate progenitor cells that transiently increase the progenitor
cells pool before terminally differentiating into specific
neuronal cell types.'® Throughout cortical neurogenesis,
the somata of radial glia lie in the VZ, but their radial pro-
cesses traverse to the basement membrane at the pial sur-
face. Newborn neurons use these processes as scaffolds to
migrate towards the cortical plate.”®*® Another important
temporal event of CNS development is the switch from the
neurogenesis to gliogenesis machinery (in mice at around
E16 and until birth)."®%” At this point, radial glia cease pro-
ducing neurons and began to generate astrocytes and later,
oligodendrocytes.'®* This diminishes the radial glia popu-
lation in most regions of the brain, except for populations in
the cerebellum and retina (known as Bergmann glial cells
and Muller cells, respectively).

The distinct ontogeny of microglia

Given the fact that microglia share many phenotypic fea-
tures with other myeloid cells in the body (including circu-
lating monocytes and tissue macrophages), it is a general
consensus that microglia are of hematopoietic origin.
Nevertheless, the precise identity of microglia progenitors
remained a great debate until recently. Microglia were ini-
tially thought to arise from circulating monocytes and bone
marrow precursors that are recruited to CNS tissues. That
notion was supported by in vitro studies demonstrating that
monocytes from peripheral blood and the bone marrow can
be induced to differentiate into microglia-like cells with
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comparable phenotypes and functional abilities in terms
of secretory profiles, oxidative burst and phagocytic activ-
ities.?®3% Also, several studies exploited chimeric, trans-
genic and pharmacological techniques to show that
circulating monocytes enter the CNS and differentiate into
microglia.”' ™’ A noteworthy caveat associated with these
approaches that ablate the local, in situ microglia popula-
tion, alter phenotype of the remaining microglia, disrupt
CNS homeostasis and/or compromise integrity of the
blood brain barrier,*>****% is that it may trigger compen-
satory mechanisms to allow infiltration of monocytes into
the CNS to reconstitute into microglia-like cells. In fact, it
has been demonstrated that recipient mice with brains
shielded from irradiation do not experience significant
engraftment of bone marrow cells into the brain.** The para-
biosis technique has greatly aided with this caveat. In
non-irradiated parabiotic mice, the contribution of blood
monocytes to the microglia population is negligible unless
the test subjects were preconditioned with total body irra-
diation.®*  Moreover, in a recent study using a
CX3CR1"FR system that depletes microglia without
perturbing the blood brain barrier, new microglia that repo-
pulated the brain-derived exclusively from an internal
CNS-resident pool. These newborn microglia were highly
proliferative and their gene and protein profile placed them
closer to microglia compared to bone marrow-derived brain
macrophages.® Collectively, these studies suggest that
under a normal physiological state, there is insignificant
contribution (if any) of circulating monocytes to the micro-
glia population. In the context of disease, however, it has
been shown that the experimental autoimmune encephalo-
myelitis (EAE) model of multiple sclerosis causes a transi-
ent entry of monocytes, however, they do not become
permanent members of the microglia population.*!
Seminal work by Butovsky et al.**> demonstrates that even
after infiltrating the inflamed CNS, monocytes retain a gen-
etic and protein signature that is remarkably distinct from
microglia; therefore, the lineage-based delineation between
microglia and monocytes remains unperturbed even within
the same tissue microenvironment.

Two waves of embryonic hematopoiesis give rise to
macrophages-primitive hematopoiesis and definitive hem-
atopoiesis. During primitive hematopoiesis, primitive
macrophages develop from yolk sac progenitors from E8.5
to E9 and colonize the entire embryo beginning E9-E10.
Definitive hematopoiesis generates hematopoietic stem
cells (HSCs) that colonize the fetal liver around E10-E10.5
(reviewed in Ginhoux and Jung®). From here, HSCs colon-
ize tissues and replace the yolk sac macrophages. Microglia,
however, are unique as the definitive wave of hematopoi-
esis does not contribute to their population. Primitive yolk
sac progenitors are in the brain rudiment earlier than the
emergence of monocytes.**** Instead, they emerge from
c-kit" yolk sac progenitors and begin migrating to the
brain at E9.****% By E10.5, microglia are present in the
cephalic mesenchyme and neuroepithelium and undergo
intense proliferation.*****” Although Langerhans cells of
the skin do retain a small population of yolk sac macro-
phages, microglia are the only macrophage population
believed to be derived predominantly from primitive
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haematopoiesis.***”*® In essence, the yolk sac progenitors
that enter the developing brain at E9 are responsible for the
population of microglia in the adult.***” Microglia also are
maintained in the CNS without contribution from circulat-
ing monocytes as they are capable of in situ renewal.*®

The sole yolk sac-origin of microglia is conserved across
vertebrate species.’”**! Importantly, unlike macrophages
that form during definitive hematopoiesis, yolk sac macro-
phages develop independent of the transcriptional activator
MYB* and instead are transcription factor PU.1- and inter-
feron regulatory factor 8 (IRF8)-dependent.*® MYB is
required for stem cell development in the bone marrow,
while PU.1 and interferon regulatory factor 8 (IRF8) both
modulate the development of microglia. PU.1 is also exclu-
sively expressed by all hematopoietic cells. This makes
microglia the only adult macrophage population that are
exclusively MYB-independent.*> Differences between
microglia and other tissue macrophages in terms of onto-
geny and localization may be why microglia have low
major histocompatibility complex class II (MHC II) expres-
sion and less antigen presentation capabilities compared to
other macrophages.”> These appear to be a phenotype
suited towards the relatively immunoprivileged status of
the CNS.

These series of circumstances reveal the unique identity of
microglia. Collectively, the brain comprises a distinct popu-
lation of macrophages compared to other tissues in terms of
ontogeny, lineage and phenotype. This begets us to question
the reasons for the singularity of microglia and how it may
affect embryonic neurogenesis. The early occurrence of
microglia in the developing CNS is bound to have functional
consequences, which we explore later in the next section.

Effects of microglia on neural progenitors
in the developing brain

Intriguingly, the colonization of microglia in the developing
CNS closely correlates with several developmental

Table 1 Overview of studies on microglia and embryonic neurogenesis

Role of microglia in embryonic neurogenesis

milestones of neurogenesis. The timeline of microglia inva-
sion into the neural plate at E10 coincides with the emer-
gence of radial glia in the embryonic brain.?***** We do not
believe that this spatiotemporal similarity is serendipitous,
although there is yet to be a known role for microglia that
this early in development. From E12 onwards, increasing
numbers of microglia are progressively found throughout
the developing cortex, with a dense population in the VZ
and SVZ.>*">° This places microglia in regions of the brain
that are key sites for neurogenesis and is an observation also
made in other vertebrates including primates, rodents and
humans."" The microglia in these areas express CD11b,
MHC II and inducible nitric oxide synthase (iNOS) which
are receptors and mediators involved in antigen presenta-
tion and inflammation."" Following cortical neurogenesis,
microglia are evenly distributed throughout the cortex,
potentially to prepare for homeostatic functions.

These spatiotemporal similarities between microglia and
neural precursors have functional implications as well.
Earlier, we described that regulating the size of the neural
precursor pool is an integral part of neurogenesis. The
implicated mechanisms include phagocytosis, a slowdown
in proliferation and developmental cell death, and a
number of studies show microglia contribute to these
events (Table 1). Cunningham et al.'" discovered that in
primates and rats microglia contact, engulf and phagocyt-
ose TBR2* and PAX6™" neural precursors in the cortical pro-
liferative zones of the developing brain. In primates, the
phagocytosis occurred throughout neurogenesis, peaking
as neurogenesis neared completion. Interestingly, the
microglia were not only phagocytosing apoptotic cells but
also live and proliferating progenitors and mature neu-
rons,'! indicating that it was not a mere clean-up process
of dead cells. The signals to phagocytose the precursors are
currently unknown, although it is obvious that is not solely
due to the “eat me” signals of dead cells. Triggers for
phagocytosis of the precursors may be chromosomal

Model/treatment Species E day readout Findings References
Csf1r~'~ genetic knockout Mouse E16 and adult Microglia reduce size of neural precursor pool Nandi et al.5*
Csf1r~'~ genetic knockout Mouse E18 Microglia increase size of neural precursor pool Arno et al.%”
To activate microglia: Rat E19 LPS-mediated microglia activation reduces Cunningham et al.™
in vivo LPS injection size of neural precursor pool
at E15 and E16
To inhibit microglia: Dox-mediated microglia inhibition increases
Dox mixed with food to give size of neural precursor pool
ad libitum at E15
To activate microglia: Mouse E18 LPS-mediated microglia activation reduces Tronnes et al.®?
in vivo LPS injection at E17.5 size of neural precursor pool
To inhibit microglia: Progesterone-mediated microglia
in vivo progesterone inhibition increases size of neural
injection at E17.5 precursor pool
In utero depletion of YS Mouse E14.5 Microglia regulate forebrain circuits, Squarzoni et al.®®

macrophages using
anti-CSF-1R mAb blocking
antibodies at E6.5 and E7.5

dopaminergic axons outgrowth and laminar
positioning of cortical interneuron subsets

YS: yolk sac; mAb: monoclonal antibody; LPS: lipopolysaccharide; Dox: doxycycline; CSF-1R: macrophage colony-stimulating factor 1 receptor.
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aberrations, or mitotic errors, or perhaps there is no trigger
at all—that the phagocytosis is indiscriminate and for the
purpose of keeping the pool size in check. The fact that
phagocytosis is performed for more than just clearing up
debris is also indicated in the postnatal observations of
respiratory bursts by phagocytic microglia promoting
developmental cell death in the cerebellum and hippocam-
pus.®”®! Whether microglia also trigger developmental cell
death in the embryonic brain is unknown. To demonstrate
the importance of microglial phagocytosis during neuro-
genesis, Cunningham showed that deactivating microglia
in utero with doxycycline and in vitro organotypic culture
with minocycline significantly increased the number of
TBR2" and PAX6" neural precursors. Also, in utero treat-
ment of liposomal clodronate to eliminate microglia pro-
duced the same effects. Conversely, increasing microglia
activation with lipopolysaccharide (LPS) in the maternal
immune activation (MIA) model reduced TBR2" and
PAX6" number, resulting in reduced thickness of the VZ/
SVZ area.'! Therefore, they were able to demonstrate that
microglial activities have neurogenic outcomes. Similarly,
another study also demonstrated microglia with phagocytic
features in the VZ/SVZ closely associated with TBR2+ cells
in the LPS MIA model and was associated with decreased
number of TBR2" neural progenitors.®> A pre-exposure to
progesterone to reduce microglia activation increased the
number of TBR2* neural progenitors back to numbers
seen in control animals, which was not associated with pro-
genitor cell death or proliferation.®? Microglial phagocyt-
osis, therefore, appears important in regulating the size of
the precursor pool. Phagocytosis of neural precursors also
occurred after neurogenic stages of cortical development,
indicating a role for microglia in glial cell production too,"
and recently, microglia in the early postnatal brain were
found to contact and phagocytose radial glial processes
and thus suggesting that microglia-mediated phagocytosis
is also involved in the astrocytic transformation of radial
glia cells postnatally.®®

Genetic knockout models have also been useful to deter-
mine the role of microglia in neurogenesis. However,
knockouts such as macrophage colony-stimulating factor
1 receptor (CSF-1R) and PU.1 do not solely target microglia
as these are transcription factors required for monocytes
and other tissue-specific macrophages, and their roles in
development cannot be negated. Furthermore, deletion of
these genes is embryonically lethal, making it difficult to
irrefutably identify the role of microglia in any postnatal
morphological or behavioral effects. Therefore, when exam-
ining data provided by these models, it is important to be
aware of their limitations. A timely and valuable review on
microglia depletion models discusses this in greater
depth.65 Nonetheless, interesting and valuable information
regarding microglial functions in embryogenesis have
emerged from these models. CSF-1R knockout mice which
lack microglia display brain abnormalities such as reduced
brain size with increased brain mass, olfactory bulb atrophy
and increased ventricular size.°*°® The mice displayed
expanded numbers of neural progenitors cells (nestin+,
Pax6+, Tbr2+) in the neocortex compared to wild type ani-
mals, owing to the uncontrolled proliferation of neurogenic
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cells at both embryonic (E15.5) and postnatal (P20) time
points.®* This demonstrates that microglia potentially
encourage neurogenesis by encouraging neural precursors
to exit their proliferative mode. CSF-1R is also expressed by
a small population of neural precursor cells.** However,
selectively ablating CSF-1R in the neural precursor popula-
tion only partially rescued the abnormality in the animal,
indicating that microglia driven by CSF-1R signaling are
required for development of the embryonic brain.** CSF-
IR signaling in microglia also reduced the number of
CTIP2+ and CUX1+ mature excitatory neuron subtypes
and, therefore, implicates its role in neuronal differenti-
ation.® A contradictory finding was reported in the
CMV<™® CSF-1R™/f* knockout model at E17.5 where
deletion of CSF-1R gene resulted in reduced number of
TBR2* progenitors in the SVZ which was associated with
reduced progenitor proliferation.”” Although contradictory,
nonetheless both studies demonstrate that microglia affect
the number of neural progenitors during embryonic neuro-
genesis. The possibility of microglia influencing neurogen-
esis by encouraging neural precursors to exit the cell cycle is
somewhat demonstrated in CSF-1R knockdown zebrafish
where the absence of microglia in the retina resulted in ret-
inal progenitor cells being in a continuous state of prolifer-
ation and delayed the onset of neurogenesis leading
to dramatic gross abnormalities (microphthalmia).”” The
deficit of neurogenesis resulted from prolonged cell cycle
periods (higher number of cycling cell pool) and/or dis-
rupted cell cycle withdrawal in neural progenitor cells.
When microglia reoccupied the retina, neurogenesis was
partially recovered.”” The effect of microglia on reducing
neural progenitor numbers was also demonstrated in
PU.1 knockout mice.”® These mice also lack microglia and
E12-E13 cortical precursor cultures from these mice
showed significantly decreased Ki67" proliferating cells.
Although this did not appear to result in reduced neurons,
astrocyte numbers were significantly reduced. This may
affect overall neurodevelopment due to the imbalance of
cell population number within the brain. Reintroducing
microglia into these cultures restored precursor prolifer-
ation and rate of astrogenesis.”® Another possible mechan-
ism for regulating the size of the precursor pool is to induce
cell death. Although yet to be observed in the neocortex, it
has been demonstrated in the developing chick retina, inter-
estingly an effect conferred by the trophic factor NGF®® and
TGE-p.%°

Beyond the effects of microglia on neural precursor pool
size, embryonic microglia have also been shown to limit the
outgrowth of dopaminergic axons into the forebrain and
affect interneuron positioning in the laminar organization
of the cortex.”” These embryonic events affected dopamin-
ergic innervation of the striatum and laminar organization
of the cortex in newborn pups and, therefore, mark an
embryonic activity of microglia that affects postnatal devel-
opment of CNS circuitry.”” Along with this finding, various
other postnatal observations have been made that collect-
ively trace the role of microglia throughout neurogenesis.
Briefly, microglia have been shown to perform activity-
dependent synaptic pruning at P5’° and P15.”" They also
phagocytose apoptotic neurons in the cerebellum® and



Tong and Vidyadaran

adult hippocampus,”> promote developmental neuronal
death®”®! and regulate neuronal migration to the olfactory
bulb.”” To conclude, the spatiotemporal similarities
between microglia, neural precursors and neurons appear
to have functional consequences throughout neurodevelop-
ment. These physiological roles of microglia are increas-
ingly being associated with neuropsychiatric and
neurological disorders and have been reviewed by Prinz
and Priller.”* As the brain develops, microglia also appear
to have phenotypes that shift from the embryonic and early
postnatal phase to one that matches adult microglia.**”>
This may indicate the different functions of microglia
during embryonic development compared to their house-
keeping/inflammatory duties in the adult.

Conclusion

Numerous studies that report the effects of microglia
throughout embryonic neurogenesis reinforces their role
during development and better genetic and pharmaco-
logical animal models and fate-mapping have greatly
advanced discoveries in this area. Microglia appear to
keep the neural precursor pool size in check and influence
neurogenesis during embryogenesis. What remains to be
known is whether microglia have functions earlier in neuro-
genesis, an idea worth exploring due to their early colon-
ization of the brain. Perturbing microglia during
development leads to behavioral deficits and now more
than ever, microglia dysregulation is implicated in the eti-
ology for mneuropsychiatric and neurodevelopmental
disorders.
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