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Microglia are unique brain-resident, myeloid cells. They have received growing interest
for their implication in an increasing number of neurodevelopmental, acute injury, and
neurodegenerative disorders of the central nervous system (CNS). Fate-mapping studies
establish microglial ontogeny from the periphery during development, while recent
transcriptomic studies highlight microglial identity as distinct from other CNS cells and
peripheral myeloid cells. This evidence for a unique microglial ontogeny and identity
raises questions regarding their identity and functions across species. This review will
examine the available evidence for microglia in invertebrate and vertebrate species
to clarify similarities and differences in microglial identity, ontogeny, and physiology
across species. This discussion highlights conserved and divergent microglial properties
through evolution. Finally, we suggest several interesting research directions from
an evolutionary perspective to adequately understand the significance of microglia
emergence. A proper appreciation of microglia from this perspective could inform the
development of specific therapies geared at targeting microglia in various pathologies.
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INTRODUCTION

Microglia were first described as a distinct glial cell type in 1919 by Pio del Rio Hortega. They
were recognized as very different from the neuroectoderm-derived macroglia, which includes
astrocytes and oligodendrocytes (Rio-Hortega, 1920; Penfield, 1932). Studies in mice suggest that
microglia originate primarily from the embryonic yolk sac, and this has been confirmed even in
humans (Cuadros et al., 1993; Alliot et al., 1999; Rezaie et al., 1999; Chan et al., 2007; Monier
et al.,, 2007; Ginhoux et al., 2010; Schulz et al., 2012; Kierdorf et al., 2013). Yolk sac-derived
microglial precursor cells enter the developing mouse brain at around embryonic day (E)8.5
through extravascular routes since the first brain capillaries appear only at E10 (Kurz and Christ,
1998; Navascues et al., 2000; Ginhoux et al., 2010; Swinnen et al., 2013). After taking up residence
in the brain, microglia rapidly increase their numbers (Swinnen et al., 2013; Kim et al.,, 2015;
Nikodemova et al., 2015; Eyo et al., 2016). Early entry and subsequent colonization of the brain
make microglia well-suited to perform critical roles in regulating crucial events of early brain

Abbreviations: CNS, central nervous system; dpf, days post-fertilization; E(), embryonic day (); AGM, aorto-gonad-
mesonephros; CD, cluster of differentiation; P(), postnatal day (); HSC, hematopoietic stem cells; RBI, rostral blood island;
Ibal, ionized calcium-binding adapter molecule 1; NO, nitric oxide; NOS, nitric oxide synthase; ATP, adenosine triphosphate;
SPNO, spermine NOate; IL, interleukin; CD11b, cluster of differentiation 11b protein; DAP12, DNAX-activating protein of
12 kDa; BDNE, brain-derived neurotrophic factor; IGF1, insulin-like growth factor 1.
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development, including the phagocytosis-mediated regulation
of neural precursor cell numbers, promotion of neuronal cell
survival, phagocytosis of dying neurons, synaptic pruning,
angiogenesis, axon guidance, synaptogenesis, as well as the
refinement and maturation of the developing circuits (Ashwell,
1991; Cuadros et al., 1993; Monier et al., 2007; Wakselman et al.,
2008; Fantin et al., 2010; Schafer et al., 2012; Cunningham et al,,
2013; Parkhurst et al., 2013; Swinnen et al., 2013; Ueno et al., 2013;
Pont-Lezica et al., 2014; Squarzoni et al., 2014).

After a brief period of reduced interest in microglial research
following Rio Hortega and Penfield, the groundbreaking work
of Georg Kreutzberg in 1968 revitalized research interest in
microglia by highlighting them as cells responding to facial
nerve lesions in mice (Blinzinger and Kreutzberg, 1968). These
results were pioneering studies to suggest that microglia can
displace synaptic connections following injury. For a long time
afterward, microglia in their activated states were identified as
neuroinflammatory cells in the context of brain injury, trauma,
and disease. Gradually, depending upon the driving stimulus’
context, they were identified with both neuroprotective and
neuroinflammatory roles in the brain (Hanisch and Kettenmann,
2007). In maintaining brain homeostasis, microglia constantly
survey their external environment continuously sampling
neuronal activity through their close physical interactions with
neurons, synapses, and other parenchymal brain elements
(Davalos et al., 2005; Nimmerjahn et al., 2005; Wake et al,
2009; Tremblay et al., 2010; Schafer et al., 2012; Uweru and Eyo,
2019). They sense their external environment through changes
in critical signaling mechanisms that ensure healthy microglia -
neuron bidirectional crosstalk that is crucial for maintaining
brain homeostasis (Ransohoff and Perry, 2009; Li et al., 2012; Eyo
and Dailey, 2013; Eyo and Wu, 2013; Nayak et al., 2014). Subtle
changes in this microglia - neuron crosstalk allow microglia
to respond to activity-dependent changes, thereby modulating
neuronal activity. Microglia remodel synapses in physiology as
well as contexts where brain homeostasis is disturbed, such as
stress, infection, or injury. Thus, microglia in the mammalian
brain serve critical functions in regulating brain homeostasis and
immune response to pathology, trauma, or infection (Hong et al.,
2016a,b; Fekete et al., 2018; Weinhard et al., 2018). Research over
the years has identified microglia to be performing a wide variety
of these functions. With the advent of new imaging tools and
transgenic models, further insights into the roles of microglia in
homeostasis and pathology are being described.

Despite increasing descriptions of microglial roles in
physiology and pathology, insight into the evolution of such
a specialized cell type is limited primarily because of the lack
of comparative microglia studies across different organisms.
Among invertebrates, the existence of microglia has been
described mainly in the case of phyla Annelida (Rio-Hortega,
1920; Coggeshall and Fawcett, 1964; Morgese et al., 1983;
Sonetti et al., 1994), although microglia-like cell types capable
of phagocytosis and eliciting an immune response have been
described in some other invertebrate such as Drosophila (Leung
et al., 2015; Hartenstein and Giangrande, 2018). Therefore,
this review highlights some of the important characteristics of
microglia that are unique and conserved or divergent across

different species with a focus on their molecular identity. We
believe that such considerations will facilitate our understanding
of the significance of microglia to regulate brain development,
facilitate brain homeostatic maintenance, and contribute to
brain pathology. In the following pages, we synthesize some of
the available evidence for microglia in different species along
four lines: their self-renewing capacity, transcriptional identity,
developmental ontogeny as well as their roles in physiology and
pathology. In doing so, we provide a resource that we hope will
generate future research studies in this area.

MICROGLIA ACROSS SPECIES: A
SELF-RENEWING BRAIN-RESIDENT
MYELOID POPULATION

Microglia have been identified in various invertebrate and all
vertebrate species. However, investigations into their ontogeny
and maintenance have been especially established in rodents.
In the past, there was a serious debate over whether microglia
were of neuroectodermal origin as other central nervous system
(CNS) cells or of mesodermal origin like other cells of the
periphery (Ginhoux and Prinz, 2015). That debate has been
largely resolved from studies performed in the mouse. Initial
studies revealed that like cells of the myeloid lineage in the
periphery, a PU.1 deficiency prevented the development of
brain-resident microglia (McKercher et al., 1996; Beers et al.,
2006). These findings suggested that microglia and myeloid
cells share a similar origin. Although myeloid in origin, the
question remained regarding the potential myeloid source(s) of
microglia. Resident myeloid cell populations in peripheral organs
often consist of circulating bone marrow-derived monocytes that
infiltrate into specific tissues and transform into macrophages
where they can become tissue-resident. As brain macrophages,
it was hypothesized that microglia could originate from ongoing
infiltration of circulating monocytes that invade the brain
throughout life. Alternatively, a specific source of microglia could
exist that seed the brain and maintain microglial populations
through cell-autonomous self-renewal.

To begin to address these possibilities, earlier studies used
multiple approaches and showed that microglial maintenance
does not require infiltration of myeloid cells into the brain in
the steady state in mice (Ajami et al., 2007, 2011; Ginhoux
et al., 2010). Moreover, more recent studies indicate that when
microglia are eliminated from the brain by pharmacological
treatment, the subsequent repopulation that ensues does not
result from infiltrating myeloid cells but rather from an expansion
of the residual brain-resident microglial pool (Huang et al,
2018; Zhan et al., 2019). Moreover, longitudinal visualization of
microglia in the adult brain through life repeatedly indicates that
individual microglia are long-lived in the mouse (Askew et al.,
2017; Fuger et al., 2017; Eyo et al., 2018). Together, these results
strongly suggest that microglia are a self-renewing brain-resident
population of cells that seed the brain some time in development
and are maintained by self-renewal subsequently.

Although the above is true in mice, the extent to which
microglial maintenance results from self-renewal rather than
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peripheral replacement in other species has not been sufficiently
explored. It should be noted that at least one study has confirmed
that, like mouse microglia, human microglia are long-lived and
persist for decades (Reu et al., 2017). Nevertheless, questions of
microglial maintenance in the invertebrate leech as well as the
vertebrate zebrafish and human need to be further explored.

MICROGLIA ACROSS SPECIES -
INSIGHT FROM GENE EXPRESSION
STUDIES

The advancement of next-generation sequencing techniques over
the last decade has facilitated the study of cellular identity and
transcriptional expression, especially in the CNS (Dong et al.,
2016; Stark et al., 2019). These studies have provided insights into
neural cell states and potential functions that can be subsequently
validated by other molecular and functional approaches. For
microglial identity, these studies over the last 7 years have
provided important information on microglial identity at two
levels. First, they have clarified a unique microglial transcriptional
signature that distinguishes them from other brain-resident cells
on the one hand and peripheral myeloid cells on the other.
Second, comparative transcriptomics are highlighting conserved
and divergent aspects of microglial transcriptional identity across
species. In this section, we consider the available data on these
two points in turn.

The Unique Microglial Transcriptional
Identity

The question of microglial identity has been clarified in the
last decade by the advent of transcriptional profiling. The
first microglial transcriptome studies using RNA sequencing
compared microglia to other cells of the brain and determined a
unique microglial transcriptional signature, including genes such
as P2ry12, Tmem119, and Hexb in mice (Hickman et al., 2013;
Butovsky et al., 2014; Zhang et al.,, 2014). Furthermore, when
microglia were compared to peripheral macrophages, despite
similarities in their myeloid origins and molecular identity, some
of the same genes were still uniquely expressed by microglia and
lacking in macrophages (Hickman et al., 2013). Further work
comparing microglia, monocytes, and perivascular macrophages
resident in the brain revealed transcriptional differences between
these cells and microglia with the same specific gene set
(Goldmann et al., 2016). Therefore, these studies suggest a unique
microglial cell signature compared to other brain and immune
(including brain-resident immune) cells.

In 2018, to address whether this distinction results from
environmental or ontogenic factors, four independent groups
arrived at similar conclusions using slightly different approaches.
In the first study, using three different approaches to trigger
peripheral cells to naturally engraft the adult mouse brain, studies
showed that despite long-term residence in the brain, engrafted
peripherally derived macrophages fail to adopt the microglial
signature including the inability to express microglial specific
genes like P2ryl12, Tmem119, and Salll (Cronk et al.,, 2018).

Similarly, a subsequent study using a forced transplantation
approach revealed that transplantation of isolated brain-derived
microglia fully recapitulated the microglial transcriptional
signature. In contrast, transplantation of peripherally derived
hematopoietic stem cells (HSCs) failed to do so (Bennett
et al., 2018). Engrafted cells also show functionally and
transcriptionally distinct responses to stimuli compared to
resident microglia (Lund et al, 2018; Shemer et al, 2018).
Therefore, these studies indicate that microglia and peripherally
derived macrophages are distinct populations in light of their
ontogeny though they often exhibit overlapping molecular
markers. Together, these studies clarify microglial molecular
identity as comprising especially P2ry12, Tmem119, and Salll
among several microglial-specific genes and we use this as the
predominant microglial description (It should be noted, though,
that one study shows monocyte-derived microglial-like cells with
the capacity to express lower levels of P2ry12 and Tmem119 but
these studies suggest Salll as more defining of microglia).

Despite these findings, more recent studies provide novel
insights suggesting that mature microglia are at least partly
monocyte-derived. E17 labeled peripheral cells were found in
the brain at P2 and P24 expressing microglial-specific P2ry12,
Tmem119, and Salll (Chen et al., 2020). Although the extent to
which these monocyte-derived cells contribute to the microglial
adult population (i.e., % of total cells and their maintenance
into adulthood) is not clear, this finding raises possibilities of
converging sources (HSC-dependent and independent sources)
of brain microglia in mice (see Section “Microglia across species —
insights from microglia in development”). Interestingly, brain
transplantation of induced pluripotent stem cells derived from
human HSCs into humanized mice showed the ability of these
human cells to generate microglia, including the expression
of microglial-specific genes (Hasselmann et al., 2019; Svoboda
etal., 2019). This suggests that the capacity of HSC-to-microglial
transition persists in human cells. Together, these results indicate
that endogenous mouse HSCs and exogenous human HSCs
retain the capacity to generate microglia during development.
Although these results conflict with a previously discussed study
during development (Bennett et al., 2018), they may reflect an
ancestral capacity for HSC-to-microglial transition that persist
in murine and human microglia reminiscent of the situation
observed during zebrafish development (Xu et al., 2015; Ferrero
et al., 2018). Well-designed studies to ascertain this possibility
should, therefore, be conducted.

Conserved and Divergent Transcriptional

Identity Across Species

While the microglial transcriptome has been extensively studied
in mice, gene expression studies are beginning to be elucidated in
other vertebrates as well. An extensive analysis of the microglial
transcriptome across several vertebrate species highlighted the
relative homogeneity of microglia among vertebrates. While
microglia from various mammalian species like the mouse
(including wild mice and four laboratory strains), macaque,
marmoset, and hamster showed a single dominant cluster,
microglia in humans showed multiple clusters indicating greater
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heterogeneity (Masuda et al., 2019; Geirsdottir et al., 2020).
These results suggest accelerated changes in microglia over
the course of human evolution when compared to other non-
human vertebrates.

Despite greater microglial diversity in humans than other
mammals, microglial transcriptional analysis between vertebrates
revealed the conservation of a core set of homeostatic genes.
For example, adult zebrafish microglia, like mouse microglia,
possess toll-like receptors, chemokine receptors, purinergic
receptors, MHC class II, and complement receptor genes
among core microglial genes (Oosterhof et al., 2017) suggesting
that developmental, homeostatic, and physiological microglial
functions regulated by these genes were present in early
vertebrates. Similarly, developing zebrafish microglia show a
highly conserved transcriptional signature to mouse microglia
(Mazzolini et al., 2020). Here, in the latter stages of early
development (7 days post-fertilization), microglia exhibit a
more diverse clustering than in earlier stages (3 and 5 days
post-fertilization), indicating rapid changes in the microglial
transcriptome during maturation (Mazzolini et al, 2020).
Interestingly, this is reminiscent of the condition in mice
where developing microglia are more heterogeneous than adult
microglia (Hammond et al., 2019; Li et al., 2019).

In addition to general heterogeneity, microglia in mice show
some level of regional diversity. For example, while cerebellar
microglia show a more robust phagocytic transcriptional
profile, striatal microglia show a weak phagocytic profile
in the homeostatic state. These transcriptional observations
are consistent with corresponding differences in microglial
phagocytic clearance (Ayata et al., 2018). Furthermore, mouse
microglia show transcriptional differences by sex (Guneykaya
et al,, 2018; Villa et al., 2018). However, the extent to which
these regional and sex differences in the microglial transcriptome
are conserved in lower vertebrates and humans remains
to be determined.

In conclusion, assessing the available data for microglial gene
expression across species indicates a distinct profile between
microglia and peripheral myeloid cells in mice. Although these
differences have not been sufficiently explored in other species,
microglia in zebrafish and humans show a largely conserved
transcriptional profile.

MICROGLIA ACROSS SPECIES -
INSIGHTS FROM MICROGLIA IN
DEVELOPMENT

Microglial Morphology, Surveillance, and
Patrolling Capacities

Microglia exhibit a structure consisting of a central soma
and branched processes that emanate from this soma. In all
species examined so far, microglia display a ramified structure
with their process complexity varying across species. In the
invertebrate leech, microglia display a very reduced structural
complexity compared to vertebrate microglia (Geirsdottir et al.,
2020). However, among vertebrates, while microglia exhibit

robust ramifications, each species shows varying degrees of
morphological complexity, with marmosets exhibiting the
greatest complexity. Humans show an intermediate level of
morphological complexity amongst various species examined
(Geirsdottir et al., 2020). These results suggest that while there
has been a trend toward greater morphological complexity
between invertebrate and vertebrate species, vertebrate microglia
show highly diverse levels of complexity that is not directly
correlated with increasing complexity in phylogenetic evolution.
This is unlike the situation with astrocytes that are larger
and more complex in humans when compared to mice
(Oberheim et al., 2012).

In addition to their complex morphology, microglia are the
most morphologically dynamic cells of the vertebrate brain
(Davalos et al., 2005; Nimmerjahn, 2012). Microglial basal
morphological activity have been characterized with regards
to their process dynamics (surveillance) and soma dynamics
(migration or patrol). These dynamic features seem to have
been well conserved in vertebrates since both zebrafish (Peri and
Nusslein-Volhard, 2008; Sieger et al., 2012) and rodent microglia
(Petersen and Dailey, 2004; Davalos et al., 2005; Eyo et al., 2016,
2018) exhibit surveillance and patrol. Moreover, chimeric mice
with transplanted human microglia also show dynamic process
surveillance (Hasselmann et al., 2019).

On microglial patrol, specific developmental features also
seem to be conserved across species. For example, in the
mouse, microglia display immense migratory capacities in
early development in the embryonic cortex (Swinnen et al,
2013) and the early postnatal hippocampus (Eyo et al., 2016).
Interestingly, with age, these capacities are rapidly downregulated
(Swinnen et al., 2013; Eyo et al., 2016). Similarly, while zebrafish
microglia exhibit robust patrol in early development (Peri
and Nusslein-Volhard, 2008; Sieger et al., 2012), this patrol is
significantly reduced with increasing age during development
(Svahn et al., 2013).

Although this progressive reduction in tissue patrol has
been documented in mice and fish, neither the reason(s) nor
the underlying mechanism(s) for this reduction is clear. One
possibility is that intrinsic factor(s) in microglial maturation
could account for these changes. Evidence from the zebrafish
suggests that between 3 and 5 or 7 days post fertilization (dpf),
a time window that corresponds with reduced tissue patrol in
zebrafish (Svahn et al., 2013), there is a progressive reduction in
migration gene expression (Mazzolini et al., 2020). Conversely,
there is an upregulation of Plxnb2a in zebrafish (Mazzolini
et al., 2020) which in mice negatively regulates macrophage
motility (Roney etal., 2011). Therefore, a combination of intrinsic
upregulation of migration-inhibition genes and downregulation
of migration-promoting genes could be the underlying basis
for changes in migration during development. However, this
hypothesis remains to be rigorously tested and similar features
of the mouse (and human) microglial development need to be
carefully explored.

Alternative to intrinsic maturation factor(s) that may regulate
microglial patrol in development, extrinsic brain-derived factors
could be proposed as instructive cues. One important cue
that has been tested is developmental apoptosis. In both mice
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(Wakselman et al., 2008; Eyo et al., 2016) and zebrafish (Peri and
Nusslein-Volhard, 2008; Svahn et al., 2013), microglia aggregate
around apoptotic cells in development. Since developmental
apoptosis is a transient feature of the developing brain, apoptotic
signals could serve as an instructive cue to mobilize microglia.
In the fish, independent back-to-back studies showed that
apoptosis indeed regulates microglial entry into the brain at a
time coincident with high migration (Casano et al.,, 2016; Xu
et al,, 2016). However, in mice, while peak microglial patrol
occurred with periods of peak apoptosis, elimination of apoptosis
did not alter microglial patrol or brain colonization suggesting
that apoptosis was not a driving factor in microglial migratory
capacity (Peng et al., 2016). Therefore, current evidence indicates
that conserved features of microglial dynamic activity during
development may be differentially regulated across species.

The Prevailing Model or Microglial
Ontogeny in Mice

In addition to understanding microglial morphological
dynamics, studies have been conducted to elucidate microglial
ontogeny in development. Microglia were detected in primitive
mouse brain tissue as early as E9 (Ginhoux et al., 2010). Myeloid
cell populations in the body originate from two broad waves
of hematopoiesis termed primitive hematopoiesis (from E7 to
E9 in mice) and definitive hematopoiesis (after E9 in mice).
To determine which of these sources give rise to brain-resident
microglia, Ginhoux et al., 2010 fate-mapped Runx™ macrophages
at different embryonic ages from E6.5 to E10.5 (Ginhoux et al.,
2010). The authors of this study made two notable observations.
First, they noted that once labeled as primitive macrophages
during these embryonic stages, macrophages persisted into
adulthood as microglia at the same ratio as embryonic microglia.
Here, E7 labeled macrophages comprised a third of the brain
macrophages at both E10 and adulthood, indicating that
macrophages that seed the brain in development persist to give
rise to adult microglia. Secondly, when primitive macrophages
were labeled between E6.5 and E10.5, the percent of adult
labeled microglia was low (E6.5 labeling), peaked (E7-E7.5) and
then declined (E7.5-E10.5). Together, these results provided
powerful evidence that murine microglia seed the brain from
embryonically derived yolk sac macrophages that once in the
brain give rise to the adult microglial population. Moreover,
these studies suggested that later sources of myeloid progenitor
cells from the aorto-gonad-mesonephros (AGM) or fetal liver,
which are sources of definitive hematopoiesis do not contribute
significantly to the adult microglial pool.

Subsequent work has expanded these findings to show that
multi-lineage c-kit™ erythromyeloid yolk sac precursor cells first
originate in blood islands in the embryonic yolk sac at around
E7.25 (Ginhoux et al., 2010; Kierdorf et al., 2013). These early
yolk sac precursors undergo maturation from A1 (CD45% c-kit"
CX3CR1~ F4/807) to A2 (CD45% c-kit~ CX3CRI1t F4/80")
amoeboid macrophages that enter and colonize the developing
mouse brain at around E8.5 through extravascular routes (Kurz
and Christ, 1998; Arnold and Betsholtz, 2013). The first microglia
enter the mouse brain through the ventricles or from the

meninges by crossing the pial surface and rapidly proliferate
and reside in the parenchyma throughout life as brain-resident
immune cells (Navascues et al., 2000; Ginhoux et al., 2010;
Swinnen et al., 2013; Reemst et al., 2016). They rapidly proliferate
between E14 and E16, while slowly peaking until E17.5, and then
distribute themselves throughout the brain (Santos et al., 2008;
Swinnen et al., 2013).

Revising the Model for Microglial
Ontogeny in Mice

The prevailing hypothesis of microglial origin described above
emphasized that adult microglia are solely derived from early
yolk sac primitive macrophages generated through primitive
hematopoiesis without contributions from latter definitive
hematopoietic lineage cells that go through the fetal liver
(Ginhoux and Prinz, 2015). However, one important feature of
the initial study was the fact that at its peak, only a third of
the microglial population were labeled in adulthood once fate
mapped from the yolk sac in development (Ginhoux et al., 2010).
Two explanations could be given for this observation. First, it is
possible that the labeling approach inefficiently labels only a third
of the primitive hematopoietic macrophage population, which
then gives rise to the adult microglial pool. This is the possibility
suggested by the Ginhoux et al. (2010). However, an alternative
possibility is that adult microglia are composites of both primitive
macrophages and alternatively sourced progenitors which would
account for the incomplete labeling of adult microglia by
primitive macrophages. Interestingly, some recent studies are
suggesting alternative aspects of microglial invasion patterns
consistent with the second possibility above.

Selective interference with definitive hematopoiesis using
Vavi-Cre*:diced!! mice revealed a drastic 40% reduction in
microglia at postnatal day (P)1, though not between E16.5-P0
(Fehrenbach et al., 2018) suggesting that a wave of non-yolk sac-
derived HSCs contribute to the microglial population through
a massive invasion shortly after birth. However, the study also
failed to adequately fate map these cells, leaving the possibility
that interfering with HSCs may reduce the microglial pool by
mechanisms other than direct cell entry. Moreover, whether these
“missing” cells are required to constitute the adult microglial
pool or whether they are a transient perinatal microglial pool
was not addressed. Some of these points were addressed in a
different study that labeled liver cells by electroporation at E14
and detected them in the brain at PO then at P3 when they peaked.
However, they were significantly eliminated by P6 (Askew et al.,
2017). Therefore, these liver-derived HSCs did not persist as
microglia in the mature brain. Whether these are the same
cells as those “missing” in the Vavi-Cre*:dicer/! mice remains
to be determined.

A more definitive fate-mapping study conducted by
generating CCR2-CrefR mice has recently been performed
(Chen et al,, 2020). CCR2 is a monocyte marker that is not
expressed by microglia. Chen et al. (2020) labeled CCR2-
derivatives at E14 and E17 when definitive hematopoiesis
is ongoing. At P2 and also at P24, CCR2-derivatives could
be detected in the brain parenchyma, suggesting that these
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monocytic-derived cells are present in the brain shortly after
birth and persist in the brain. Interestingly, these cells take on
microglial identity (e.g., expression of P2ryl2, Tmeml19, and
Salll, see section “Microglia across species — insight from gene
expression studies”) once inside the brain and presumably lose
their monocytic identity, which may explain why they had not
been detected by previous studies.

In agreement with the foregoing, a different study documents
that a specific lineage of adult microglia that express Hoxb8
transiently in embryonic development when fate-mapped are
generated in the yolk sac, then are present in the AGM, then the
fetal liver before subsequently taking up residence in the brain
(De et al,, 2018). In this study, the authors suggested another
wave of microglia progenitors that infiltrates the brain at E12.5
and are positive for Hoxb8, unlike the microglia progenitor cells
seeded at E8.5 (De et al., 2018). But before seeding into the brain,
the Hoxb8 microglia progenitors originating during the second
wave of yolk sac hematopoiesis greatly proliferate in the AGM
and fetal liver prior to infiltrating the E12.5 brain. Interestingly,
the transcriptional analysis indicated that canonical microglia
and Hoxb8™1 microglia were highly homogeneous, sharing all but
21 differentially expressed genes. These differences did not affect
basal microglial functions in synaptic pruning or chemotaxis
(De et al., 2018).

Despite these independent findings, it is still not clear whether
the Hoxb8" microglia (De et al., 2018) and the monocyte-turned-
microglial cells (Chen et al.,, 2020) are identical. Nevertheless,
these results suggest a necessary revision to the original model of
microglial ontogeny in mice such that while the yolk sac seems to
be the initial source for brain-resident microglia, two routes are
employed for microglial colonization of the brain, i.e., a direct
route from the yolk sac to the brain and an indirect route from
the yolk sac through hematopoietic intermediates like the AGM
and fetal liver before brain arrival (Figure 1A). However, more
research is required to make these findings more definitive since
for example, the Hoxb8 line used in these studies is a constitutive
line what may alter developmental programming. Moreover, the
generation of the CCR2-CrefR mice is new and is yet to be widely
validated to confirm.

An Alternative Model for Microglial
Ontogeny in the Zebrafish

Although more work is needed to clarify the picture of microglial
ontogeny in the mouse, the evidence provided for microglial
ontogeny in the zebrafish is uniform and clearly distinct from
that documented in the mouse (Figure 1B). Hematopoiesis in
the zebrafish is similar to the mouse in that both primitive
and definitive hematopoiesis occur (Davidson and Zon, 2004;
Bertrand et al, 2007) (Figure 1B). Primitive hematopoiesis
occurs in the rostral blood island (RBI), a region analogous
to the mammalian yolk sac, while definitive hematopoiesis
occurs in the ventral wall of the dorsal aorta (VDA), a region
analogous to the mammalian AGM (Herbomel et al., 1999, 2001;
Lieschke et al., 2002; de Jong and Zon, 2005; Bertrand and
Traver, 2009; Warga et al., 2009). Microglia are present in the
zebrafish brain by 60 h post-fertilization. Using a spatio-temporal

light-induced fate-mapping approach, Xu et al. (2015), were first
able to show that photolabeling of primitive macrophages in
distinct anatomical regions in the zebrafish gave rise to different
microglial populations. Early photolabeling of RBI cells gave
rise to a high percent of brain-resident microglia at 4 dpf that
persisted by 15 dpf but declined by 1.5 months and was virtually
eliminated by 3 months. Conversely, photo-labeled VDA cells
did not contribute to the microglial population at 4 dpf, began
to contribute at 15 dpf, and stably contributed from 1.5 months
throughout life (Xu et al., 2015).

Congruent with these observations, another study recently
showed that adult microglia from definitive hematopoiesis
replace embryonic microglia that originate from primitive
hematopoiesis (Ferrero et al., 2018). Interestingly, in the
zebrafish, the cMyb transcription factor is required for adult
microglial development (Ferrero et al., 2018). However, in the
mouse, while cMyb is required for seeding macrophages in other
body tissues through the fetal liver, it was not required for seeding
microglia in the adult brain (Hoeffel et al., 2015). Nevertheless,
given the recent evidence for an indirect colonization route
involving transient passage through the liver by a subset of
microglia (De et al., 2018), it is possible that at least a subset of
mouse microglia indeed require cMyb.

Interrogating the Model of Microglial
Ontogeny in Humans

In humans, amoeboid microglia first penetrate the human
cerebral cortex at about 4.5 gestation weeks via the meninges,
ventricles, and the choroid plexus. They distribute themselves in
the brain through tangential and radial migration (Monier et al.,
2007; Verney et al., 2010). For obvious reasons, the ontogeny of
human microglia has been poorly interrogated. However, using
single-cell transcriptional profiling approaches, a recent study on
macrophages from aborted fetuses suggests that human microglia
are derived largely from yolk sac progenitors (Bian et al., 2020).
Although monocyte-derived cells were detected in the head
region, these were only detected at later stages and in smaller
proportions (consistent with the revised model in mice), leading
the authors to suggest that their contribution to the microglial
pool is only slight. Nevertheless, since this study was obtained
from only fetal tissues and human studies lack the requisite fate-
mapping approach, one cannot rule out a possible expansion of
this pool during development as it occurs in mice.

In summary, mouse and zebrafish microglia show salient
differences in ontogenic colonization. First, while the zebrafish
has a model of replacement of (the equivalent of) yolk sac derived
microglia during embryonic development by HSC-derived adult
microglia, mouse microglia seem to be derived from the yolk sac
but go through at least two routes. Second, the two microglial
sources in the zebrafish do not co-exist extensively while they do
in the mouse. Thirdly, there may be some molecular distinctions
between mouse and zebrafish microglia in mechanisms of brain
seeding, especially as relates to the requirement of cMyb.
Finally, while incomplete, the picture from human microglial
ontogeny suggests features congruent with the situation in mice.
Taken from the evolutionary perspective, these differences are
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FIGURE 1 | Microglial ontogeny models. (A) Mouse: Primitive hematopoiesis in the embryonic yolk sac blood islands at E7.5-E8.0 results in the formation of not just
erythrocytes but also highly proliferative macrophage progenitor cells that migrate to the brain. The primitive macrophages colonizing the early developing brain at
E8.5 proliferate and give rise to the brain-resident microglia population. A second wave, the transient definitive hematopoiesis in the yolk sac, gives rise to
erythromyeloid progenitor cells by E8.0-E8.5 and to T- and B-lymphoid progenitor cells by E9.0. On reaching the fetal liver by E10.5, these cells undergo definitive
hematopoiesis to result in the formation of all hematopoietic lineage cells, including monocytes. Recent studies now indicate that definitive hematopoiesis also partly
contribute to the brain resident microglia population through hoxb8* and CCR2+ monocyte populations taking up residence in the early developing brain
parenchyma by E12.5 and E17.0, respectively. (B) Zebrafish: Embryonic microglia originating in the rostral blood islands through primitive hematopoiesis by 4 dpf
migrates to and populates the embryonic brain until 15 dpf, they disappear entirely by 45 dpf. In essence, the embryonic microglia are replaced by another wave of
incoming microglia that arise as a result of definitive hematopoiesis occurring in the ventral walls of the dorsal aorta beginning at 15 dpf. They are the dominant
microglia population by 45 dpf and serve as adult microglia throughout the fish’s life.

significant and would require some explanation that could be
better helped by microglial ontogenic studies in other (including
invertebrate) species.

MICROGLIA ACROSS SPECIES:
INSIGHTS FROM DESCRIBED ROLES IN
PHYSIOLOGY

All organisms with a CNS have brain cells of increasing
complexity and diversity, including glial cell types that have
evolved to take up specialized functions in the brain. In
some species, specialized glial cell types have evolved to help
with the nourishment and survival of neurons, structural
support, removal of metabolic by-products and toxic wastes, and
phagocytic needs during pathology or injury conditions. During
evolution, microglia emerged as specialized immune cells that
function to perceive and respond to pathology and perform
a number of homeostatic functions that are essential for the
proper functioning of the brain. Although some research has
been conducted on microglia in invertebrate mollusks (Peruzzi
and Sonetti, 2004; Peruzzi et al., 2004; Sonetti and Peruzzi, 2004),
these have been less extensive and we focus our discussion mainly
on the invertebrate leech.

Evidence From Invertebrates (Annelida)

Microglia have been described in annelids in the CNS
preparations of the medicinal leech Hiruda medicinalis by Pio del
Rio-Hortega using silver carbonate staining (Rio-Hortega, 1920).

The connective tissue joining neurons of the segmented
ganglia of the leech is populated with hundreds of microglia
that resemble vertebrate microglia both morphologically in
terms of their ramified processes, as well as in terms of
showing phagocytic capacity (Coggeshall and Fawcett, 1964;
Morgese et al., 1983). However, astrocytes, oligodendrocytes, and
infiltrating macrophages are virtually absent from the leech CNS
(Le Marrec-Croq et al., 2013). In in vivo studies, leech microglia
have also been observed to respond to neuronal injury by showing
directed migration toward the injury site within minutes, similar
to the microglial response seen in vertebrates (Morgese et al.,
1983; McGlade-McCulloh et al., 1989). However, unlike microglia
in mammals, leech microglia physically translocate their cell
bodies in response to injury in minutes while mouse microglia
only translocate their processes in the acute response to injury
(Davalos et al., 2005; Nimmerjahn et al., 2005).

In the medicinal leech, weak silver carbonate staining can
be used to label small amoeboid cells capable of phagocytosis,
migration toward the site of injury, expression of nitric oxide
synthase (NOS), secretion of antimicrobial peptides in response
to infection, as well as in expression of purinergic receptors
that induce migration in response to adenosine triphosphate
(ATP) (Morgese et al., 1983; Shafer et al., 1998; Schikorski et al.,
2008; Duan et al., 2009). In vertebrates, microglia/macrophages
during an immunological response upregulate the expression
of ionized calcium-binding adapter molecule 1 (Ibal), also
known as allograft inflammatory factor 1 (Aif-1), which also
serves as a reliable marker to label these cells (Ito et al.,
1998; Beschorner et al., 2000; Schwab et al., 2001). Similarly,
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Drago et al. (2014) first reported the expression of an invertebrate
counterpart of Ibal, Hmlbal, in leech microglia that were seen
migrating and accumulating at the lesion site upon injury or
ATP stimulation. However, HmlIbal expression was very low in
naive or unstimulated conditions but rapidly increased following
an immunological insult (Drago et al., 2014). Therefore, most
of the strong immunoreactivity toward HmIbal was localized to
microglia migrating or accumulating at the injury or stimulation
site in the leech CNS preparations.

The migration and clustering phenotype of leech microglia is
especially evident in experimentally induced nerve lesion studies
in the segmental ganglia, where microglia migrate to and cluster
at the injury site to phagocytose and remove dead neurons
(Morgese et al., 1983). This not only facilitates clearance of the
debris from the injury site but also aids in the initiation or
completion of any subsequent repair mechanisms. Microglial
chemotaxis to the injury site is mediated by nitric oxide (NO)
signaling, as is evident by the increased NOS immunoreactivity
at the injury site at 24 h corresponding to the peak in microglia
numbers at that time (Chen et al., 2000). This is further supported
because prior inhibition of NO synthesis using NOS inhibitor
L-NAME effectively prevents microglial chemotaxis response and
clustering at the injury site. Similarly, increasing NO levels using
spermine NOate (SPNO), a NO donor, also inhibits microglia
accumulation, possibly due to reduced chemotaxis resulting
from the loss of NO gradient and saturation in the microglial
microenvironment (Chen et al., 2000).

The leech microglia resemble vertebrate microglia in their
capacity of demonstrating chemotaxis and response to injury
and clearing of the dead neurons by phagocytosis to aid in
the initiation of neuronal repair mechanisms. Experiments
using isolated leech nerve cord preparations of leech have
also demonstrated the basal process movement and chemotaxis
of leech microglia to ATP gradients, much like that seen in
vertebrates. Based on the experimental evidence, basal level
movement of leech microglial cells is thought to be regulated by
levels of ATP, ADP, and UTP, and several candidate receptors,
including P2RY2- or P2RY4-like receptors, are thought to be
involved in mediating this response (Duan et al., 2009). Using the
nerve crush model in the isolated nerve cord preparations, leech
microglia were also demonstrated to show chemotaxis to ATP
application at the injury site and is mediated through P2 receptors
since its pharmacological inhibition using reactive blue 2, a non-
selective antagonist for P2Y, resulted in a decline in microglia
accumulation at the injury site (Duan et al., 2009).

Just like the mammalian proinflammatory cytokine IL-16,
leech microglia show chemotactic activity toward HmIL-16, a
cytokine possibly first released by damaged neurons leading
to microglial activation and subsequent release of HmIL-16
molecules to recruit more microglia to the site of injury (Croq
et al,, 2010). Furthermore, in an in vitro chemotaxis assay, anti-
human IL-16 antibody or anti-HmIL-16 antibody preincubation
of microglial cells led to a significant decline in microglia
migration induced by CNS-conditioned medium collected from
injured leech (Le Marrec-Croq et al., 2013).

HmClq is another key molecule critical for microglial
functions in the leech, just as its vertebrate counterpart Clq

is important for microglial activity in vertebrates (Tahtouh
et al, 2012). Leech neurons and glial cells release HmClq
that serves as a dose-dependent chemoattractant for microglia
to aid in further microglia recruitment and is sensitive to
treatment with anti-HmClq antibodies. Also, microglia at the
nerve injury site in leech strongly express the receptor HmgC1qR
or HmC1qBP for HmClq, and treatment with anti- HmC1qBP
antibodies leads to the inhibition of HmC1q-mediated microglial
migration in in vitro preparations (Tahtouh et al., 2012). Leech
HmClq can also interact with calreticulin (HmCalR), expressed
by a small population of microglial cells at the injury site.
This interaction can result in HmClq-dependent microglia
accumulation (Le Marrec-Croq et al., 2014).

In summary, several features of vertebrate microglia,
including Ibal protein expression, purinergic, cytokine- and NO-
dependent responses, seem to be conserved in the invertebrate
leech as in vertebrates indicating that core features of microglial
identity and function were present early in microglia during
evolution and have been preserved through evolution. Because
the medicinal leech has not been extensively investigated,
future work will be needed to clarify the specifics and extent
of divergence in microglial function between invertebrates and
vertebrates. Therefore, there is a need to develop of tools to
effectively study microglia in invertebrates as has been done for
vertebrate species.

Evidence From Vertebrates

Microglia are specialized neuroimmune cells that exhibit
neuroprotective traits throughout development and adulthood.
Abnormal and dysregulated microglia could play a part in the
occurrence and maintenance of neurological and degenerative
disorders and psychiatric illnesses due to their closeness
to other cellular elements of the brain, including neurons.
The neuroprotective invertebrate microglia seem to have
evolved amplified neuroprotective capabilities to participate in
different roles in vertebrates, including crucial roles in brain
development and maintenance of brain homeostasis. Within this
context, vertebrate microglia offer model systems to investigate
underlying cellular and molecular mechanisms involved in
the maintenance of higher-order neuroimmune functions by
mammalian microglia. Below we consider a few of these
established functions of microglia.

Apoptosis and Brain Development

Microglia actively eliminate excess neurons during early brain
development by inducing apoptosis, or they may respond to
the ongoing neuronal cell death by phagocytosis. In work done
by Lang and Bishop (1993) on the role of macrophages in the
mouse developing eye, Diphtheria toxin-mediated ablation of
microglia resulted in the persistence of two ocular tissues, namely,
the hyaloid vasculature and the pupillary membrane. During
normal eye development, these issues are typically removed by
macrophage-mediated apoptosis, thus providing evidence for the
role of macrophages in actively inducing apoptosis of excessive
cells before phagocytosing them. Wakselman et al. (2008) also
demonstrated superoxide-induced neuronal apoptosis in the
hippocampus by microglia as a result of cluster of differentiation
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molecule 11b (CD11b) and DNAX-activating protein of 12 kDa
(DAP12) activity. They further observed a decline in neuronal
apoptosis in the developing hippocampus in both transgenic mice
deficient for microglial proteins CD11b or DAP12 or in wild-type
mice treated with function-blocking antibodies. Furthermore, in
the mouse cerebellum, microglia have also been implicated in the
induction of apoptosis of developing purkinje cells via superoxide
ion release (Marin-Teva et al., 2004).

As in the mouse, microglia display phagocytic activities in the
developing chick retina (Frade and Barde, 1998) and macaque
brain (Cunningham et al., 2013). In the zebrafish, microglia are
also highly phagocytic in development. Indeed, available evidence
suggests that they may be more efficient at phagocytosis than
microglia in mice since virtually all apoptotic debris can be found
within microglia in the normal zebrafish during development
(Peri and Nusslein-Volhard, 2008; Svahn et al.,, 2013) unlike
in mice where some apoptotic debris remains unengulfed by
microglia at any given moment (Wakselman et al., 2008; Eyo
et al, 2016). These findings may suggest downregulation of
phagocytic clearance efficiency across evolution, requiring more
careful characterization of phagocytic mechanisms across species.
However, the presumed efficiency in phagocytosis between
zebrafish and mouse microglia might result from the amount
of available debris, i.e., mouse microglia may be “less efficient”
at clearance because there is more debris in the mouse brain
than in the zebrafish brain during development. Indeed, in the
neurogenic niche where apoptosis is not overwhelming, mouse
microglia are more efficient at clearance (Sierra et al., 2010;
Abiega et al., 2016).

During brain development, microglia have also been observed
to promote neuronal cell survival by the secretion of supporting
neurotrophic factors. Ueno et al. (2013) found that inhibiting
microglial activity resulted in an increase in neuronal apoptosis
in layer V of the postnatal day 3 - 5 aged mouse cerebral
cortex in minocycline treated mice. Primary cultures prepared
from embryonic E12/E13 Pu.l knockout mice brains show a
decreased proliferation of neural precursor cells (Antony et al.,
2011). Furthermore, microglia are critical in circuit wiring of
the developing mouse brain (Squarzoni et al., 2014; Zhan et al,,
2014). The extent to which these features of microglial function
are present in zebrafish, chick, macaques, and humans remains to
the determined and should be an interesting line of future work.

In addition, microglia are also instrumental in vascular
development and maintenance of vascular integrity following
injury. In mouse embryonic development, microglia were shown
to associate with the vasculature and suggested to promote the
connection of blood vessel tips, otherwise known as anastomosis
(Fantin et al., 2010). This was deduced in the mouse embryo
by analyzing fixed embryonic tissue or imaging in ex vivo slices,
leaving the possibility that such actions were an artifact. However,
the authors further confirmed these observations in the zebrafish
with the power of live imaging of the developing organism
(Fantin et al., 2010). Similarly, in both the mouse (Lou et al., 2016)
and the zebrafish (Liu et al., 2016), microglia were shown to repair
the injured vasculature. In both species, the purinergic P2RY12
receptor was required for microglial process (mouse) or cell body
(zebrafish) migration to the injured vessel, suggesting vascular

complexity development, vascular targeting mechanisms, and
vascular repair functions are conserved between fish and mice.

Synapse Refinement and Formation

In the postnatal brain, microglia also function to refine excessive
synaptic connections formed as a result of synaptogenesis
via synaptic pruning mechanisms that involve the selective
elimination of synapses by phagocytosis of pre- or post-
synaptic elements (Chechik et al., 1998; Kano and Hashimoto,
2009; Schafer and Stevens, 2013). Microglia and astrocyte-
mediated synaptic pruning was first observed during local
neural circuit refinement in the developing cat brain corpus
callosum (Berbel and Innocenti, 1988). Similarly, in the P5
retinogeniculate system, C3 receptor-expressing microglia
prune out synapses expressing high levels of C3 protein via a
complement-dependent phagocytosis mechanism. Disruption
of this synaptic pruning of retinal axons (as in mice lacking
the C3 complement or its receptor) showed a sustained deficit
in eye-specific segregation, thus stressing the crucial synaptic
pruning roles of microglia in sculpting neural circuitry and
refining the neuronal landscape in the early postnatal brain
(Gasque, 2004; Stevens et al., 2007; Schafer et al., 2012).
While remodeling and refining neuronal circuitry in the brain,
microglia also use their ramified processes to perform synaptic
stripping function that involves the physical separation of pre-
and post-synaptic elements (Blinzinger and Kreutzberg, 1968;
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FIGURE 2 | Suggested future comparative studies on microglia across
species. Studies describing microglia in invertebrates are sparse and usually
focus on microglia seen in phyla Annelida (in leeches and earthworms) and
Mollusca (in mussels). However, the ontogeny and detailed characterization of
invertebrate microglia are still lacking. Contrary to this, vertebrate microglia,
especially zebrafish and mammalian microglia have been extensively studied
and characterized for their origin, identity, and function. Additional study of
microglia in the existing invertebrate models in conjunction with expanding the
search to other invertebrate species and examining them with respect to their
ontogeny, identity, and function in relation to vertebrate microglia could help
us gain insight on the significance of microglial emergence in evolution.
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Tremblay and Majewska, 2011).  While  synaptic  pruning
by microglia has been extensively investigated in the
mouse, this work has not been explored in other species,
including the zebrafish.

In addition to their pruning activity, microglia can also induce
new filopodia extension that may stabilize to form new synapses.
Miyamoto et al. demonstrated microglia-induced new filopodia
extension in layer 2/3 pyramidal neurons of the developing
mouse somatosensory cortex due to increased Ca’* transients
and actin accumulation at the microglia contact sites on the
dendrite (Miyamoto et al., 2016). Furthermore, minocycline-
induced microglia inhibition or pharmacogenetic ablation of
microglia resulted in a marked decline in dendritic spine density
and functional excitatory synapse numbers (Miyamoto et al,
2016). In the adult mouse brain, synapse formation following a
motor learning task was also promoted by microglia (Parkhurst
etal., 2013). Nevertheless, similar to synaptic pruning, microglial
regulation of synapse formation has not been explored in other
species. Therefore, the extent to which these notable functional
microglial activities are conserved across vertebrates cannot be
currently ascertained.

CONCLUSION AND OUTSTANDING
QUESTIONS

Microglia play critical roles in the brain, serving as the
first responders to trauma or pathogens in invertebrates
and vertebrates. Based on the limited invertebrate microglia
studies available, microglial functions in invertebrates are
largely restricted to responding to pathogenic invasion, neural
protection, and repair in injury. However, microglia have been
shown to play additional crucial roles in the wiring of the
vertebrate CNS and the maintenance of brain homeostasis.
With the increasing complexity of the CNS through evolution
both in terms of structural organization and functions, glial
cells arose in response to the need for specialized supporting
cells to assist neurons in their survival in conditions of injury
or pathological invasion (Hartline, 2011). Specialized immune
cells of mesodermal origin like professional macrophages are
known to circulate in the body cavity of the Drosophila, where
they are often found closely adjacent to sensory neurons in
the body cavity. Based on this observation, Hartenstein and
Giangrande (2018) raised the possibility of invading immune
system cells taking up residence in the CNS to display microglia-
like functions such as phagocytosis. The need for additional
mechanisms mediating the entry of macrophage progenitors
into the CNS to become microglia suggests an important
evolutionary advantage that microglia provide to the vertebrate
CNS. With growing interest in microglia during development and
neurodegeneration, a better understanding of microglial biology
as it has developed through evolution is important.

Examining microglia from an evolutionary perspective is
in its infancy but our current summary of salient aspects of
comparative microglial biology across species is essential to such
an evolutionary understanding. To conclude this review, we
discuss some of the outstanding questions that need to be tackled

to move the field forward. Much work needs to be done to
understand microglial identity, ontogeny and physiology across
different species. These questions have only been studied so far
in a limited number of model organisms. Although microglia
have been identified in both vertebrates and invertebrates (phyla
Annelida), itis not clear that these are identical cells since they are
not present in all shared phyla (e.g., Arthropoda, which includes
Drosophila) that emerged from the common ancestral groups
that include both annelids and vertebrates. This suggests that
it is likely that these cells emerged independently (Hartenstein
and Giangrande, 2018). If so, similarities and differences between
invertebrate and vertebrate microglia would be of interest to
indicate added, lost or independently converging functions
across evolution.

The leech remains the most extensively studied invertebrate
species for microglia, making our knowledge of invertebrate
microglia severely limited. Explorations into other invertebrate
microglia will thus provide a better understanding of
invertebrate-evolved microglia. Among vertebrates, our
understanding of microglial cell functions is largely derived from
studies in mice and growing investigations in the zebrafish. While
there were some developmental microglial studies in the chick
at the end of the last and the beginning of this century, chick
models to interrogate microglia have lost favor with the wealth of
tools available for mice and zebrafish as model systems. However,
comparative (i) identity, (ii) ontogenic, and (ii) functional studies
across vertebrate species are of pressing need. Several questions
remain along these three lines (Figure 2).

Identity

First, the question of microglia identity across species remains to
be comprehensively tackled. Since microglial identity has now
been clarified at the molecular level (P2ry12, Tmemll9, and
Salll along with several microglial-specific genes), they can be
identified across species and adequately compared. Microglial
heterogeneity is now well-documented in mice at the molecular
level (Chen et al, 2010; Ayata et al., 2018; Kana et al., 2019),
between development and adulthood (Hammond et al., 2019;
Li et al,, 2019) as well as on the basis of sex (Guneykaya et al.,
2018; Hanamsagar et al., 2018). However, this heterogeneity pales
when compared to the heterogeneity in humans (Geirsdottir
et al.,, 2020). Furthermore, microglial heterogeneity is recognized
in zebrafish (Wu et al., 2020). However, the extent to which
these heterogenous microglial populations are already present in
ancestral species remains to be adequately clarified. Moreover,
certain classical molecular identifiers may not be present in all
microglial species e.g., Ibal (which labels brain macrophages
and microglia) fails to label fish or chick microglia (Geirsdottir
et al., 2020) though it labels leech microglia (Drago et al,
2014). Does this render the microglia from these species
differentially functional from others, and is this feature (lack of
Ibal expression) specific to these species (zebrafish and chick) or
are they features of other microglia from other species? Moreover,
there is growing evidence of sexually dimorphic transcriptional
and translational expression in mouse microglia (Guneykaya
et al., 2018; Hanamsagar et al., 2018; Villa et al., 2018). To what
extent this is conserved across both vertebrate and invertebrate
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species remains to be determined. With the currently available
tools and background knowledge provided above, these questions
can now begin to be addressed.

Ontogeny

Thus far, species-specific microglial ontogenic studies have been
conducted in the mouse and zebrafish. Results with cell fate-
mapping approaches indicate distinct mechanisms employed in
these species in brain colonization during development. For
example, while mouse microglia are derived from yolk sac
macrophages, seed the brain and persist therein through life,
zebrafish microglia have distinct waves of embryonic and adult
microglia in which the latter replace the former. These are
fundamentally distinct ontogenic mechanisms. Whether these
mechanisms are uniquely employed by each of these species and
how these mechanisms evolved will have to be a focus of future
research. Moreover, while it is clear that mouse microglia are a
self-renewing population in adulthood, i.e., lacking homeostatic
contributions from peripheral cells, it is not clear whether this
is the case for microglia from non-mammalian vertebrate (or
invertebrate) species. Therefore, clarifying microglial ontogenic
and homeostatic maintenance mechanisms across vertebrate
(and invertebrate) species should be a subject of future research.

Functional

As a third and final area of research interest, cross-species
functional microglial studies need to be conducted. The
majority of our understanding of microglial functions in health
and pathology comes from rodent systems with additional
insights from zebrafish and humans. While certain features of
microglial physiology, e.g., phagocytic clearance and chemotactic
response to purines have been confirmed in vertebrates and
invertebrates, (a) comparative abilities between species remain

REFERENCES

Abiega, O., Beccari, S., Diaz-Aparicio, 1., Nadjar, A., Laye, S., Leyrolle, Q.,
et al. (2016). Neuronal hyperactivity disturbs ATP microgradients, impairs
microglial motility, and reduces phagocytic receptor expression triggering
apoptosis/microglial phagocytosis uncoupling. PLoS Biol. 14:¢1002466. doi: 10.
1371/journal.pbio.1002466

Ajami, B., Bennett, J. L., Krieger, C., Mcnagny, K. M., and Rossi, F. M. (2011).
Infiltrating monocytes trigger EAE progression, but do not contribute to the
resident microglia pool. Nat. Neurosci. 14, 1142-1149. doi: 10.1038/nn.2887

Ajami, B., Bennett, J. L., Krieger, C., Tetzlaff, W., and Rossi, F. M. (2007). Local
self-renewal can sustain CNS microglia maintenance and function throughout
adult life. Nat. Neurosci. 10, 1538-1543. doi: 10.1038/nn2014

Alliot, F., Godin, I, and Pessac, B. (1999). Microglia derive from progenitors,
originating from the yolk sac, and which proliferate in the brain. 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

Arnold, T., and Betsholtz, C. (2013). The importance of microglia in the
development of the vasculature in the central nervous system. Vasc. Cell 5:4.
doi: 10.1186/2045-824x-5-4

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

to be determined, and (b) the extent of salient rodent microglia
functions remains to be confirmed in other species including, e.g.,
synapse elimination/formation (Parkhurst et al., 2013; Miyamoto
et al., 2016) or memory/forgetting (Wang et al., 2020). While
we now know many of the roles employed by microglia in the
mouse such as recent evidence for microglial maintenance of
myelin (Olah et al., 2012; Hagemeyer et al., 2017), it remains
unclear whether these roles have been employed by microglia
since their emergence or whether they are newly added roles. Are
microglia in the fish or the leech equally capable of the functions
attributed to them in the mouse? This would be an interesting
line of research focus for the future.

In summary, we have evaluated microglia from a comparative
species perspective highlighting several insights obtained from
primarily rodent models on their maintenance, identity,
ontogeny, and function, while comparing this knowledge to the
little we know on these points from other species. Our assessment
suggests there are intriguing unanswered questions from this
perspective, which we have highlighted and recommend for
future studies. We trust that with this knowledge, we will have a
better understanding of the significance of microglial emergence
in evolution.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This manuscript was funded by grants from the NIH including a
K22 (NS104392) and an R21 (NS119727).

Askew, K., Li, K., Olmos-Alonso, A., Garcia-Moreno, F., Liang, Y., Richardson, P.,
et al. (2017). Coupled proliferation and apoptosis maintain the rapid turnover
of microglia in the adult brain. Cell Rep. 18, 391-405. doi: 10.1016/j.celrep.2016.
12.041

Ayata, P., Badimon, A., Strasburger, H. J., Duff, M. K., Montgomery, S. E., Loh,
Y. E,, et al. (2018). Epigenetic regulation of brain region-specific microglia
clearance activity. Nat. Neurosci. 21, 1049-1060. doi: 10.1038/s41593-018-
0192-3

Beers, D. R, Henkel, J. S., Xiao, Q., Zhao, W., Wang, J., Yen, A. A,, et al. (2006).
Wild-type microglia extend survival in PU.1 knockout mice with familial
amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci. U.S.A. 103, 16021-16026.
doi: 10.1073/pnas.0607423103

Bennett, F. C., Bennett, M. L., Yaqoob, F., Mulinyawe, S. B., Grant, G. A., Hayden
Gephart, M., et al. (2018). A combination of ontogeny and CNS environment
establishes microglial identity. Neuron 98, 1170-1183.e1178.

Berbel, P., and Innocenti, G. M. (1988). The development of the corpus callosum
in cats: a light- and electron-microscopic study. J. Comp. Neurol. 276, 132-156.
doi: 10.1002/cne.902760109

Bertrand, J. Y., Kim, A. D., Violette, E. P., Stachura, D. L., Cisson, J. L., and
Traver, D. (2007). Definitive hematopoiesis initiates through a committed
erythromyeloid progenitor in the zebrafish embryo. Development 134, 4147-
4156. doi: 10.1242/dev.012385

Bertrand, J. Y., and Traver, D. (2009). Hematopoietic cell development in the
zebrafish embryo. Curr. Opin. Hematol. 16, 243-248. doi: 10.1097/moh.
0b013e32832c05e4

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 652748


https://doi.org/10.1371/journal.pbio.1002466
https://doi.org/10.1371/journal.pbio.1002466
https://doi.org/10.1038/nn.2887
https://doi.org/10.1038/nn2014
https://doi.org/10.1016/s0165-3806(99)00113-3
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1186/2045-824x-5-4
https://doi.org/10.1016/0165-3806(91)90231-7
https://doi.org/10.1016/0165-3806(91)90231-7
https://doi.org/10.1016/j.celrep.2016.12.041
https://doi.org/10.1016/j.celrep.2016.12.041
https://doi.org/10.1038/s41593-018-0192-3
https://doi.org/10.1038/s41593-018-0192-3
https://doi.org/10.1073/pnas.0607423103
https://doi.org/10.1002/cne.902760109
https://doi.org/10.1242/dev.012385
https://doi.org/10.1097/moh.0b013e32832c05e4
https://doi.org/10.1097/moh.0b013e32832c05e4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sharma et al.

Comparing Microglia Across Species

Beschorner, R., Engel, S., Mittelbronn, M., Adjodah, D., Dietz, K., Schluesener, H. J.,
et al. (2000). Differential regulation of the monocytic calcium-binding peptides
macrophage-inhibiting factor related protein-8 (MRP8/S100A8) and allograft
inflammatory factor-1 (AIF-1) following human traumatic brain injury. Acta
Neuropathol. 100, 627-634. doi: 10.1007/s004010000232

Bian, Z., Gong, Y., Huang, T., Lee, C. Z. W., Bian, L., Bai, Z., et al. (2020).
Deciphering human macrophage development at single-cell resolution. Nature
582, 571-576. doi: 10.1038/s41586-020-2316-7

Blinzinger, K., and Kreutzberg, G. (1968). Displacement of synaptic terminals from
regenerating motoneurons by microglial cells. Z. Zellforsch. Mikrosk. Anat. 85,
145-157. doi: 10.1007/bf00325030

Butovsky, O., Jedrychowski, M. P., Moore, C. S, Cialic, R,, Lanser, A. J., Gabriely,
G., et al. (2014). Identification of a unique TGF-beta-dependent molecular and
functional signature in microglia. Nat. Neurosci. 17, 131-143. doi: 10.1038/nn.
3599

Casano, A. M., Albert, M., and Peri, F. (2016). Developmental apoptosis mediates
entry and positioning of microglia in the zebrafish brain. Cell Rep. 16, 897-906.
doi: 10.1016/j.celrep.2016.06.033

Chan, W. Y., Kohsaka, S., and Rezaie, P. (2007). The origin and cell lineage
of microglia: new concepts. Brain Res. Rev. 53, 344-354. doi: 10.1016/j.
brainresrev.2006.11.002

Chechik, G., Meilijson, I., and Ruppin, E. (1998). Synaptic pruning in development:
a computational account. Neural Comput. 10, 1759-1777. doi: 10.1162/
089976698300017124

Chen, A., Kumar, S. M., Sahley, C. L., and Muller, K. J. (2000). Nitric oxide
influences injury-induced microglial migration and accumulation in the leech
CNS. J. Neurosci. 20, 1036-1043. doi: 10.1523/jneurosci.20-03-01036.2000

Chen, H. R, Sun, Y. Y., Chen, C. W., Kuo, Y. M,, Kuan, L. S,, Tiger Li, Z. R, et al.
(2020). Fate mapping via CCR2-CreER mice reveals monocyte-to-microglia
transition in development and neonatal stroke. Sci. Adv. 6:eabb2119. doi:
10.1126/sciadv.abb2119

Chen, S. K., Tvrdik, P., Peden, E., Cho, S., Wu, S., Spangrude, G., et al. (2010).
Hematopoietic origin of pathological grooming in Hoxb8 mutant mice. Cell
141, 775-785. doi: 10.1016/j.cell.2010.03.055

Coggeshall, R. E., and Fawcett, D. W. (1964). The fine structure of the central
nervous system of the leech, Hirudo medicinalis. ]. Neurophysiol. 27, 229-289.
doi: 10.1152/jn.1964.27.2.229

Cronk, J. C., Filiano, A. J., Louveau, A., Marin, 1., Marsh, R., Ji, E., et al.
(2018). Peripherally derived macrophages can engraft the brain independent of
irradiation and maintain an identity distinct from microglia. J. Exp. Med. 215,
1627-1647. doi: 10.1084/jem.20180247

Croq, F., Vizioli, J., Tuzova, M., Tahtouh, M., Sautiere, P.-E., Van Camp, C., et al.
(2010). A homologous form of human interleukin 16 is implicated in microglia
recruitment following nervous system injury in leech Hirudo medicinalis. Glia
58, 1649-1662. doi: 10.1002/glia.21036

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

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

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005). ATP
mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci.
8,752-758. doi: 10.1038/nn1472

Davidson, A. J., and Zon, L. I. (2004). The ’definitive’ (and ’primitive’) guide to
zebrafish hematopoiesis. Oncogene 23, 7233-7246. doi: 10.1038/sj.onc.1207943

De, S., Van Deren, D., Peden, E., Hockin, M., Boulet, A., Titen, S., et al.
(2018). Two distinct ontogenies confer heterogeneity to mouse brain microglia.
Development 145:dev152306. doi: 10.1242/dev.152306

de Jong, J. L., and Zon, L. I. (2005). Use of the zebrafish system to study primitive
and definitive hematopoiesis. Annu. Rev. Genet. 39, 481-501. doi: 10.1146/
annurev.genet.39.073003.095931

Dong, X., You, Y., and Wu, J. Q. (2016). Building an RNA sequencing
transcriptome of the central nervous system. Neuroscientist 22, 579-592. doi:
10.1177/1073858415610541

Drago, F., Sautiére, P.-E., Le Marrec-Croq, F., Accorsi, A., Van Camp, C., Salzet,
M., et al. (2014). Microglia of medicinal leech (Hirudo medicinalis) express a

specific activation marker homologous to vertebrate ionized calcium-binding
adapter molecule 1 (Ibal/alias aif-1). Dev. Neurobiol. 74, 987-1001. doi: 10.
1002/dneu.22179

Duan, Y., Sahley, C. L., and Muller, K. J. (2009). ATP and NO dually control
migration of microglia to nerve lesions. Dev. Neurobiol. 69, 60-72. doi: 10.1002/
dneu.20689

Eyo, U. B, and Dailey, M. E. (2013). Microglia: key elements in neural
development, plasticity, and pathology. J. Neuroimmune Pharmacol. 8, 494-
509. doi: 10.1007/s11481-013-9434-z

Eyo, U. B,, Miner, S. A., Weiner, J. A., and Dailey, M. E. (2016). Developmental
changes in microglial mobilization are independent of apoptosis in the neonatal
mouse hippocampus. Brain Behav. Immun. 55, 49-59. doi: 10.1016/j.bbi.2015.
11.009

Eyo, U. B, Mo, M., Yi, M. H., Murugan, M., Liu, J., Yarlagadda, R., et al. (2018).
P2Y12R-dependent translocation mechanisms gate the changing microglial
landscape. Cell Rep. 23, 959-966. doi: 10.1016/j.celrep.2018.04.001

Eyo, U. B.,and Wu, L. J. (2013). Bidirectional microglia-neuron communication in
the healthy brain. Neural Plast. 2013:456857.

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

Fehrenbach, M. K., Tjwa, M., Bechmann, I., and Krueger, M. (2018). Decreased
microglial numbers in Vavl-Cre(+):dicer knock-out mice suggest a second
source of microglia beyond yolk sac macrophages. Ann. Anat. 218, 190-198.
doi: 10.1016/j.aanat.2018.03.004

Fekete, R., Cserep, C., Lenart, N., Toth, K., Orsolits, B., Martinecz, B., et al.
(2018). Microglia control the spread of neurotropic virus infection via P2Y12
signalling and recruit monocytes through P2Y12-independent mechanisms.
Acta Neuropathol. 136, 461-482. doi: 10.1007/s00401-018-1885-0

Ferrero, G., Mahony, C. B., Dupuis, E., Yvernogeau, L., Di Ruggiero, E., Miserocchi,
M., et al. (2018). Embryonic microglia derive from primitive macrophages and
are replaced by cmyb-dependent definitive microglia in zebrafish. Cell Rep. 24,
130-141. doi: 10.1016/j.celrep.2018.05.066

Frade, J. M., and Barde, Y. A. (1998). Microglia-derived nerve growth factor causes
cell death in the developing retina. Neuron 20, 35-41. doi: 10.1016/s0896-
6273(00)80432-8

Fuger, P., Hefendehl, J. K., Veeraraghavalu, K., Wendeln, A. C., Schlosser, C.,
Obermuller, U., et al. (2017). Microglia turnover with aging and in an
Alzheimer’s model via long-term in vivo single-cell imaging. Nat. Neurosci. 20,
1371-1376. doi: 10.1038/nn.4631

Gasque, P. (2004). Complement: a unique innate immune sensor for danger signals.
Mol. Immunol. 41, 1089-1098. doi: 10.1016/j.molimm.2004.06.011

Geirsdottir, L., David, E., Keren-Shaul, H., Weiner, A., Bohlen, S. C., Neuber, J.,
et al. (2020). Cross-Species single-cell analysis reveals divergence of the primate
microglia program. Cell 181:746. doi: 10.1016/j.cell.2020.04.002

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

Ginhoux, F., and Prinz, M. (2015). Origin of microglia: current concepts and
past controversies. Cold Spring Harb. Perspect. Biol. 7:a020537. doi: 10.1101/
cshperspect.a020537

Goldmann, T., Wieghofer, P., Jordao, M. J., Prutek, F., Hagemeyer, N., Frenzel,
K., et al. (2016). Origin, fate and dynamics of macrophages at central nervous
system interfaces. Nat. Immunol. 17, 797-805. doi: 10.1038/ni.3423

Guneykaya, D., Ivanov, A., Hernandez, D. P., Haage, V., Wojtas, B., Meyer, N.,
et al. (2018). Transcriptional and translational differences of microglia from
male and female brains. Cell Rep. 24, 2773-2783.e2776.

Hagemeyer, N., Hanft, K. M., Akriditou, M. A., Unger, N., Park, E. S., Stanley,
E. R, et al. (2017). Microglia contribute to normal myelinogenesis and to
oligodendrocyte progenitor maintenance during adulthood. Acta Neuropathol.
134, 441-458. doi: 10.1007/s00401-017-1747-1

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.e256.

Hanamsagar, R., Alter, M. D., Block, C. S., Sullivan, H., Bolton, J. L., and Bilbo,
S. D. (2018). Generation of a microglial developmental index in mice and in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 652748


https://doi.org/10.1007/s004010000232
https://doi.org/10.1038/s41586-020-2316-7
https://doi.org/10.1007/bf00325030
https://doi.org/10.1038/nn.3599
https://doi.org/10.1038/nn.3599
https://doi.org/10.1016/j.celrep.2016.06.033
https://doi.org/10.1016/j.brainresrev.2006.11.002
https://doi.org/10.1016/j.brainresrev.2006.11.002
https://doi.org/10.1162/089976698300017124
https://doi.org/10.1162/089976698300017124
https://doi.org/10.1523/jneurosci.20-03-01036.2000
https://doi.org/10.1126/sciadv.abb2119
https://doi.org/10.1126/sciadv.abb2119
https://doi.org/10.1016/j.cell.2010.03.055
https://doi.org/10.1152/jn.1964.27.2.229
https://doi.org/10.1084/jem.20180247
https://doi.org/10.1002/glia.21036
https://doi.org/10.1002/cne.903300110
https://doi.org/10.1523/jneurosci.3441-12.2013
https://doi.org/10.1038/nn1472
https://doi.org/10.1038/sj.onc.1207943
https://doi.org/10.1242/dev.152306
https://doi.org/10.1146/annurev.genet.39.073003.095931
https://doi.org/10.1146/annurev.genet.39.073003.095931
https://doi.org/10.1177/1073858415610541
https://doi.org/10.1177/1073858415610541
https://doi.org/10.1002/dneu.22179
https://doi.org/10.1002/dneu.22179
https://doi.org/10.1002/dneu.20689
https://doi.org/10.1002/dneu.20689
https://doi.org/10.1007/s11481-013-9434-z
https://doi.org/10.1016/j.bbi.2015.11.009
https://doi.org/10.1016/j.bbi.2015.11.009
https://doi.org/10.1016/j.celrep.2018.04.001
https://doi.org/10.1182/blood-2009-12-257832
https://doi.org/10.1016/j.aanat.2018.03.004
https://doi.org/10.1007/s00401-018-1885-0
https://doi.org/10.1016/j.celrep.2018.05.066
https://doi.org/10.1016/s0896-6273(00)80432-8
https://doi.org/10.1016/s0896-6273(00)80432-8
https://doi.org/10.1038/nn.4631
https://doi.org/10.1016/j.molimm.2004.06.011
https://doi.org/10.1016/j.cell.2020.04.002
https://doi.org/10.1126/science.1194637
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1038/ni.3423
https://doi.org/10.1007/s00401-017-1747-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sharma et al.

Comparing Microglia Across Species

humans reveals a sex difference in maturation and immune reactivity. Glia
66:460. doi: 10.1002/glia.23277

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387-1394.
doi: 10.1038/nn1997

Hartenstein, V., and Giangrande, A. (2018). Connecting the nervous and the
immune systems in evolution. Commun. Biol. 1:64.

Hartline, D. K. (2011). The evolutionary origins of glia. Glia 59, 1215-1236. doi:
10.1002/glia.21149

Hasselmann, J., Coburn, M. A., England, W., Figueroa Velez, D. X., Kiani
Shabestari, S., Tu, C. H., et al. (2019). Development of a chimeric model to study
and manipulate human microglia in vivo. Neuron 103, 1016-1033.1010. .

Herbomel, P., Thisse, B., and Thisse, C. (1999). Ontogeny and behaviour of early
macrophages in the zebrafish embryo. Development 126, 3735-3745.

Herbomel, P., Thisse, B., and Thisse, C. (2001). Zebrafish early macrophages
colonize cephalic mesenchyme and developing brain, retina, and epidermis
through a M-CSF receptor-dependent invasive process. Dev. Biol. 238, 274-288.
doi: 10.1006/dbio.2001.0393

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C,,
Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA
sequencing. Nat. Neurosci. 16, 1896-1905. doi: 10.1038/nn.3554

Hoeffel, G., Chen, J., Lavin, Y., Low, D., Almeida, F. F., See, P., et al. (2015). C-
Myb(+) erythro-myeloid progenitor-derived fetal monocytes give rise to adult
tissue-resident macrophages. Immunity 42, 665-678. doi: 10.1016/j.immuni.
2015.03.011

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan,
S., et al. (2016a). Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science 352, 712-716. doi: 10.1126/science.aad8373

Hong, S., Dissing-Olesen, L., and Stevens, B. (2016b). New insights on the role of
microglia in synaptic pruning in health and disease. Curr. Opin. Neurobiol. 36,
128-134. doi: 10.1016/j.conb.2015.12.004

Huang, Y., Xu, Z,, Xiong, S., Sun, F.,, Qin, G., Hu, G,, et al. (2018). Repopulated
microglia are solely derived from the proliferation of residual microglia
after acute depletion. Nat. Neurosci. 21, 530-540. doi: 10.1038/s41593-018-
0090-8

Ito, D., Imai, Y., Ohsawa, K., Nakajima, K., Fukuuchi, Y., and Kohsaka, S. (1998).
Microglia-specific localisation of a novel calcium binding protein, Ibal. Brain
Res. Mol. Brain Res. 57, 1-9. doi: 10.1016/s0169-328x(98)00040-0

Kana, V., Desland, F. A., Casanova-Acebes, M., Ayata, P., Badimon, A., Nabel,
E., et al. (2019). CSF-1 controls cerebellar microglia and is required for motor
function and social interaction. J. Exp. Med. 216, 2265-2281. doi: 10.1084/jem.
20182037

Kano, M., and Hashimoto, K. (2009). Synapse elimination in the central nervous
system. Curr. Opin. Neurobiol. 19, 154-161. doi: 10.1016/j.conb.2009.05.002

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

Kim, I, Mlsna, L. M., Yoon, S., Le, B,, Yu, S, Xu, D., et al. (2015). A postnatal
peak in microglial development in the mouse hippocampus is correlated with
heightened sensitivity to seizure triggers. Brain Behav. 5:¢00403.

Kurz, H., and Christ, B. (1998). Embryonic CNS macrophages and microglia do
not stem from circulating, but from extravascular precursors. Glia 22, 98-102.
doi: 10.1002/(sici)1098-1136(199801)22:1<98::aid-glia10>3.0.c0;2-v

Lang, R. A, and Bishop, J. M. (1993). Macrophages are required for cell death
and tissue remodeling in the developing mouse eye. Cell 74, 453-462. doi:
10.1016/0092-8674(93)80047-1

Le Marrec-Croq, F., Bocquet-Garcon, A., Vizioli, J., Vancamp, C., Drago, F.,
Franck, J., et al. (2014). Calreticulin contributes to C1q-dependent recruitment
of microglia in the leech Hirudo medicinalis following a CNS injury. Med. Sci.
Monit. 20, 644-653. doi: 10.12659/msm.890091

Le Marrec-Croq, F., Drago, F., Vizioli, J., Sautiére, P.-E., and Lefebvre, C. (2013).
The leech nervous system: a valuable model to study the microglia involvement
in regenerative processes. Clin. Dev. Immunol. 2013:274019.

Leung, B. P, Doty, K. R, and Town, T. (2015). Cerebral innate immunity in
Drosophila melanogaster. AIMS Neurosci. 2, 35-51.

Li, Q., Cheng, Z., Zhou, L., Darmanis, S., Neff, N. F., Okamoto, J., et al. (2019).
Developmental heterogeneity of microglia and brain myeloid cells revealed by
deep single-cell RNA sequencing. Neuron 101, 207-223.€210.

Li, Y., Du, X. F, Liu, C. S, Wen, Z. L., and Du, J. L. (2012). Reciprocal regulation
between resting microglial dynamics and neuronal activity in vivo. Dev. Cell 23,
1189-1202. doi: 10.1016/j.devcel.2012.10.027

Lieschke, G. J., Oates, A. C., Paw, B. H.,, Thompson, M. A., Hall, N. E., Ward,
A. C, etal. (2002). Zebrafish SPI-1 (PU.1) marks a site of myeloid development
independent of primitive erythropoiesis: implications for axial patterning. Dev.
Biol. 246, 274-295. doi: 10.1006/dbio.2002.0657

Liu, C,, Wu, C, Yang, Q., Gao, J., Li, L., Yang, D., et al. (2016). Macrophages
mediate the repair of brain vascular rupture through direct physical adhesion
and mechanical traction. Immunity 44, 1162-1176. doi: 10.1016/j.immuni.
2016.03.008

Lou, N., Takano, T., Pei, Y., Xavier, A. L., Goldman, S. A., and Nedergaard, M.
(2016). Purinergic receptor P2RY12-dependent microglial closure of the injured
blood-brain barrier. Proc. Natl. Acad. Sci. U.S.A. 113, 1074-1079. doi: 10.1073/
pnas.1520398113

Lund, H., Pieber, M., Parsa, R., Han, J., Grommisch, D., Ewing, E., et al. (2018).
Competitive repopulation of an empty microglial niche yields functionally
distinct subsets of microglia-like cells. Nat. Commun. 9:4845.

Marin-Teva, J. L., Dusart, L., Colin, C., Gervais, A., Van Rooijen, N., and Mallat, M.
(2004). Microglia promote the death of developing Purkinje cells. Neuron 41,
535-547. doi: 10.1016/s0896-6273(04)00069-8

Masuda, T., Sankowski, R., Staszewski, O., Bottcher, C., Amann, L., Sagar, et al.
(2019). Spatial and temporal heterogeneity of mouse and human microglia at
single-cell resolution. Nature 566, 388-392. doi: 10.1038/s41586-019-0924-x

Mazzolini, J., Le Clerc, S., Morisse, G., Coulonges, C., Kuil, L. E., Van Ham, T. J.,
et al. (2020). Gene expression profiling reveals a conserved microglia signature
in larval zebrafish. Glia 68, 298-315. doi: 10.1002/glia.23717

McGlade-McCulloh, E., Morrissey, A. M., Norona, F., and Muller, K. J. (1989).
Individual microglia move rapidly and directly to nerve lesions in the leech
central nervous system. Proc. Natl. Acad. Sci. U.S.A. 86, 1093-1097. doi: 10.
1073/pnas.86.3.1093

McKercher, S. R., Torbett, B. E., Anderson, K. L., Henkel, G. W., Vestal, D. J.,
Baribault, H., et al. (1996). Targeted disruption of the PU.1 gene results in
multiple hematopoietic abnormalities. EMBO J. 15, 5647-5658. doi: 10.1002/
j.1460-2075.1996.tb00949.x

Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi,
H., et al. (2016). Microglia contact induces synapse formation in developing
somatosensory cortex. Nat. Commun. 7:12540.

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

Morgese, V. ], Elliott, E. J., and Muller, K. J. (1983). Microglial movement to sites
of nerve lesion in the leech CNS. Brain Res. 272, 166-170. doi: 10.1016/0006-
8993(83)90375-x

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

Nayak, D., Roth, T. L., and Mcgavern, D. B. (2014). Microglia development and
function. Annu. Rev. Immunol. 32, 367-402.

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

Nimmerjahn, A. (2012). Two-photon imaging of microglia in the mouse cortex
in vivo. Cold Spring Harb. Protoc. 2012:db.rot069294.

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314-1318. doi: 10.1126/science.1110647

Oberheim, N. A., Goldman, S. A., and Nedergaard, M. (2012). Heterogeneity of
astrocytic form and function. Methods Mol. Biol. 814, 23-45. doi: 10.1007/978-
1-61779-452-0_3

Olah, M., Amor, S., Brouwer, N., Vinet, J., Eggen, B., Biber, K., et al. (2012).
Identification of a microglia phenotype supportive of remyelination. Glia 60,
306-321. doi: 10.1002/glia.21266

Oosterhof, N., Holtman, I. R, Kuil, L. E,, Van Der Linde, H. C., Boddeke,
E. W., Eggen, B. ], et al. (2017). Identification of a conserved and acute

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 652748


https://doi.org/10.1002/glia.23277
https://doi.org/10.1038/nn1997
https://doi.org/10.1002/glia.21149
https://doi.org/10.1002/glia.21149
https://doi.org/10.1006/dbio.2001.0393
https://doi.org/10.1038/nn.3554
https://doi.org/10.1016/j.immuni.2015.03.011
https://doi.org/10.1016/j.immuni.2015.03.011
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1016/j.conb.2015.12.004
https://doi.org/10.1038/s41593-018-0090-8
https://doi.org/10.1038/s41593-018-0090-8
https://doi.org/10.1016/s0169-328x(98)00040-0
https://doi.org/10.1084/jem.20182037
https://doi.org/10.1084/jem.20182037
https://doi.org/10.1016/j.conb.2009.05.002
https://doi.org/10.1038/nn.3318
https://doi.org/10.1002/(sici)1098-1136(199801)22:1<98::aid-glia10>3.0.co;2-v
https://doi.org/10.1016/0092-8674(93)80047-i
https://doi.org/10.1016/0092-8674(93)80047-i
https://doi.org/10.12659/msm.890091
https://doi.org/10.1016/j.devcel.2012.10.027
https://doi.org/10.1006/dbio.2002.0657
https://doi.org/10.1016/j.immuni.2016.03.008
https://doi.org/10.1016/j.immuni.2016.03.008
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1016/s0896-6273(04)00069-8
https://doi.org/10.1038/s41586-019-0924-x
https://doi.org/10.1002/glia.23717
https://doi.org/10.1073/pnas.86.3.1093
https://doi.org/10.1073/pnas.86.3.1093
https://doi.org/10.1002/j.1460-2075.1996.tb00949.x
https://doi.org/10.1002/j.1460-2075.1996.tb00949.x
https://doi.org/10.1097/nen.0b013e3180517b46
https://doi.org/10.1016/0006-8993(83)90375-x
https://doi.org/10.1016/0006-8993(83)90375-x
https://doi.org/10.1590/s0001-37652000000100013
https://doi.org/10.1590/s0001-37652000000100013
https://doi.org/10.1016/j.jneuroim.2014.11.018
https://doi.org/10.1126/science.1110647
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1002/glia.21266
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sharma et al.

Comparing Microglia Across Species

neurodegeneration-specific microglial transcriptome in the zebrafish. Glia 65,
138-149. doi: 10.1002/glia.23083

Parkhurst, C. N., Yang, G., Ninan, L, 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

Penfield, W. (1932). Cytology & Cellular Pathology of the Nervous System.
New York, NY: P.B. Hoeber, inc.

Peng, J., Gu, N., Zhou, L., Ukpong, B. E., Murugan, M., Gan, W. B, et al. (2016).
Microglia and monocytes synergistically promote the transition from acute to
chronic pain after nerve injury. Nat. Commun. 7:12029.

Peri, F., and Nusslein-Volhard, C. (2008). Live imaging of neuronal degradation by
microglia reveals a role for v0-ATPase al in phagosomal fusion in vivo. Cell 133,
916-927. doi: 10.1016/j.cell.2008.04.037

Peruzzi, E., Fontana, G., and Sonetti, D. (2004). Presence and role of nitric oxide in
the central nervous system of the freshwater snail Planorbarius corneus: possible
implication in neuron-microglia communication. Brain Res. 1005, 9-20. doi:
10.1016/j.brainres.2003.12.042

Peruzzi, E., and Sonetti, D. (2004). Microglia proliferation as a response to
activation in the freshwater snail Planorbarius corneus: a BrdU incorporation
study. Acta Biol. Hung. 55, 287-291. doi: 10.1556/abiol.55.2004.1-4.34

Petersen, M. A., and Dailey, M. E. (2004). Diverse microglial motility behaviors
during clearance of dead cells in hippocampal slices. Glia 46, 195-206. doi:
10.1002/glia.10362

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/
€jn.12508

Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: unique stimuli,
specialized responses. Annu. Rev. Immunol. 27,119-145. doi: 10.1146/annurev.
immunol.021908.132528

Reemst, K., Noctor, S. C., Lucassen, P. J., and Hol, E. M. (2016). The indispensable
roles of microglia and astrocytes during brain development. Front. Hum.
Neurosci. 10:566. doi: 10.3389/fnhum.2016.00566

Reu, P., Khosravi, A., Bernard, S., Mold, J. E., Salehpour, M., Alkass, K., et al.
(2017). The lifespan and turnover of microglia in the human brain. Cell Rep.
20, 779-784. doi: 10.1016/j.celrep.2017.07.004

Rezaie, P., Patel, K., and Male, D. K. (1999). Microglia in the human fetal spinal
cord-patterns of distribution, morphology and phenotype. Brain Res. Dev.
Brain Res. 115, 71-81. doi: 10.1016/s0165-3806(99)00043-7

Rio-Hortega, P. D. (1920). Estudios sobre la neuroglia. La microglia y su
transformacién en células en bastoncito y cuerpos granuloadiposos. Trab. Lab.
Invest. Biol. Univ. Madrid 18, 37-82.

Roney, K. E., O’connor, B. P., Wen, H., Holl, E. K., Guthrie, E. H., Davis, B. K., et al.
(2011). Plexin-B2 negatively regulates macrophage motility, Rac, and Cdc42
activation. PLoS One 6:€24795. doi: 10.1371/journal.pone.0024795

Santos, A. M., Calvente, R., Tassi, M., Carrasco, M. C., Martin-Oliva, D., Marin-
Teva, J. L., et al. (2008). Embryonic and postnatal development of microglial
cells in the mouse retina. J. Comp. Neurol. 506, 224-239. doi: 10.1002/cne.21538

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron 74, 691-705. doi: 10.
1016/j.neuron.2012.03.026

Schafer, D. P., and Stevens, B. (2013). Phagocytic glial cells: sculpting synaptic
circuits in the developing nervous system. Curr. Opin. Neurobiol. 23, 1034-
1040. doi: 10.1016/j.conb.2013.09.012

Schikorski, D., Cuvillier-Hot, V., Leippe, M., Boidin-Wichlacz, C., Slomianny,
C., Macagno, E,, et al. (2008). Microbial challenge promotes the regenerative
process of the injured central nervous system of the medicinal leech by inducing
the synthesis of antimicrobial peptides in neurons and microglia. J. Immunol.
181, 1083-1095. doi: 10.4049/jimmunol.181.2.1083

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N.,
Kierdorf, K., et al. (2012). A lineage of myeloid cells independent of Myb and
hematopoietic stem cells. Science 336, 86-90. doi: 10.1126/science.1219179

Schwab, J. M., Frei, E., Klusman, I, Schnell, L, Schwab, M. E., and
Schluesener, H. J. (2001). AIF-1 expression defines a proliferating and
alert microglial/macrophage phenotype following spinal cord injury in rats.
J. Neuroimmunol. 119, 214-222. doi: 10.1016/s0165-5728(01)00375-7

Shafer, O. T., Chen, A., Kumar, S. M., Muller, K. J., and Sahley, C. L. (1998). Injury-
induced expression of endothelial nitric oxide synthase by glial and microglial
cells in the leech central nervous system within minutes after injury. Proc. Biol.
Sci. 265, 2171-2175. doi: 10.1098/rspb.1998.0555

Shemer, A., Grozovski, J., Tay, T. L., Tao, J., Volaski, A., Suss, P., et al
(2018). Engrafted parenchymal brain macrophages differ from microglia in
transcriptome, chromatin landscape and response to challenge. Nat. Commun.
9:5206.

Sieger, D., Moritz, C., Ziegenhals, T., Prykhozhij, S., and Peri, F. (2012). Long-
range Ca2+ waves transmit brain-damage signals to microglia. Dev. Cell 22,
1138-1148. doi: 10.1016/j.devcel.2012.04.012

Sierra, A., Encinas, J. M., Deudero, . J., Chancey, J. H., Enikolopov, G., Overstreet-
Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal neurogenesis
through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483-495. doi: 10.
1016/j.stem.2010.08.014

Sonetti, D., Ottaviani, E., Bianchi, F., Rodriguez, M., Stefano, M. L., Scharrer, B.,
et al. (1994). Microglia in invertebrate ganglia. Proc. Natl. Acad. Sci. U.S.A. 91,
9180-9184. doi: 10.1073/pnas.91.19.9180

Sonetti, D., and Peruzzi, E. (2004). Neuron-microglia communication in the CNS
of the freshwater snail Planorbarius corneus. Acta Biol. Hung. 55, 273-285.
doi: 10.1556/abiol.55.2004.1-4.33

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

Stark, R., Grzelak, M., and Hadfield, J. (2019). RNA sequencing: the teenage years.
Nat. Rev. Genet. 20, 631-656. doi: 10.1038/s41576-019-0150-2

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri,
N., et al. (2007). The classical complement cascade mediates CNS synapse
elimination. Cell 131, 1164-1178. doi: 10.1016/j.cell.2007.10.036

Svahn, A. J., Graeber, M. B, Ellett, F., Lieschke, G. J., Rinkwitz, S., Bennett, M. R.,
et al. (2013). Development of ramified microglia from early macrophages in
the zebrafish optic tectum. Dev. Neurobiol. 73, 60-71. doi: 10.1002/dneu.
22039

Svoboda, D. S., Barrasa, M. L, Shu, J., Rietjens, R., Zhang, S., Mitalipova, M., et al.
(2019). Human iPSC-derived microglia assume a primary microglia-like state
after transplantation into the neonatal mouse brain. Proc. Natl. Acad. Sci. U.S.A.
116, 25293-25303. doi: 10.1073/pnas.1913541116

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

Tahtouh, M., Gargon-Bocquet, A., Croq, F., Vizioli, J., Sautiére, P.-E., Van
Camp, C,, et al. (2012). Interaction of HmClq with leech microglial cells:
involvement of C1qBP-related molecule in the induction of cell chemotaxis.
J. Neuroinflamm. 9, 37-37.

Tremblay, M. E., Lowery, R. L., and Majewska, A. K. (2010). Microglial interactions
with synapses are modulated by visual experience. PLoS Biol. 8:¢1000527. doi:
10.1371/journal.pbio.1000527

Tremblay, M. E.,, and Majewska, A. K. (2011). A role for microglia in synaptic
plasticity? Commun. Integr. Biol. 4, 220-222. doi: 10.4161/cib.4.2.14506

Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M., et al.
(2013). Layer V cortical neurons require microglial support for survival
during postnatal development. Nat. Neurosci. 16, 543-551. doi: 10.1038/nn.
3358

Uweru, J. O., and Eyo, U. B. (2019). A decade of diverse microglial-neuronal
physical interactions in the brain (2008-2018). Neurosci. Lett. 698, 33-38. doi:
10.1016/j.neulet.2019.01.001

Verney, C., Monier, A., Fallet-Bianco, C., and Gressens, P. (2010). Early
microglial colonization of the human forebrain and possible involvement in
periventricular white-matter injury of preterm infants. J. Anat. 217, 436-448.
doi: 10.1111/j.1469-7580.2010.01245.x

Villa, A., Gelosa, P., Castiglioni, L., Cimino, M., Rizzi, N., Pepe, G., et al. (2018).
Sex-specific features of microglia from adult mice. Cell Rep. 23, 3501-3511.
doi: 10.1016/j.celrep.2018.05.048

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

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 652748


https://doi.org/10.1002/glia.23083
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2008.04.037
https://doi.org/10.1016/j.brainres.2003.12.042
https://doi.org/10.1016/j.brainres.2003.12.042
https://doi.org/10.1556/abiol.55.2004.1-4.34
https://doi.org/10.1002/glia.10362
https://doi.org/10.1002/glia.10362
https://doi.org/10.1111/ejn.12508
https://doi.org/10.1111/ejn.12508
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.3389/fnhum.2016.00566
https://doi.org/10.1016/j.celrep.2017.07.004
https://doi.org/10.1016/s0165-3806(99)00043-7
https://doi.org/10.1371/journal.pone.0024795
https://doi.org/10.1002/cne.21538
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.conb.2013.09.012
https://doi.org/10.4049/jimmunol.181.2.1083
https://doi.org/10.1126/science.1219179
https://doi.org/10.1016/s0165-5728(01)00375-7
https://doi.org/10.1098/rspb.1998.0555
https://doi.org/10.1016/j.devcel.2012.04.012
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1073/pnas.91.19.9180
https://doi.org/10.1556/abiol.55.2004.1-4.33
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1002/dneu.22039
https://doi.org/10.1002/dneu.22039
https://doi.org/10.1073/pnas.1913541116
https://doi.org/10.1002/glia.22421
https://doi.org/10.1002/glia.22421
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.4161/cib.4.2.14506
https://doi.org/10.1038/nn.3358
https://doi.org/10.1038/nn.3358
https://doi.org/10.1016/j.neulet.2019.01.001
https://doi.org/10.1016/j.neulet.2019.01.001
https://doi.org/10.1111/j.1469-7580.2010.01245.x
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1523/jneurosci.4363-08.2009
https://doi.org/10.1523/jneurosci.4363-08.2009
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sharma et al.

Comparing Microglia Across Species

Wakselman, S., Bechade, C., Roumier, A., Bernard, D., Triller, A., and Bessis, A.
(2008). Developmental neuronal death in hippocampus requires the microglial
CD11b integrin and DAP12 immunoreceptor. J. Neurosci. 28, 8138-8143. doi:
10.1523/jneurosci.1006-08.2008

Wang, C., Yue, H., Hu, Z,, Shen, Y., Ma, ], Li, J., et al. (2020). Microglia mediate
forgetting via complement-dependent synaptic elimination. Science 367, 688-
694. doi: 10.1126/science.aaz2288

Warga, R. M., Kane, D. A., and Ho, R. K. (2009). Fate mapping embryonic blood in
zebrafish: multi- and unipotential lineages are segregated at gastrulation. Dev.
Cell 16, 744-755. doi: 10.1016/j.devcel.2009.04.007

Weinhard, L., Di Bartolomei, G., Bolasco, G., Machado, P., Schieber, N. L.,
Neniskyte, U., et al. (2018). Microglia remodel synapses by presynaptic
trogocytosis and spine head filopodia induction. Nat. Commun. 9:1228.

Wu, S., Nguyen, L. T. M., Pan, H., Hassan, S., Dai, Y., Xu, J., et al. (2020).
Two phenotypically and functionally distinct microglial populations in adult
zebrafish. Sci. Adv. 6:eabd1160. doi: 10.1126/sciadv.abd1160

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

Xu, J., Zhu, L., He, S., Wu, Y., Jin, W,, Yu, T,, et al. (2015). Temporal-spatial
resolution fate mapping reveals distinct origins for embryonic and adult
microglia in zebrafish. Dev. Cell 34, 632-641. doi: 10.1016/j.devcel.2015.08.018

Zhan, L., Krabbe, G., Du, F., Jones, I, Reichert, M. C., Telpoukhovskaia, M.,
et al. (2019). Proximal recolonization by self-renewing microglia re-establishes
microglial homeostasis in the adult mouse brain. PLoS Biol. 17:€3000134. doi:
10.1371/journal.pbio.3000134

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., et al.
(2014). Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat. Neurosci. 17, 400-406. doi: 10.
1038/nn.3641

Zhang, Y., Chen, K, Sloan, S. A., Bennett, M. L., Scholze, A. R, Okeeffe, S.,
et al. (2014). An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex. . Neurosci. 34, 11929-11947.
doi: 10.1523/jneurosci.1860-14.2014

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Sharma, Bisht and Eyo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

April 2021 | Volume 9 | Article 652748


https://doi.org/10.1523/jneurosci.1006-08.2008
https://doi.org/10.1523/jneurosci.1006-08.2008
https://doi.org/10.1126/science.aaz2288
https://doi.org/10.1016/j.devcel.2009.04.007
https://doi.org/10.1126/sciadv.abd1160
https://doi.org/10.1016/j.devcel.2016.06.018
https://doi.org/10.1016/j.devcel.2016.06.018
https://doi.org/10.1016/j.devcel.2015.08.018
https://doi.org/10.1371/journal.pbio.3000134
https://doi.org/10.1371/journal.pbio.3000134
https://doi.org/10.1038/nn.3641
https://doi.org/10.1038/nn.3641
https://doi.org/10.1523/jneurosci.1860-14.2014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	A Comparative Biology of Microglia Across Species
	Introduction
	Microglia Across Species: a Self-Renewing Brain-Resident Myeloid Population
	Microglia Across Species – Insight From Gene Expression Studies
	The Unique Microglial Transcriptional Identity
	Conserved and Divergent Transcriptional Identity Across Species

	Microglia Across Species – Insights From Microglia in Development
	Microglial Morphology, Surveillance, and Patrolling Capacities
	The Prevailing Model or Microglial Ontogeny in Mice
	Revising the Model for Microglial Ontogeny in Mice
	An Alternative Model for Microglial Ontogeny in the Zebrafish
	Interrogating the Model of Microglial Ontogeny in Humans

	Microglia Across Species: Insights From Described Roles in Physiology
	Evidence From Invertebrates (Annelida)
	Evidence From Vertebrates
	Apoptosis and Brain Development
	Synapse Refinement and Formation


	Conclusion and Outstanding Questions
	Identity
	Ontogeny
	Functional

	Author Contributions
	Funding
	References


