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Abstract

The proverbial role of microglia during brain development is shifting from passive members of the
brain’s immune system to active participants that are able to dictate enduring outcomes. Despite
these advances, little attention has been paid to one of the most critical components of early brain
development- sexual differentiation. Mounting evidence suggests that the normal developmental
functions microglia perform- cell number regulation and synaptic connectivity- may be involved in
the sex-specific patterning of the brain during these early sensitive periods, and may have lasting
sex-dependent and sex-independent effects on behavior. In this review, we outline the known
functions of microglia during developmental sensitive periods, and highlight the role they play in
the establishment of sex differences in brain and behavior. We also propose a framework for how
researchers can incorporate microglia in their study of sex differences and vice versa.
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INTRODUCTION

Development is a word of such simplicity it cannot capture the complexity it is meant to
define. The span of events from a single cell to a fully mature and reproductively capable
organism, consist of dynamic and irreversible fate decisions coordinated in space and time.
The development of the brain is arguably one of the longest spans, with development
beginning early embryonically and maturation continuing post-puberty in the form of honing
neuronal connections and synaptic refinement. Unlike the essential organs, heart, lungs,
kidneys etc., which must be mature at birth in order to support life, the brain is remarkably
undeveloped and responsive to both internal and external cues. A central goal of
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neuroscience is to identify and understand those cues in both the healthy individual and
those suffering environmental or genetic insult.

In recent years a surprising new player has been added to the list of change agents acting on
the developing brain- microglia. Although of non-neuronal origin, these innate immune cells
are active partners in neuronal maturation. They are continuously active, surveying their
environment and responding to neural activity (Nimmerjahn et al., 2005; Davalos et al.,
2005). As regulators of developmental events like cell genesis, cell death, synaptogenesis,
and synaptic pruning, these cells are able to impact the developmental trajectory of the brain
and ultimately, behavior.

A key feature of many of the brain’s developmental processes is the presence of critical
periods (Hensch, 2004). A critical period is a window of time in which a normal
developmental event must take place in response to internal or external stimuli. Once this
window closes, the normal trajectory of development cannot be restored via the original
stimulus required. During these periods, the brain’s architecture is shaped in such a way that
will endure throughout the organism’s life. Sensory systems of the brain, such as the visual
and auditory systems, are some of the most well known for their critical periods during
development. It has only recently been discovered that microglia are essential to activity-
dependent refinement of the visual system during its critical period of development (Stevens
et al., 2007; Schafer et al., 2012). Given the varied and dynamic roles that microglia play
during development, it is not surprising that they might be regulators of other critical
periods.

Sexual differentiation of the brain occurs during a classic critical period defined by the onset
and offset of sensitivity to gonadal steroids. The cellular mechanisms of sexual
differentiation are diverse and brain region specific, yet all function to coordinate brain
development in a male-typical or female-typical manner. Evidence is rapidly accumulating
that suggests immune cells may be far more important to establishing sex differences in the
brain than previously thought (McCarthy et al., 2015).

The goal of this review is to examine the role of microglia during critical periods in
development, with a particular focus on those during which sex differences in the brain are
established. We will discuss how microglia orchestrate early developmental processes and
the resulting impact on behavior later in life. We also present a conceptual framework for
how future studies could begin to consider biological sex as a factor for studying microglial
function during development.

SEXUAL DIFFERENTIATION OF THE BRAIN

Sexual differentiation of the brain is a developmental process whereby physiological and
behavioral phenotypes are modified to match gonadal phenotype. For instance in mammals,
animals with testis are exposed to high levels of androgens and their metabolites which act
on the brain to determine male-typical sexual and aggressive behaviors and physiology.
Conversely, animals with ovaries will develop a feminized brain phenotype that supports

Dev Neurobiol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanRyzin et al.

Page 3

ovulation and reproductive behaviors associated with internal fertilization, pregnancy and
lactation (McCarthy et al., 2017).

In the rodent, the critical period for masculinization of the brain begins around embryonic
day 16-18 when the testes produce high levels of circulating testosterone, which decreases
within hours after birth, closing this critical period (Weisz & Ward, 1980; Konkle &
MccCarthy, 2004). Testosterone and its androgenic metabolites are able to sexually
differentiate several endpoints in the brain; however, most are driven by estradiol
synthesized from testosterone by the aromatase enzyme in the brain (McCarthy, 2008;
Zuloaga et al., 2008). In female rodents, there is a sensitive period for sexual differentiation
of the brain that extends past the critical period in males, continuing through the first
postnatal week. During this period, the female brain is sensitive to hormone exposure and
masculinization can be induced by exogenous administration of testosterone or estradiol.
These two examples demonstrate the difference between critical and sensitive periods: in
critical periods, normal developmental processes must be established in a short time or else
they are lost, while in sensitive periods, the brain remains sensitive for longer to particular
inputs that it is not sensitive to prior to and after that period of time (McCarthy, 2017).

Sexually differentiated endpoints are diverse, varying drastically between brain regions.
Hormone exposure may drive differential cell genesis and survival, cell death,
synaptogenesis, synaptic pruning, and cellular migration. Ultimately, these processes result
in lasting differences in brain region size, cellular phenotype and complexity, and synaptic
connectivity between males and females (Arnold, 2009; Forger et al., 2016) (Figure 1).
Actions of gonadal hormones during this time are collectively referred to as
“organizational”, and considered to be a form of early life programming, also referred to as
the “organizational hypothesis” (Phoenix et al., 1959).

MICROGLIA AND SENSITIVE PERIODS OF DEVELOPMENT

Microglia are derived from embryonic yolk-sac macrophage precursors and enter the brain
as early as embryonic day 9.5 (E9.5) in the rodent (Alliot et al 1999; Ginhoux et al 2010;
Schulz et al., 2012; Kierdorf et al 2013). Once in the brain, these cells continue to migrate,
proliferate, and mature throughout development, until microglia attain their adult phenotype
by the end of the third postnatal week (Ajami et al., 2007; Swinnen et al., 2013; Elmore et
al., 2014; Nikodemova et al., 2015). By this time, microglia are tiled throughout the brain
yet exhibit great regional variation in density and morphology, and sustain their numbers
through local self-renewal (Ajami et al., 2007; Elmore et al., 2014; Bruttger et al., 2015;
Doorn et al., 2015; Grabert et al., 2016; De Biase et al., 2017).

Microglia and sex differences

Microglia are highly dynamic and present in appreciable numbers throughout much of the
brain perinatally. Their morphologies range from amoeboid to highly ramified and
phagocytic phenotypes; such variation is likely reflective of both their developmental
maturity as well as their signaling and physical functions in given brain regions.
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Sex differences in microglia are not apparent until after the onset of the prenatal androgen
surge and vary by brain region and age, suggesting a role for hormones in the diversity of
microglia-mediated developmental processes (Schwarz et al., 2012) (Figure 2). Two
particular features have been noted to differ markedly between males and females in rodent
models of development- microglial number and morphology.

On the day of birth, female rats have more amoeboid and stout microglia in a number of
brain regions, including the paraventricular nucleus of the hypothalamus (PVN),
hippocampus, and amygdala, when compared to male rats. This sex difference quickly
reverses, as males display more amoeboid and stout microglia than females four days later in
the parietal cortex, hippocampus, and amygdala (Schwarz et al., 2012). By contrast, male rat
pups have more microglia per unit area than females in the developing preoptic area (POA),
and nearly twice as many amoeboid microglia as females from PNO-2 (Lenz et al., 2013).
Microglia in the male POA are the major source of high levels of the inflammatory
prostaglandin, PGE2, which is both necessary and sufficient for the masculinization of POA
synaptic density and male sexual behavior in adulthood. This microglial sex difference is
hormonally programmed, as treating females with a masculinizing dose of estradiol
increases both the number of microglia and their amoeboid morphology (Lenz et al., 2013).

It is currently unknown whether sex differences in microglial number and morphology
during development are a result of differential maturation or due to intrinsic differences in
microglial function. Differences in microglial number may arise from a combination of
timing of migration and/or local proliferation within a given brain region. Moreover,
differences in morphology may be reflective of relative functional or maturational state, or
driven by local cues from the developing brain region in which they reside. Amoeboid and
stout morphologies are characteristic of immature microglia during development (Monier et
al., 2007; Rigato et al., 2011; Swinnen et al., 2013), and in many brain regions, amoeboid
microglia make up a greater proportion of the population in males than females (Schwarz et
al., 2011; Lenz et al., 2013). Interestingly, in the developing POA, all microglia co-express
traditional pro-inflammatory (M1) and alternative activation (M2) markers, despite males
having more amoeboid microglia and higher pro-inflammatory PGE2 signaling (Lenz et al.,
2013). These findings corroborate those of others who observe similar developmental co-
expression of the M1 and M2 phenotypes (Crain et al., 2013; Cunningham et al., 2013),
which strongly suggests the morphologies observed in the developing brain are not as easily
classified by the same phenotypic markers used to analyze microglia in adulthood and after
insult. Much more research is required in this area to fully interpret and classify the
relationship between microglial morphology, function, and region-specific brain
development during the perinatal period.

RNA sequencing of microglia, in an attempt to understand their developmental trajectory,
revealed three distinct stages in microglial development. These stages, identified as early
(E10.5-E14), pre- (E14-PN9), and adult (4 weeks and older), consisted of discrete
transcriptional patterns reflective of differing microglial function throughout brain
development (Matcovitch-Natan et al., 2016). While only males were analyzed in this study,
identification of distinct and functional periods of microglial development nevertheless
opens the door for further investigation. What remains to be determined is if these perinatal

Dev Neurobiol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanRyzin et al.

Page 5

transcriptional patterns are caused by the natural hormonal surge in males and whether they
exist or differ in females. Such findings may shed light on early life interactions between the
brain’s immune system and sex, and how these factors work together to differentially
influence brain development.

Alternatively, the maturation of the brain itself may exert regulatory control over microglia
through changes in regional microenvironment. Longitudinal MRI confirms that regions of
the brain vary in maturational trajectory in boys and girls (Geidd, 2004). Analogous studies
have been done in rodents where other markers of maturation, such as depolarizing GABA,
differ in neonatal male and female rat pups (Nunez & McCarthy, 2009). It is possible that
microglia in less mature brain regions are themselves less mature and could therefore differ
in males and females at a particular time of development as a consequence, not a cause, of
maturational events.

Microglia and the regulation of cell number

Microglia regulate cell number during development, performing a dual role facilitating cell
proliferation and differentiation, while also actively phagocytosing dead and stressed, but
viable cells. This delicate balance of life and death is critical during early brain development
in order to establish a healthy template from which to build on through experience in the
remainder of the organism’s life.

Neural progenitor cells (NPCs) are intimately linked to microglial function. NPCs
coordinate colonization by microglia early in brain development, and in turn, microglia
produce factors that promote proliferation and differentiation of neural progenitors (Arno et
al., 2014). In the early postnatal subventricular zone, microglia produce cytokines that act as
trophic factors for normal neurogenesis and oligodendrogenesis (Shigemoto-Mogami et al.,
2014). Similarly, in the developing cortex microglia support healthy neurons in layer V
through production of IGF-1. Microglial inhibition or depletion increases the number of
apoptotic layer V neurons, and appropriate neuronal support appears to require microglia-
neuron crosstalk through the fractalkine receptor, CX3CR1 (Ueno et al., 2013). /n vitro, the
presence of microglia or microglia-conditioned media enhances proliferation of cultured
NPCs, astrogenesis, and neuronal maturation (Morgan et al., 2004; Antony et al., 2011).

Much like how microglia colonize early neurogenic niches, microglial colonization patterns
often chronologically match patterns of programmed cell death (PCD) at many
developmental stages (Perry et al., 1985; Ashwell 1990). Microglia facilitate the removal of
dead and dying cells from the developing and adult brain (Ferrer et al., 1990; Bessis et al.,
2007; Sierra et al., 2010). Apoptotic neurons release several “find me” signals, all of which
function to attract microglial migration to the site of cell death (Ravichandran, 2011).
However, while PCD does facilitate microglial colonization in some brain regions, migration
is not entirely dependent on localized apoptosis as a cue (Eyo et al., 2015, Xu et al., 2016).

While initial observations suggested microglia only passively phagocytose dead and dying
cells during development, more recent evidence suggests microglia are far more active in
cell death, capable of inducing it in otherwise viable cells. In the early postnatal cerebellum,
microglia induce cell death in Purkinje cells through a targeted “superoxide burst”; this
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process occurs during a critical period in cerebellar development in which Purkinje cells
migrate to their final locations and refine their synaptic patterning (Marin-Teva et al., 2004).
While the majority of the Purkinje cells targeted by microglia also expressed markers
indicative of programmed cell death (such as activated caspase-3), when microglia were
depleted from cerebellar slice cultures /n vitro, Purkinje cell survival increased (Marin-Teva
et al., 2004). Microglia in the postnatal hippocampus eliminate cells in a similar fashion,
contacting caspase-3+ neurons and producing superoxide ions in a CD11b/DAP12
dependent mechanism (Wakselman et al., 2008). Again, preventing superoxide production
by DAP12 deficiency or CD11b antibody blockade, decreases the number of caspase-3+
cells. These data suggest that in brain regions characterized by normal programmed cell
death, microglia may act independently to facilitate elimination of cells.

NPCs in the cerebral cortex are also phagocytosed by microglia as a means of controlling
cortical cell number. However, very few of the NPCs being engulfed by microglia express
markers of cell death, and when microglia are inhibited or depleted, the number of cortical
NPCs increases (Cunningham et al., 2013). Thus, microglial phagocytic function may be
independent from cell death, providing further evidence for developmental “phagoptosis” or
the phagocytosis of viable cells (Brown & Neher, 2012; 2014).

Given the evidence for microglia regulation of cell number in development, sex differences
in cell number may also arise from microglia-mediated mechanisms. A recent examination
of the neonatal rat hippocampus revealed females have nearly twice the number of
phagocytic microglia as males (Nelson et al., 2017). Prior to the onset of fetal hormone
production (at E20), phagocytic morphologies did not differ between the sexes. Moreover,
treating newborn female pups with a masculinizing dose of estradiol eliminated the observed
sex difference. Other parameters of microglial morphology (classified as amoeboid,
transitioning, or ramified) did not differ between the sexes suggesting that phagocytic
morphology occurred independent of traditional morphology or activation classifications.
Further analysis found that newborn cells (marked by BrdU labeling) and Sox2+ progenitor
cells were targeted by a subset of microglia for phagocytosis (Nelson et al., 2017). As the
number of newborn cells in the developing hippocampus is also sexually dimorphic (Zhang
et al., 2008; Bowers et al., 2010), it is tempting to speculate that microglial phagocytosis
might be a determining factor of newborn cell number. The relationship between newborn
cells and phagocytic microglia is inverse; males have more newborn cells postnatally (Zhang
et al., 2008; Bowers et al., 2010) but also have fewer phagocytic microglia (Nelson et al.,
2017). However, further study is needed to functionally link microglia and newborn cells in
the hippocampus, as these observations are correlational and from different laboratories.

Microglia are also likely to play a role in sexual differentiation of the anteroventral
periventricular nucleus (AVPV) of the POA although this has not yet been tested directly.
The AVPV is a cluster of cells important for regulating the sex-specific luteinizing hormone
release patterns necessary for reproduction and is approximately 2x larger in females than
males, with a higher cell density (Murakami & Arai, 1989; Sumida et al., 1993). This sex
difference is largely due to hormonally driven cell death, which through inhibition of
constitutively active tumor necrosis factor alpha (TNFalpha) signaling, induces higher rates
of cell death in the male AVPV (Arai et al., 1996; Krishnan et al., 2009). Microglia are the
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major producer of TNFalpha in the brain, and trigger cell death in developing motor neurons
in a TNFalpha-dependent manner (Sedel et al., 2004). As such, microglia are potential
drivers of the sexual differentiation of the AVPV.

Microglia and synaptic development, maturation, and connectivity

Microglia are found in higher densities in discrete developing axonal tracts and axon
outgrowth is highly dependent upon microglia. Microglia both promote axonal outgrowth
and phagocytose aberrant axons to facilitate a proper balance of projections. Microglial
depletion (genetic deletion of Pu.1 or antibody blockade of the colony-stimulating factor 1
receptor; CSF1R) or activation (lipopolysaccharide; LPS) results in an over or under
abundance of dopaminergic projections in the developing mouse brain, respectively
(Squarzoni et al., 2014). Similarly, microglial depletion (Pu.Z knockout) or deficiency
(DAP12 mutant) leads to defasciculation of the corpus callosum, likely through a lack of
trophic support (Pont-Lezica et al., 2014).

Microglial interactions with synapses are more complex, being largely driven by neuronal
activity, which they assess through an array of receptors tuned to signals associated with
synaptic firing (Pockock & Kettenmann, 2007). Neurotransmission induces microglial
motility and process outgrowth toward the active synapse resulting in brief and rapid
contacts with the synapse (Davalos et al., 2005; Nimmerjahn et al., 2005; Fontainhas et al.,
2011; Li et al., 2012; Dissing-Olesen et al., 2014). It is estimated microglia are able to
survey their local environment in approximately 1 hour (Wake et al., 2009).

Developmental microglia-synapse interactions result in the functional maturation and
remodeling of synaptic connectivity. Microglia actively engulf weaker synaptic inputs to
facilitate the appropriate segregation of eye-specific retinal inputs to the LGN during the
critical period for maturation of the visual system. Disrupting this process,
pharmacologically or genetically, results in aberrant connectivity (Stevens et al., 2007,
Schafer et al., 2012). In the visual cortex, engulfment is preferential towards transient and
smaller spines, and is modulated by alterations in sensory experience (Tremblay et al.,
2010). Similar findings occur in vitro, where microglia depletion or their addition to
hippocampal neurons increases or decreases the number of excitatory synapses, respectively
(Ji et al., 2013). These findings are likely mediated by contact-dependent synaptic pruning,
as preventing physical interaction with hippocampal neurons in vitro increases the number
of dendritic spines and functional synapses through the production of interleukin 10 (Lim et
al., 2013). Microglial contact with dendrites in the developing somatosensory cortex induces
cytoskeletal rearrangement and filopodia formation during periods of high synaptogenesis
(Miyamoto et al., 2016). These findings suggest the initial development and further
refinement of synaptic connectivity likely depends on a microglia-mediated balance between
eliminating weak or unnecessary synapses and promoting the growth of new ones.

Evidence for sex-specific regulation of dendritic spines can be found in the POA where
microglia increase spinogenesis through inflammatory signaling, specifically in males.
Perinatal estradiol increases the production of the synthesizing enzymes for PGE2- COX1
and COX2- in neurons shortly after birth, increasing levels of PGE2 in the POA. Microglia
greatly amplify the PGE2 signal in a feed forward mechanism, such that a single injection of
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PGE2 into female pups is sufficient to initiate this cascade and masculinize their adult brain
architecture and behavior (Wright & McCarthy, 2009). PGE2 binds the EP2 and EP4
receptors, both of which are g-protein coupled receptors that activate the adenylyl cyclase
pathway (Amateau & McCarthy, 2004; Wright et al., 2008). Increased cAMP in neurons and
astrocytes results in increased AMPA receptor membrane trafficking, and in neurons, further
activation of the newly inserted AMPA receptors results in dendritic spine induction and
stabilization (Lenz et al., 2011). The end result of this process is a 2x greater density of
dendritic spines on neurons in the male POA. This entire process can be prevented by
pharmacologically inhibiting microglia postnatally, disrupting the PGE2 feed forward
signaling process and preventing masculinization of POA dendritic synapse density (Lenz et
al., 2013).

Lasting impacts of early microglial function

The diverse array of microglial functions- control of cell number and differentiation,
synaptogenesis and pruning- work in coordination to facilitate development and maturation
of neural circuits. Alterations to these processes, at the molecular, cellular, or circuit level,
are likely to have significant and lasting impacts on both brain and behavior. Studies
examining long-term effects of early microglia function often use two approaches- genetic
deletions or mutation of microglia specific genes, or microglia depletion (Frost & Schafer,
2016; Paolicelli & Ferretti, 2017). Deletion or mutation of specific genes offers the ability to
study the native function of a particular protein; however, these models are often constitutive
mutants so lasting effects on parameters such as behavior become difficult to associate with
the deficient microglia function rather than an accumulated effect from a life time of
deficiency. Nonetheless, genetic mutants provide some of the most comprehensive and
compelling evidence to suggest that early microglial dysfunction impacts synaptic
maturation and later life behavior.

Genetic deletion of microglia-specific CX3CR1 (CX3CR1 KO) delays colonization of the
rodent barrel cortex, which normally occurs during a critical period for the maturation of
thalamocortical projections. As a result, glutamatergic synapse maturation is delayed
(Hoshiko et al., 2012). CX3CR1 KO mice also have fewer microglia in the hippocampus
postnatally, resulting in an abundance of immature synapses and delayed maturation of
synaptic structure and function (Paolicelli et al., 2011). In mature animals, these deficits
manifest as impairments in long-term potentiation, learning-dependent memory, social
interactions, and increased self-grooming behaviors (Rogers et al., 2011; Zhan et al., 2014).

Synaptic deficiencies and alterations in spine numbers are observed in other genetic mutant
models (Roumier et al. 2004; Kim et al., 2016) and are common phenotypes associated with
alterations in microglial function. Such deficiencies are corroborated by studies depleting
microglia to examine their role in modulating circuit function and behavior. Conditional
genetic microglia depletion in mature animals induces learning-dependent memory deficits,
likely through impairments in synaptic transmission and spine remodeling (Parkhurst et al.,
2013). Other behavioral impairments occur following pharmacological microglia depletion
using inhibitors of the colony stimulating factor 1 receptor (CSF-1R). CSF-1R is necessary
for microglia viability, and systemic treatment with its inhibitors achieves nearly complete
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microglia depletion, with no lasting microglia impairment following repopulation (Elmore et
al., 2014; 2015). Using this approach, adult mice depleted of microglia display deficits in
spatial memory and abnormal social behavior (Torres et al., 2016); however, the behavioral
effects of microglia depletion are reversed after microglia repopulate the brain (EImore et
al., 2015; Torres et al., 2016). Such a transient impact of microglial depletion on behavior
underscores the highly dynamic role microglia play. It seems that microglia not only
participate in synaptic refinement during critical periods of development, but also
dynamically modulate social and learning-dependent behaviors by altering synaptic
remodeling.

While the above studies underscore the importance of microglia in experience-dependent
modulation of synapses and behavior in mature animals, the functional outcome of
developmental microglia actions has received far less attention until recently. It now seems
that microglia have two very different, but complementary roles in the developing and
mature animal. At maturity, microglia facilitate experience-dependent synaptic remodeling
that has profound impacts on learning-dependent and social behaviors. Behavioral
abnormalities observed in these experimental conditions are limited to the period of
dysfunction or depletion, that is, they do not persist once microglia function is restored. In
development, however, microglia are far more important in facilitating the organization of
brain architecture with significant and lasting implications for later life behavior.

Selective microglia depletion during discrete epochs of development allows for the
assessment of how early life microglia function ultimately shapes the animal’s behavior later
in life. One approach for temporary depletion of microglia is intracerebral injections of the
dominant negative ATP analog, clodronate, packaged into liposomes for ready uptake by
phagocytosing cells (Buiting & Van Rooijen, 1994). This approach facilitates studying
microglia with more precise temporal control as it allows a rapid and transient depletion of
the microglia population.

Liposomal clodronate treatment of male and female pups on PNO, 2 and 4 reduces
microglial numbers by 50-80% within 24 hours with a full repopulation by PN10 (VanRyzin
et al., 2016). Temporary microglial depletion during development produces significant and
long lasting changes to various aspects of behavior in both sexes, which become apparent
within a short time period. Within days after depletion, treated pups display impaired nest
seeking behavior and reduced numbers of ultrasonic vocalizations, two ethologically
relevant early pro-social behaviors. By the end of the second postnatal week, once the
microglia had repopulated, clodronate-treated animals were hyper-locomotive compared to
controls. Once juveniles, prior depletion produced drastic reductions in innate fear and
anxiety-like behaviors, social, and working memory. When all of these behavioral alterations
are considered together, transient postnatal microglia depletion induces two primary
phenotypes- behavioral disinhibition and hyper-locomotion- which persist throughout life
(VanRyzin et al., 2016).

These findings are remarkably similar to those observed in a similar study, which found the
behavioral deficits after neonatal microglial depletion persist well into adulthood. Both male
and female adult rats displayed reduced anxiety-like and despair behavior when tested in the
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open field, elevated plus maze, and forced swim test (Nelson & Lenz, 2017). Together, these
data provide intriguing evidence implicating microglia in early life programming of various
affective behaviors. Future research is needed to dissect the microglial contribution to
establishing these behavioral circuits during early postnatal life.

While our findings in juvenile animals indicate sex-independent functions of microglia
during sensitive periods in development, sex-dependent reproductive behaviors in adults
require microglia in males but not females. Postnatal microglial depletion drastically reduces
the expression of adult male sex behavior, impairing both motivation and execution; females,
however, are completely unaffected and display normal proceptive and receptive behaviors,
indicating divergence in microglia’s roles in the formation of behavioral circuitry (VanRyzin
et al., 2016). Male-typical sex behavior requires microglia for appropriate development.
Insults (reductions in microglia number or alterations to microglia signaling) drastically alter
this trajectory (Lenz et al., 2013; VanRyzin et al., 2016). Yet the neural underpinnings of
female sex behavior appear to develop independent of microglia during this period. The
remarkable divergence in microglia involvement could provide a valuable vantage point for
identifying novel developmental pathways between the sexes.

CONCLUSIONS AND FUTURE DIRECTIONS

Recent advances in our understanding of how microglia regulate brain development have
shed light on a number of normal physiological processes that occur in a time- and brain
region-dependent manner. As we continue to investigate the molecular and cellular
interactions governing these processes, and how these developmental functions eventually
influence brain architecture and behavior, it is essential to consider sex as a factor in the
study of microglia and development. Similarly, studies on sex differences in brain and
behavior would likely benefit from the inclusion of microglia as a key factor.

Reframing the study of microglia and sensitive periods

How exactly might microglia mediate sensitive periods and sculpt sex differences in
development? Many studies focus on processes that appear to be specific and intrinsic to
non-microglial cells, and for good reason, as microglia make up only 5-15% of the total cell
population in the adult human brain (Pelvig et al., 2008; Lyck et al., 2009). Neurons,
astrocytes, and even oligodendrocytes constitute the majority of the brain; however, despite
their small number and size, microglia have asserted themselves as regulators of sensitive
periods in development.

Most sexually differentiated processes, such as neurogenesis and programmed cell death,
have thus far been studied without consideration of microglia. We now know that microglia
differ markedly between the sexes during development and play a larger role in these
processes than originally thought. If we are to better understand developmental processes in
the brain, particularly sexual differentiation, a greater focus must be placed on understanding
sex differences in the microglial colonization and morphology from a functional perspective.
Doing so is likely to uncover new and potentially sexually dimorphic functions of these
cells.
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Microglia themselves may be sexually dimorphic- that is, the very function of microglia may
be different between the sexes and perform different roles during developmental sensitive
periods. In these cases, microglial function may be the result of chromosome composition
(XY vs XX in mammals) or of developmental exposure to gonadal hormones. Gonadal
hormones may act directly on microglia or modify the local environment to elicit a sex-
dependent microglial response. Differentiating between these two possibilities is paramount
to understanding the generation of sex differences and how these processes may go awry. An
example of this is in the developing POA, where microglia in the male brain respond to a
hormonally initiated cascade of events which results in the subsequent masculinization of
the POA (Lenz et al. 2013). Both male and female microglia are similar in their ability to
participate in this cascade, as masculinization can be induced in females or disrupted in
males (Lenz et al. 2013, VanRyzin et al. 2016). Only after careful consideration of this
signaling cascade can we begin to see that microglia are the executioners, not the source, of
this phenomenon.

Alternatively, microglia may have completely differing roles in development between the
sexes. These cells may perform one function in the developing female brain and perform a
completely different function in the developing male brain to achieve a common endpoint.
Indeed, such a precedent exists in adult animals; microglia mediate mechanical pain
hypersensitivity in male mice, whereas female mice use T lymphocytes (Sorge et al., 2015).

Future Directions

As the study of microglia and sensitive periods continues to advance, it is important to
remember that each of these developmental processes may be affected by exogenous insult,
resulting in lasting changes in the brain. Early life stress, inflammation or immune
challenge, and even environmental insult can significantly alter microglial functions during
development (for reviews, see Bilbo & Schwarz, 2009; 2012; Paolicelli & Ferretti, 2017).
There is growing appreciation that these early insults not only disrupt early microglial
function, but may also impart lasting changes to microglial activity throughout life.
Enduring microglial alterations may be, in part, epigenetic in nature (Garden, 2013; Netea et
al., 2016). Epigenetic alterations to the microglia may program how these cells interact with
the brain later in life and have significant consequences for behavior. For example, neonatal
handling of rat pups induces long-term increases in expression of the anti-inflammatory
cytokine, interleukin-10 (IL-10), by decreasing microglia-specific /L-10gene methylation.
The increased anti-inflammatory signaling promotes resilience to the reinstatement of
morphine-induced conditioned place preference (Schwarz et al., 2011) and induces robust
down regulation of many pro-inflammatory genes in the nucleus accumbens in adulthood
(Lacagnina et al., 2017).

The X chromosome represents another convergence between immune function and
epigenetic regulation, as it contains a large number of immune-related genes (Fish 2008;
Bianchi et al., 2012). This makes X-chromosome inactivation essential to appropriate
immune function in females. To this point, inhibiting DNA methyltransferase activity in the
developing female POA results in a significant enrichment in immune-related genes (Nugent
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et al., 2015). These data suggest that epigenetic regulation by methylation serves to dampen
immune function in the developing female as a natural part of sexual differentiation.

The last decade has been enormously exciting in the arena of microglia investigation.
Tremendous strides have been made in elucidating fundamental principles of these
mysterious cells, along side startling and unexpected discoveries. The potential that
treatments and interventions specific to microglia will offer new and effective therapies is
growing in probability but it is clear there is still much to be learned about these small,
infrequent but oh so powerful cells.
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Figure 1. Sexual differentiation of the brain and behavior

A male fetus carries a gene on the SRY gene on the Y chromosome and this gene codes for a
protein called Testis Determining Factor which differentiates the biopotential gonad into
testes. The testes synthesize testosterone which is converted to estradiol in some areas of the
brain by the enzyme aromatase. In the preoptic area, estradiol exposure in males and females
ultimately triggers microglia to assume an ameboid morphology and begin producing

prostaglandin (PGE2) which acts on neurons to organize a 2-fol

d higher synaptic density

pattern that is necessary for male copulatory behavior later in life. Post-puberty and in
adulthood the organized (masculinized) POA is activated by circulating gonadal steroids to

enable male sexual behavior.
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Figure 2. Microglial morphology isvariable during thecritical period for sexual differentiation
Microglia originate in the yolk sac and migrate into the brain during embryogenesis. These

cells are capable of morphological plasticity at all stages of life during and after insult.
Under normal conditions, however, microglia exhibit an especially dynamic array of
morphologies during the critical period for sexual differentiation of the brain. These
morphologies range from (left to right above) ameboid, stout, transitioning, ramified and
phagocytic. The critical period for sexual differentiation of the brain is defined by the surge
in testicular hormones and their metabolites in males perinatally. Sex differences in
microglial morphologies during the critical period have been identified in many regions of
the brain, however, these differences often disappear, or are even reversed, at the close of the
critical period for sexual differentiation.
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Figure 3. Microglia modulate sexually differentiated endpoints
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During the critical period for sexual differentiation microglia help to modulate fundamental
processes from cell genesis to migration, differentiation, synaptogenesis and cell death, all

of which differ in males and females in at least one brain region. Abbreviations: CR3,

complement receptor 3; DAP12, DNAX-activation protein 12; Insulin-like growth factor 1;
IL, interleukin; LIF, leukemia inhibitory factor; NF-kB, nuclear factor-kappaB; NGF, nerve

growth factor; Tim-4, Tcell, immunoglobulin, mucin 4.
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