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Abstract

Microglia are the resident immune cells in the brain and maintain homeostasis and functionality of this tissue. These cells
are key producers of immune mediators, such as cytokines and chemokines, are critical for normal brain development,
and affect neurogenesis, axonal migration, synapse formation and function, and programmed cell death, among others.
Sex differences exist in many of these processes throughout brain development up to adulthood and the aged brain. In
the last few years, sex differences in microglia responses, brain colonization, and number and morphology within the
developing brain have drawn the attention of researchers as a potential explanation to the sex differences in the brain
and due to their potential relevance in the incidence, prevalence, and outcome of many neurological disorders. In this
review, we summarize the sex differences of microglial cell functions and their potential relevance in physiological as well
as pathological conditions in the brain.
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INTRODUCTION

There is a differential sex-susceptibility, penetrance, and outcome in neurological disorders. An important
inflammatory component goes along with these disorders, and microglia, the immune resident cells of the
Central Nervous System (CNS), play a pivotal role in the triggering and resolution of neuroinflammatory
processes. As the main regulators of immune responses in the CNS, they have come into focus recently
due to their potential contribution to the sex differences found in neurological disorders. In this review,
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we aim to summarize the sex differences in functional responses of microglia described thus far and their
relevance in pathology.

MICROGLIA

Microglia represent 10%-15% of the cells in the brain”. In recent years, microglia functions have
extensively widened, ranging from mere local immune defense of the CNS to being key players in brain
development and physiology. They have been shown to regulate dynamic surveillance of the environment
through their active processes, maintaining homeostasis and modulating neuroinflammation™, They also

5,7-10]

mediate phagocytosis and clearance of debris and apoptotic cells in disease and neurogenic niches™""",
shape brain development through synapse pruning, and allow brain wiring of neuronal circuits"""".

Unlike most cell types in the CNS, microglia proceed from myeloid precursors that migrate from the
yolk sack to the CNS in early embryological stages [Embryonic Day 8.5 (Es.5)]™", before the closure
of the blood-brain barrier, which occurs around E13-E14.5 in mice"*""". Interestingly, microglial brain

colonization during embryonic development is highly conserved across vertebrate species*"”.

Microglial lineage differs from that of macrophages, as it is driven by the cytokine macrophage colony
stimulating factor (M-CSF), as well as the transcription factors Pu.1, Irfs, and Sall1"****". Microglia are
self-renewed from local proliferation of CNS resident cells, and the turnover is relatively low in both
humans and rodents. This suggests that these cells are likely to be primed, or even have a memory, due
2 This microglia priming will be
determinant in their responses, both in physiological conditions and in disease'*”

to the different events they are exposed to through their lifespan

Microglia represent most of the fetal glial population, especially in early developmental stages[%]. Microglia
roles at this time are likely to be sex-specific as sex differences may arise as early as hematopoiesis in the
embryonic yolk sac or when CNS colonization occurs during early embryonic development”**. Moreover,
male and female microglia follow temporarily different trajectories during development””*”, Microglia
influence sexual differentiation; indeed, masculinization of the brain is dependent on the activation stage of
these cells”™*"*".

Fetal gonads develop early in development, and in males are fully active (except for spermatogenesis)
by mid to late gestation, showing a surge in fetal testis androgen production beginning the last few days
of gestation and enduring until shortly after birth in rodents. In primates, androgen production occurs
from the end of the first trimester and well into the second with another peak at birth****. Once in the
brain, testosterone (T) can be either aromatized to estradiol (E2) or 5-a reduced to dihyrdotestosterone
(DHT). Both T and DHT induce some masculine endpoints but it is E2 that is the dominant masculinizing
hormone in the rodent brain, through a prostaglandin E2 (PGE2)-mediated process"**. Morphologically,
in certain sex differentiated brain regions, such as the preoptic area, males have more microglia with an
“activated” morphology characterized by an increase in cell body size and a decrease in process length and

branching[”].

Recent studies have demonstrated that microglia density and phenotype vary between male and female
rodents in several brain areas”***, Mid adolescent changes lead to a higher blood flow in women
compared to men, which is maintained throughout life until the 60s, when this difference is milder.
These differences in blood flow may play a role in differential microglia density in certain brain areas™™*".
Despite this, not much attention has been paid to the relevance of sex differences in blood flow or
vasculature in differential microglia infiltration during fetal development. Subtle changes in the timing
and density of microglia arrival to certain brain regions, as a result of differential blood flow, would lead to

differential interaction of these cells with progenitors at different stages of microglia or neural progenitor
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Table 1. Sex differences in the incidence of neurological disorders in humans

Male brain Female brain

Autism Spectrum Disorders (4:1) Alzheimer's Disease (3:1)
Parkinson's Disease (3:1) Depression (2:1)

Attention Deficit Hyperactivity Disorder Anxiety (2:1)

Attention Deficit Hyperactivity Disorder (3:1) Multiple Sclerosis (2-3:1)
Schizophrenia (1.4:1)

Amyotrophic Lateral Sclerosis (1.6:1) Adult-onset neurological disorders

Early-onset neurological disorders

Most frequent neurological disorders in humans. Global prevalence of each disorder is shown in parenthesis as the ratio of men vs,
women (left side) or women vs. men (right side)

differentiation, resulting in sex specific microglia subpopulations in different brain areas. This is relevant
because microglia phenotypes vary across regions of the CNS, in disease as well as in physiological
conditions at different stages in life, especially in early development and aging, which are two critical life
stages for the appearance of neurological disorders, in both humans and rodents™**”

Sex differences in neurological disorders

There is an increasing concern for the real relevance of experimental results obtained in current research.
Experimental procedures are often done using only one sex, and results are often extrapolated to both
sexes without solid grounds. Several funding agencies, such as the European Commission, the Canadian
Institutes of Health Research, and the US National Institutes of Health, have tried to influence researchers
to integrate sex/gender not only in clinical research, but also in basic and preclinical research, especially
since they identified a sex bias in most clinical trials, usually done in male subjects, in which females are
under-represented, leading to mistreatment of women'***”. In the specific case of neurological disorders,
there is a well described sex bias in the prevalence, severity, progression, and outcome of these diseases
[Table 1], Therefore, there is a need of development, implementation, and prioritization of treatments
and preventive interventions specific for sex, age, and population to reduce the burden from these
disorders™.

Many early-onset neurodevelopmental disorders show a strong sex-bias toward males”™" while adult-
onset neurological disorders are female biased ™. As microglia play an important role in both sexual
differentiation of the brain and progression of most neurological disorders””***** it is critical to
understand how the dynamics and potential dysfunction of microglia at certain developmental points affect
the onset and progression of these disorders.

Women have a higher prevalence of Alzheimer’s disease (AD, 1.6-3:1 ratio compared to men)***,
autoimmune diseases such as multiple sclerosis (MS, 2-3:1 ratio)[57], or mood related disorders such

as depression or anxiety disorders (2:1)"). On the other hand, men are more prone to suffer from

Parkinson’s disease (PD, 3.5:1 compared to women)'*"
lateral sclerosis (ALS, 1,6;1)[“’“1

disorder (3:1) (67701

, motor neuron disorders such as amyotrophic
, autism spectrum disorders (ASD, 4:1)'°"*"), attention deficit hyperactivity

, or schizophrenia (1.4:1)[71’72].

Beyond the prevalence of these disorders, women show greater cognitive decline than men with AD"”
and a slower rate of decline when suffering from PD'***"". In this line, women show increased severity of
depression or anxiety disorder symptoms, and men show earlier onset of schizophrenia and more severe
symptoms along with worse response to antipsychotic drugs than women®***”""_ On the other hand, men
suffering from MS have a faster progression of the disease than women””", and women suffering from
ALS have worse survival rates than men'**".,
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Microglia and sexual differentiation of the brain

Sexual differentiation of the brain is orchestrated by sex chromosomes, gonadal hormones, and early
postnatal environment. X chromosome contains the largest number of immune-related genes in the human
genome, including Toll-like receptor pathways (BTK, IRAK1, and IKKy) and microRNAs involved in

. . [76-78]
immune regulation

X chromosome inactivation to match gene expression levels between males and females is not random,
as previously thought. Indeed, it is the paternal X chromosome that is consistently inactivated in neonatal
brains™”. Fifteen percent of the genes in the X chromosome, particularly immune-related genes such as
toll-like receptor 7 (Tlr7), escape inactivation in females™”*". TLR7 is implicated in miRNA-mediated
increased TNFa release, and different expression of TIr7 in females may contribute to intrinsic differences
in immune response'*”. Therefore, male and female microglia are differentially influenced by these factors
since early developmental stages"”

Sex hormones are likely key players in microglia sexual differentiation, independently of their genetic
background. Microglia physiologically express steroid hormone receptors, and are therefore sensitive to
the effects of both estrogens and testosterone'™”. Indeed, hormones are necessary to establish initial sex

1. showed that masculinization of female brain at E2 in mice

differences in microglia. Studies by Villa et a
resulted in transcriptionally male microglia in adulthood in those females. Indeed, once differentiated,
microglia retain their sex-specific transcriptional profiles even after transplantation into the brain of the

opposite sex in adulthood™”.

Interestingly, young adult female microglia maintain their sex differences in the absence of hormones,
as their transcriptome is not drastically affected after ovariectomy™". However, hormone depletion in
aged female mice (over 13 months old) induces profound transcriptome changes in these cells, with
increased inflammatory phenotypes'****. Further studies are required to determine if changes in circulating
hormones during aging are responsible for these differences. It would be especially relevant to determine
the relevance of this in the incidence of neurodegenerative disorders in women, as these often appear in the
postmenopausal period.

In addition, early pre- and postnatal environment is key in the sexual differentiation of the brain.
Development at this point involves rapid myelination of neuronal fibers and synaptogenesis, arborization,
and pruning. This time of extensive growth is also a critical period where environmental factors, such
as nutritional factors (folate and palmitic acid), early postnatal stress, or smoking, can influence optimal
CNS development[”’“]. Indeed, some functional sex differences in early postnatal microglia are lost upon
exposure to palmitic acid"”.

Basal sex differences in microglia functional responses

There are well described sex differences in microglia in the male and female brain. These differences
range from cell density and morphology to different transcription profiles and functions. Transcriptomic
data have shown that microglia transcriptome during brain development is characterized by temporal
maturation steps that follow different trajectories in males and females: male microglia are developmentally
delayed compared with female microglia, starting from E18"""". Besides, the maturation process has
features that resemble the pro-inflammatory activation programs typical of adult cells. This is of special
relevance, as it suggests a higher sensitivity to inflammatory events in male microglia, which could lead to a
faster aging of these cells and affect the risk of disorders™ [Figure 1].

Microglia density varies significantly across different subregions in the brain in a spatiotemporal fashion. In
early developmental stages, microglia density in specific brain areas such as the hippocampus is higher in
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A MALE MICROGLIA = FEMALE MICROGLIA

Higher Migration Capacity Higher Phagocytic Capacity
More Reactiveness Higher expression of phagocytosis receptors
Enlarged soma Higher expression of cellular repair and
Higher MHCI, MHCII, P2Y12 expression inflammatory control genes

Figure 1. Physiological sex differences in male and female microglia. A: male microglia have an enlarged soma and more reactiveness
in physiological conditions than female microglia. These cells have more pro-inflammatory responses, higher migration capacity, and
enhanced MHCI, MHCII, and P2Y12 constitutive expression; B: female microglia, on the other hand, have a higher phagocytic capacity
and higher gene expression of cell repair and inflammatory control genes

female brains, whereas it is higher in the amygdala in male brains. Other areas, such as the cortex, striatum,
and cerebellum, show similar densities in both sexes at these stages. At later developmental stages (early
adulthood), there is a higher microglia density in the cortex, hippocampus, and amygdala of male brains,
while there are no differences in the striatum and cerebellum®*”.

Similar to cell density, significant regional heterogeneity has also been found in microglial structural

complexity. During development, the soma size of female microglia is larger in the cortex, hippocampus,
. . . . . . [39,92] .

and amygdala, while there were no changes in microglia size in other areas™ . However, in adult stages,

male microglia show enlarged somas throughout the brain"”

Microglial phagocytic activity has been shown to be enhanced in early postnatal female microglia
compared with males in both mice and rats***”. On the other hand, male microglia show a higher P2Y12
receptor expression and higher motility capacity at this time"***, Interestingly, male microglia also show
higher MHCI and MHCII expression, as well as enhanced P2X receptor-mediated signaling, which are
indicative of more reactiveness than female microglia already under physiological conditions" [Figure 1].

Functional sex differences in microglia may have important functional consequences for disease
progression. It is likely that each sex uses different mechanisms to achieve similar baseline functional states
adapted to their sex-specific environments, and therefore microglial cells would have equivalent cellular

functionality regardless the sex™.

Recent work has shown that microglia contribute to sex differences in social behavior® and further
research will determine to what extent microglia partake in the brain sexual dimorphism. How such

intrinsic differences contribute to disease susceptibility also remains to be elucidated”**”

Sex differences in microglia responses in disease
Microglia dysfunction is implicated in every single brain disease. Unveiling microglia functional sex
differences in non-physiological states may explain differences in disease susceptibility that result from sex-
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specific inefficient responses. Sexual differentiation of the brain during early development likely underlies
the strong sex biases prevalent in many neurological conditions, as they acquire their sex specific identity
early in development, which persists during the injury response”™”’. Therefore, studying sex differences in
this context could shed some light on sex-specific disease mechanisms.

Beyond the neuroprotective effect of estrogens per se”**””, RNA-seq analysis revealed that female microglia
express more genes involved in cellular repair and inflammatory control than male microglia, which likely
contributes to a more favorable outcome in several injuries””. Besides, recent studies have shown that
male microglia seem to be more reactive already under physiological conditions as well as have a shorter
lifespan™’. For example, female microglia show a higher mRNA expression of Shank 3, Fxyd1, Aqp1, or
Timp3 and a decreased mRNA expression of Akt1is1, Trem1, S100a9, or Cxcl2, as well as decreased NF-«B
activity levels, compared to male microglia"”.

Sex differences in microglia immunomodulatory response to lipopolysaccharide (LPS), a potent pro-
inflammatory agent, have been studied both in vitro and in vivo, and in both conditions male microglia
display a higher immune response of male microglia after LPS stimulation***", which is accompanied by
greater IL-18 mRNA and MHCI/II expression in male microglia, and decreased CD14 mRNA expression

in female microglia[”’%].

Mouse models of forebrain or focal ischemia have shown that young adult female mice and rats sustain
lesser injury than males” ", Moreover, female microglia display a neuroprotective phenotype in ischemic

stroke; indeed, when transplanted in male brains, they protect them from this disease™”

Something important to keep in mind is that different subsets of microglia respond to various insults such
as aging or immune challenges differently. Microglia can be classified into gene expression clusters through
the lifespan of the individual. For example, on Postnatal Days 4 and 5, female microglia are enriched
for the genes Cd74, chemokine (C-C motif) ligand 24 (Ccl24), and Argl[m]. Interestingly, as the brain
ages, there is a progressive expansion of clusters that typically have few very cells in adolescent and adult
samples, which are enriched in inflammatory genes and are more responsive to interferon"*”’. Combination
of deep single-cell transcriptome analysis, fate mapping, clonal analysis, in vivo imaging, and transgenic
mouse lines have allowed the identification of microglia subsets in different CNS compartments during

[102-104]

neuroinflammation

Single-cell sequencing of microglia in an Alzheimer’s disease mouse model revealed a unique AD-related
microglial phenotype, generated by a two-step process involving triggering receptor expressed on myeloid
cells 2 (Trem2). Activation is initiated in a TREM2-independent manner involving downregulation of
microglia checkpoints, followed by activation of a TREM2-dependent manner*”. The relevance of sex in
these unique microglial subsets such as disease-associated microglia remains to be elucidated.

Interestingly, some genes have been linked with sex-specific phenotypes in the case of AD. One such gene
is Apoe, which codes apolipoprotein E (ApoE), a modulator of the CNS immune system that can have
differential outcomes on microglial function depending on the variant™*"”. The g4 variant of the gene,
which is expressed more strongly in females, has been linked with a higher risk of developing late-onset
[56,108,109

AD in humans |, Microglia are a major source of plaque-associated ApoE, which is modulated by
TREM2 in AD mouse models™"”.

A sex-specific differential expression of Apoe in disease associated microglia has been found in a mouse
model of ALS"**"""""* Microglia isolated from female aged mice also have upregulation of ApoE transcripts
compared to males""”. Overall, these findings suggest that ApoE is a gene that could partially explain the
sex differences found in AD and maybe other neurodegenerative disorders.
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CONCLUSION

Hormonal and genetic environments determine microglia fate to be sex-specific. There are several sex
differences in microglia physiology, distribution throughout the brain, functional responses, transcriptional
profiles, and sex chromosome composition. Some of these are maintained throughout the lifespan of the
individual; however, most of them are dynamic and vary over time. As microglia play a key role in every
neurological disease, it is likely that the differences they present contribute to sex differences in the course
and incidence of these disorders. Therefore, sex differences in microglia are a new and promising research
field to explain the differences in neurological disorders in humans and potentially lead to sex-specific
strategies to treat these patients.
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