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One area of microglial biology that has been relatively neglected until recently is sex
differences and this is in spite of the fact that sex is a risk factor in several diseases
that are characterized by neuroinflammation and, by extension, microglial activation.
Why these sex differences exist is not known but the panoply of differences extend to
microglial number, genotype and phenotype. Significantly, several of these sex-related
differences are also evident in health and change during life emphasizing the dynamic
and plastic nature of microglia. This review will consider how age impacts on sex-related
differences in microglia and ask whether the advancement of personalized medicine
demands that a greater focus is placed on studying sex-related differences in microglia in
Alzheimer’s disease, Parkinson’s disease and models of inflammatory stress and trauma
in order to make true progress in dealing with these conditions.
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INTRODUCTION

Several diseases are marked by differences in incidence, symptoms and progression between
males and females and sex is an acknowledged risk factor in diseases that are characterized
by neuroinflammation, including autism spectrum disorders (ASD) Alzheimer’s disease (AD),
Parkinson’s disease (PD), multiple sclerosis and migraine (Morgan et al., 2010; Hanamsagar
and Bilbo, 2016; Airas et al., 2018; Lecours et al., 2018; Navarro et al., 2018). This sex-related
difference is unexplained at this point although studies have provided detailed descriptions of
differences in microglial number and morphology, microglial gene signature, microglial phenotype
including electrophysiological properties, and microglial function including phagocytosis and
antigen presentation which shift during early life, with age and in different pathologies (Guneykaya
et al., 2018; Crespo-Castrillo and Arevalo, 2020).

In the past decade or so, particularly with the development of newer techniques, it has become
clear that the simplistic view of microglia being “activated” or not, does not reflect the multiple
states that the cells can adopt. Instead, attention must be paid to the stimulus that triggers microglial
change and a more precise description of the change that includes not only traditional markers of
activation but also cell function. While there is a growing appreciation of the need to address these
complexities in current and future studies, a great deal of the literature to this point, including that
cited in this review, describes microglia as being activated when they adopt a different morphology,
and/or express markers of activation, and/or demonstrate a change in function. Therefore the term
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“microglial activation” is used here but, as far as possible,
qualified with a description of the change described by authors.

SEX DIFFERENCES IN MICROGLIA
THROUGHOUT LIFE

Embryonic and Early Postnatal Life
A number of groups have highlighted sex-related differences
in microglial numbers in the early postnatal period which
are greater in several areas of the male brain including cortex
and hippocampus at P4 (Schwarz et al., 2012). At P20 no
sex-related difference in Iba1+ cell numbers were identified
(Thion et al., 2018) while by P30, microglial numbers were
increased in the brain of female rats (Schwarz et al., 2012).
Analysis of markers of microglial activation suggested that
female rats generally exhibited a more activated phenotype
at P0 and a less activated phenotype at P4 than males. By
P30 and P60, microglia had developed processes but a sex-
related difference in morphology persisted whereby cells
from females had thicker longer processes (Schwarz et al.,
2012). It has been proposed that the testosterone surge,
which occurs in the early post-natal days, is responsible
for the differences in number and activation state of
microglia in males and estradiol eliminated this sex-related
difference, at least in the pre-optic area in P2 male rats
(Lenz et al., 2013).

The evidence also indicates time-related and sex-specific
changes in phagocytic function. The number of phagocytic cells
is greater in P2 (Nelson et al., 2017) and P8 (Weinhard et al.,
2018) females, compared with males, and this was eliminated
by treatment with estradiol (Nelson et al., 2017), but the
evidence suggests that, by p28, phagocytic function is greater
in microglia from males (Weinhard et al., 2018). In primary
neonatal microglia, however, basal phagocytic activity was greater
in females compared with males (Yanguas-Casas et al., 2018).
The sex-related difference in phagocytosis was accompanied
by increased expression of phagocytic genes notably Cd68 and
Triggering Receptor Expressed on Myeloid cells (Trem)2. The
microglia specifically phagocytosed neural progenitor cells and
it was proposed that, ultimately, this may mean reduced cell
proliferation in females.

Recent studies using RNAseq to describe microglia in
embryonic development and early life have reported conflicting
findings. On the one hand, bulk RNAseq analysis identified a
low number of differentially expressed genes in male and female
E18.5 mice but showed that expression of genes associated with
apoptosis and the inflammatory response, particularly interferon-
stimulated genes, was higher in microglia from E18.5 female
mice compared with males (Thion et al., 2018). At a slightly
earlier age, E14.5, single cell RNAseq revealed no changes in the
microglial transcriptome between male and female mice and no
differences were found also at P4/5 (Hammond et al., 2019). Gene
Ontology (GO) analysis at P20 revealed that genes described
by terms such as “inflammatory response,” “immune response,”
“immune system processes,” and “response to lipopolysaccharide
(LPS)” were upregulated in microglia from females compared

with males and this was interpreted as indicating that microglia
are in a more primed state in females at this age (Thion
et al., 2018); this is perhaps also reflected in the morphological
changes that have been described at this age (Schwarz et al.,
2012).

While the sex-related differences and very plastic nature
of microglia in embryonic and early life are profound, a
full understanding of the impact of these changes in infancy,
adulthood and beyond remains a challenge. This is complicated
by the knowledge that microglia in different brain areas
have different signatures (Bordt et al., 2020), highlighting
the need for caution in interpretation of findings derived
from bulk analysis of microglia. However there is a good
deal of evidence indicating that disturbances in microglial
dynamics, arising from stressors including infection, during
this period correlates with sex-related differences in disorders
like ASD and schizophrenia; several excellent reviews have
considered this (Ellman and Susser, 2009; Mccarthy and Wright,
2017; Bilbo et al., 2018; Ardalan et al., 2019; Bergdolt and
Dunaevsky, 2019). However microglial activation persists into
young adulthood (Suzuki et al., 2013) and inflammatory changes
have been confirmed in the postmortem brain of individuals
with ASD (Li et al., 2009; Tsilioni et al., 2019) suggesting
that these ongoing changes may also contribute to ASD, as do
environmental factors.

Autism spectrum disorders is heritable and genetic analysis
has identified disruption in genes that control protein synthesis
(De La Torre-Ubieta et al., 2016). A recent study reported
that increasing protein synthesis, by overexpressing the
translation initiation factor eIF4E in microglia, resulted in
ASD-like behaviors in male mice but not females (Xu et al.,
2020). The increase in proteins synthesis triggered a shift
from the homeostatic state, altered microglial morphology
and reduced motility which, the authors suggested was
responsible for the higher spine density, reduced synapse
size and altered synaptic function. The important role of
microglia in sculpting the central nervous system (CNS)
and neurons in particular suggest that alterations in their
function such as these may significantly contribute to the
neuroanatomical differences that have been described in
ASD. Identifying the causes of ASD is not simple but
pursuing a greater understanding of sex-related differences
in microglial dynamics, in the hope that strategies for
reducing the impact of the disorder might be identified,
should be a focus.

Sex Related Differences in Microglia
Persist in Adult Animals
Sex-related differences in microglial phenotype endure into
adulthood. Guneykaya et al. (2018) reported that microglial
density, and cell body volume, were increased in hippocampus
of 13-week-old male mice compared with females, while the
opposite is the case in 3-week-old mice. This group also reported
that microglia from male mice had higher antigen-presenting
properties, as indicated by increased expression of MHCII,
whereas phagocytic activity of microglia was similar in males
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and females. Marked sex-related differences in gene expression
were identified in microglia prepared from hippocampus
and cortex and GO analysis showed that, in hippocampus,
overexpression of genes in males was linked with the terms
“defense response to bacteria,” “insulin receptor pathway,” and
“glia cell differentiation,” whereas genes related to the terms
“GABA and glutamate receptor activity,” “ubiquitin protein
expression,” and “magnesium iron transport” were overexpressed
in females (Guneykaya et al., 2018). In contrast, proteomic
analysis determined that interferon regulatory factor (Irf)3 was
enriched in microglia from female mice (Guneykaya et al.,
2018) consistent with the finding that these cells are more
responsive to interferon (IFN) activation (Thion et al., 2018),
and this was also suggested by RNAseq analysis in isolated
microglia (Gal-Oz et al., 2019). One interpretation of this is
that the differential alertness of the female immune system
renders it less vulnerable to pathogen-associated molecular
pattern (PAMPs) but more reactive to other stimuli that
could induce an excessive inflammatory response, an argument
that has been used to explain the neuroinflammation that
seems to be at the heart of the pathogenesis of some
neurodegenerative diseases. In short, responsiveness of microglia
to stimuli appears to be sex-dependent in adulthood as
it is in earlier life, and the evidence indicates that the
plasticity and dynamic nature of these cells persists with
time. Some of these sex-related changes are illustrated in
Figure 1.

RNAseq, carried out on microglia from pooled brain samples
of slightly older, 3 month-old mice, revealed that genes expressed
in brains from male mice reflected inflammatory processes (Villa
et al., 2018) broadly agreeing with the findings summarized
above. In this study, genes from female brains were more
associated with morphogenesis, development and cytoskeletal
organization suggesting that tissue repair is a particular function
of microglia from females. Interestingly, the reparative phenotype
that typified microglia from female mice persisted when
transplanted into the brain of male mice following ischemic
injury (Villa et al., 2018).

Evidence of Sex-Related Differences in
Microglia With Age
While there is a wealth of information relating to age-related
changes in microglial activation, phenotype and function and
associated increases in inflammatory mediators, to date there
has been limited focus on evaluating sex-related differences
that occur with age.

Analysis of changes in microglial numbers with age fails
to provide a consensus perhaps because of the likelihood
of brain area-specific changes, even in subfields of particular
structures. For instance, no age-related change was observed
in the hippocampus (Vanguilder et al., 2011) but, when area
CA1 was assessed, an age-related decrease in cell was observed
(Hayakawa et al., 2007). Sex is also a variable since the numbers
of microglia in CA1 and dentate gyrus of aged females mice
was greater than young female mice and aged male mice
(Mouton et al., 2002).

Sex-related differences in gene expression in microglia have
also been identified. Mangold et al. (2017) reported that age-
related changes occur earlier, and are more profound, in
hippocampus prepared from female mice compared with males.
Transcriptomic analysis in hippocampal tissue from 3, 12 and
24 month-old mice, interrogated by Ingenuity Pathway Analysis
(IPA), identified marked upregulation in microglia-specific genes
that are indicative of inflammatory processes, components of the
complement cascade and the microglial sensome, in tissue from
aged female mice (Mangold et al., 2017; Figure 2A). Analysis
of changes in microglia isolated from 24-month-old animals
revealed that there was a significantly higher expression of Spp1,
Gpnmb, Lgals3, Apoe, Ccl3, Clec7a, and Ccl4 in cells from females
compared with males (Kang et al., 2018), genes that identify
activated/primed microglia (Holtman et al., 2015).

In contrast, single cell RNAseq in younger, 9-month-old,
mice identified marked enrichment of some of these genes and
others involved in immune modulation and phagocytosis (e.g.,
Lpl, Cst7, Spp1, Tyrobp, Cd9, and Cd63) in males compared
with females (Kodama et al., 2020). Two clusters of genes were
increased in cells from females; one of these was enriched in
homeostatic genes like P2ry12, Tmem119, Hexb, and Sall1 but
the second was enriched in genes that have been reported in
microglia from models of AD (Keren-Shaul et al., 2017; Sala
Frigerio et al., 2019) and multiple sclerosis (Jordao et al., 2019)
and these included Apoe, Ms4a7, Klra2, Clec12a, and Mrc1. Thus
there are apparent contradictions in the literature describing
age-related microglia but, as in the case of cell numbers, it
is likely that sex and brain area significantly contribute to
the differences, as well as methodological factors like tissue
preparation and analysis.

In humans, aging is marked by changes in gene expression
profiles that are brain area-specific with perhaps the most
pronounced changes identified in the hippocampus and
entorhinal cortex (Berchtold et al., 2008). These authors reported
sex-related differences in gene expression in frozen unfixed
tissue obtained from individuals aged 20–99 years. In males, the
greatest changes occurred in the 6th and 7th decade of life while
the most significant changes observed in females were after the
age of 80. Genes related to inflammation and immune function
were upregulated in tissue from both males and females but the
upregulation was markedly greater in females mimicking the sex
differences in inflammation in mice (Mangold et al., 2017) and
the previous observation that upregulated genes in the aged brain
were mostly of glial origin (Erraji-Benchekroun et al., 2005).

It is interesting that, although mRNA expression of
estrogen receptor (ER)α and ERβ was unchanged with age
in hippocampus of male and female mice, ER transcriptional
activity, using the estrogen response element (ERE)-Luc
reporter mouse, indicated age-related decreases in several
brain areas including hippocampus that were exacerbated
by ovariectomy in female mice (Benedusi et al., 2012). The
authors described increases in expression of inflammatory
markers that accompanied these changes and suggested a
causal link between the age-related decrease in ER activity
and neuroinflammation. Ovariectomy also increased the
expression of several markers of microglial activation in rats
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FIGURE 1 | Microglial plasticity is characterized by dynamic changes in early life. Several changes in microglia during development and early life are sex-related. For
example. Whereas no marked differences (identified in green) between females and males were identified at E14.5 and E17, at E18.4 changes that were indicative of
inflammatory microglia were evident in female, but not male, mice and cells from female mice were more responsive to LPS. By P0, microglia from female mice were
more phagocytic and amoeboid (identified in red) but were less responsive to LPS than male mice, suggesting that microglia from female mice may be desensitized
to at least some inflammatory stimuli. At P1/2, microglia from male mice (identified in blue) were more motile and more responsive to IFNγ. The timeline to P90, as
indicated, is marked with sex-related differences in microglia number and/or function and/or inflammation. References: 1Schwarz et al., 2012; 2Guneykaya et al.,
2018; 3Thion et al., 2018; 4Nelson et al., 2017; 5Yanguas-Casas et al., 2018; 6Weinhard et al., 2018; 7Hanamsagar et al., 2017; 8Villa et al., 2018; 9Loram et al.,
2012; 10Gal-Oz et al., 2019; 11Hammond et al., 2019.

(Sarvari et al., 2012) some of which were also increased in
post-menopausal women.

SEX DIFFERENCES AND MICROGLIA:
NEURODEGENERATIVE DISEASE

Sex Differences in Alzheimer’s Disease
Sex differences is a feature of several diseases, including
neurological diseases. In the case of AD, the prevalence of the
disease in individuals over 65 years is 2–3 times greater in
women than men and sex-related differences in pathology and
behavior have been reported. For instance, hippocampal atrophy
is worse and progresses more rapidly in women than men
(Sinforiani et al., 2010; Ardekani et al., 2016), while semantic
memory, specifically naming items, is also reported to be more
profoundly affected in female AD patients compared with males
(Laws et al., 2016). These authors also reported a similar sex-
related difference in four other cognitive domains, non-semantic
memory, episodic memory, verbal and visuospatial memory. In
contrast to AD, a recent metanalysis revealed that there was
no significant difference in incidence or prevalence of mild

cognitive impairment (MCI) in females compared with males
(Au et al., 2017) although a significant increase in prevalence of
non-amnestic MCI in females was identified.

The reasons for sex-related bias in AD remain to be identified
but sex chromosomes are clearly a factor and it has been reported
that X chromosome loss in female (Yurov et al., 2014) and Y
chromosome loss in males (Dumanski et al., 2016) were both
associated with increased risk of AD. Other contributory factors
are sex hormones and genotype (Guo et al., 2021), and there
is little doubt that the influence of hormones on AD risk is
significant given the well-rehearsed neuroprotective effects of
estrogens in aging and injury which have been comprehensively
reviewed (Zarate et al., 2017; Duncan, 2020; Kovesdi et al., 2020).

In the context of genes, it is known that the ε4 allele of
the apolipoprotein E4 gene (APOE ε4) increases the risk of
developing AD to a greater extent in women than men (Altmann
et al., 2014) but ACE (Crawford et al., 2000) and BDNF (Li
et al., 2017) have been reported to be female-specific risk genes
for AD, while variants in LINC00290, MPO, NGFR, SERPINB1,
TFAM, and ZBTB7C also confer increased risk of disease in
females (Gamache et al., 2020; Prokopenko et al., 2020). Variants
in RELN confers greater risks in males (Feher et al., 2015),
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FIGURE 2 | Age- and Sex-related changes in microglia in age and models of AD. (A) Microglial phenotype changes with age in a sex-dependent manner.
Transcriptomic analysis revealed that genes indicative of immune modulation and phagocytic function are upregulated in 9-month-old male, compared with female,
mice1. At 24 months of age, transcriptomic analysis indicates that microglia from female mice exhibit greater upregulation of genes including those indicative of
inflammatory processes and primed microglia than microglia from male mice1,3. (B) Changes in the microglial transcriptome that occur with age in models of AD
include downregulation of genes that are described as homeostatic5,6 and genes that modulate neurotrophins4 and TGFβ7, together with upregulation of genes that
are described as DAMs5, ARMs6, IRMs6, primed4 and MGnD-related7; sex-related changes were not reported in these studies. From 6 months of age, there was
evidence of a change in expression of microglial markers8 and a faster transition toward the microglial genotype described as ARMs/IRMs in female APP/PS1 mice
compared with males6. Microglia from 18 month-old female APP/PS1 mice were glycolytic and exhibited upregulation of genes that are indicative of
inflammatory/immune processes9 whereas amoeboid and phagocytic microglia were increased in 18 month-old male APP/PS1 mice compared with females9.
DAM, disease-associated microglia; ARM, Activated response microglia, IRM, interferon response microglia; MGnD, microglial neurodegenerative phenotype.
References: 1Kodama et al., 2020; 2Mangold et al., 2017; 3Kang et al., 2018; 4Holtman et al., 2015; 5Keren-Shaul et al., 2017; 6Sala Frigerio et al., 2019;
7Krasemann et al., 2017; 8Gallagher et al., 2013; 9Guillot-Sestier et al., 2021.

while a sex-specific epistasis between variants of WWC1and
TLN2 was observed in male AD patients and this translated
into identification of a novel protein-protein interaction that
may reflect destabilization of actin filaments (Gusareva et al.,
2018). The list of sex x genotype interactions is growing as
family based designs coupled with whole genome-sequencing
becomes the norm and the emerging evidence emphasizes
the importance of studying sex-specific differences in disease
causation with the prospect of ultimately identifying sex-specific
therapies, but perhaps also considering genotype. In this regard,
it is interesting that intranasal administration of insulin to MCI
and AD patients improved cognition, particularly APOE e4-
negative males, but not exert any effect in females (Claxton
et al., 2013). The importance of the age x sex x APOE has
been emphasized in a recent study; age exerted a particularly
striking effect on the Trem2/Tyrobp gene network impacting on
microglial phenotype/function while APOE markedly Serpina3n
gene expression that ultimately exerts control over inflammatory
and complement cascades (Zhao et al., 2020).

Although there is no effective treatment for AD or for
MCI, animal studies continue to offer potential therapeutic
avenues including insulin (Mao et al., 2016) and donepezil

(Buccafusco et al., 2003). As recently reviewed (Honarpisheh and
Mccullough, 2019) and, although not entirely consistent, there is
some evidence that women AD patients may be more sensitive
to both donepezil and rivastigmine than men, and that there may
be sex-related differences in response to memantine and statins.
As pointed out in the review, there is a paucity of data addressing
sex-related analysis of drug efficacy in AD.

Microglia and Sex Differences in
Alzheimer’s Disease
Sex-Related Differences in Differentially Expressed
Genes in Microglia: Evidence From Human Studies
Recent studies have attempted to identify a microglial gene
signature in healthy aging as well as in disease using
the established microglial marker, TMEM119 and a cell-
mapping tool, CellMapper. Thirty microglia-specific genes not
previously identified were found to be enriched in several
areas of the healthy human brain, including in areas that are
susceptible to AD; these included TREM2, TLR7, CSF2RAC3,
and C1QB (Bonham et al., 2019). These authors determined
that there was marked dysregulation of microglial genes in
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human tissue from AD patients, particularly in temporal
cortex, parahippocampal gyrus and inferior frontal cortex.
The changes were more profound in females compared
with males in some (e.g., temporal cortex and cerebellum),
but not all (e.g., in parahippocampal gyrus, inferior frontal
gyrus), brain areas.

Using single nucleus RNA sequencing, isolated nuclei
from prefrontal cortex of individuals with amyloid pathology,
generated > 80,000 droplet-based single nucleus RNA-seq
profiles in identified neurons and glia. Whereas the majority
of differentially-expressed genes (DEGs) were downregulated
in neurons, they were generally upregulated in glia, including
microglia; many were specific to AD and not identified in
microglia prepared from samples of aged control individuals
(Mathys et al., 2019). Perhaps predictably, upregulation of genes
transcripts involved in inflammatory processes and immune
activation was identified in AD samples and included genes
linked with higher risk of developing AD including TREM2
and PICALM. Other microglial genes that were upregulated
overlapped with those identified in mouse models of AD
(see below) including CD74, APOE, LPL, and complement
and TLR family members, though species-specific differences
were identified. These authors assessed sex-related differences,
which revealed that AD-associated cell subpopulations were
enriched in samples from females and this included one category
of microglia. Sex-related differences in other cell types were
also found; for example, significant transcriptional activation
in oligodendrocytes correlated with pathology in males while
pathology in females was associated with a downregulation of
gene activity in neurons (Mathys et al., 2019).

Sex-Related Differences in Differentially Expressed
Genes in Microglia: Evidence From the Study of
Animal Models
Differentially-expressed genes have also been identified in
mouse models of AD and, using single cell RNAseq, microglia
with specific disease-associated signatures have been identified
in 5XFAD mice. These so-called disease-associated microglia
(DAM) are typified by a downregulation of genes indicative
of microglial homeostasis for example Tmem119, P2ry12,
and Cx3cr1, and an upregulation of genes recognized as
risk factors in AD like Apoe, Tyrobp, Trem2, Ctsd, and lpl
(Keren-Shaul et al., 2017).

Analysis of microglia prepared from WT and AppNL−G−F

mice of different ages identified clusters of cells expressing
different genes depending on age and genotype. A key finding
was that the population of activated response microglia (ARMs)
were markedly increased in aged AppNL−G−F mice compared
with young mice. Furthermore the switch from a homeostatic
signature toward the signature identified in ARMs occurred
more rapidly in female AppNL−G−F mice compared with males
(Sala Frigerio et al., 2019). This earlier sex-related change
is consistent with previous findings suggesting that markers
of microglial activation, amyloid deposition and behavioral
changes all occur earlier in female, compared with male, mice
(Gallagher et al., 2013).

A somewhat similar switch from a homeostatic to an activated
microglial profile, described as microglial neurodegenerative
phenotype (Krasemann et al., 2017), has been identified in
other animal models of AD including APP/PS1 mice (Holtman
et al., 2015; Krasemann et al., 2017). Induction of these cells
was triggered by engulfment of apoptotic neurons resulting in
upregulation of several genes indicative of activation including
Apoe; this upregulation was suppressed in APP-PS1:Trem2−/−
mice highlighting the importance of the TREM2-ApoE pathway
in the switch from homeostasis (Krasemann et al., 2017). In a
separate study, a particularly striking change in an ApoE-driven
network converging on CCL3 and CCL4 was observed in aged
mice, APP/PS1 mice and AAV-TauP201L mice and transcriptomic
analysis revealed upregulation of Cst7, Itgax, Gpnmb, Clec7a, Lpl,
Lgals3, Apoe, and Spp1, as well as Ccl3 and Ccl4 in these 3 cohorts
(Kang et al., 2018). While these studies did not assess sex-related
differences, a recent study from this lab demonstrated increased
expression in genes described as ARMs/DAMs in microglia
from female APP/PS1 mice compared with male APP/PS1 mice
(Guillot-Sestier et al., 2021; Figure 2B).

While TREM2 plays an important role in controlling Apoe
expression in microglia, multiple other roles have been ascribed
to it. It controls glial survival and death, regulates chemotaxis
and, in models of AD, phagocytic function and cell responses
to inflammatory stimuli, and it also controls accumulation
of microglia around plaques (Jay et al., 2017). With respect
to the latter, it has been proposed that microglial-plaque
association may be protective because forming such a barrier
may reduce extension of Aβ fibrils from the plaque and thereby
limit or prevent neuronal damage (Zhao et al., 2017). The
TREM2-dependent interaction between plaques and microglia
is affected by sex, at least in 5xFAD mice with APOE3
knock-in. In these mice, Iba1 plaque coverage and plaque
size was markedly reduced in female mice but there was no
sex-related difference with APOE4 knock-in (Stephen et al.,
2019). Interestingly TREM2 expression in plaque-associated
microglia was about three times greater in male 5xFAD mice
with APOE3 knock-in, compared with females and, in these
mice, amyloid pathology was reduced. Consistently, TREM2ko
in APP/PS1 mice increased plaque load in 6–7-month-old
female mice but no changes were observed in male mice
(Meilandt et al., 2020).

In assessing the roles that microglia play in AD models,
the focus has been largely on models of amyloidosis. However
transcriptomic analysis has identified similar changes in
microglia in APP/PS1 mice and in a tauopathy model, AAV-
TauP301L mice (Kang et al., 2018). While tau pathology was
similar in 9-month-old males and females in this model,
sex-related differences in miRNA-seq revealed changes
accompanying tau pathology that were significantly greater in
males compared with females (Kodama et al., 2020). The impact
of miRNA on the microglial transcriptome was substantial since
knockout of Dicer increased the numbers of amoeboid microglia
and increased enrichment of genes involved in inflammation and
phagocytosis, including Spp1, Ccl6, Lpl, Il1b, and Cst7 and these
changes were much more profound in microglia from males
compared with females. The data point to a significant role for
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miRNAs in modulating sex-specific microglial phenotypes, at
least in this model of tauopathy.

Sex-Related Differences in Microglial Metabolism:
Evidence From Animal Models
Recent studies have shown that a shift from the homeostatic
state in microglial cultures from neonatal mice (Holland et al.,
2018; Rubio-Araiz et al., 2018) and in isolated microglia from
aged mice (Mela et al., 2020) and APP/PS1 mice (Holland
et al., 2018; Mcintosh et al., 2019) is accompanied by a shift
in microglial metabolism toward a glycolytic phenotype. Factors
that contribute to the metabolic shift include iron accumulation
by microglia (Mcintosh et al., 2019) and IL-1β- and iron-
induced activation of the glycolytic enzyme, 6-phosphofructo-2-
kinase/fructose-2.6-bisphosphatase 3 (PFKFB3) (Mcintosh et al.,
2019; Mela et al., 2020). These studies also showed that
microglial function, specifically phagocytosis and chemotaxis,
was compromised in glycolytic cells, perhaps because of the
reduced efficiency of the cells in generating ATP.

Significantly, a sex-related difference shift toward glycolysis,
as well as expression of genes that encode glycolytic enzymes,
was observed in microglia from APP/PS1 mice and the changes
were significantly greater in female APP/PS1 mice compared
with males (Guillot-Sestier et al., 2021). A marked sex-related
difference in microglial morphology was observed both in
APP/PS1 mice and in post-mortem samples from AD patients;
in both instances, microglia from males were amoeboid, with
greater phagocytic capacity, compared with a preponderance of
rod-shaped microglia from females where phagocytic capacity
was compromised (Guillot-Sestier et al., 2021). Interestingly, an
age-related decline in glucose uptake was identified in female wild
type and 3xTg AD mice as assessed by [18F]fluorodeoxyglucose
micro-positron emission tomography (FDG micro-PET) though
this was not attributed to microglial metabolism but to a decrease
in neuronal uptake through glucose transporter 3 (GLUT3)
and a decrease in glucose utilization as indicated by decreased
hexokinase II expression and activity (Ding et al., 2013).

It is well established that glucose metabolism is altered in
AD, and specifically that there is a decrease in activity of
several mitochondrial enzymes involved in the tricarboxylic
acid cycle (Gibson et al., 2012), including α-ketoglutarate
dehydrogenase but sex-related differences have not yet been
assessed. TREM2 also impacts on microglial metabolism;
extracellular acidification rate (ECAR) was decreased in Trem2-
deficient microglia while mitochondrial mass was decreased
in cells from Trem2-deficient 5XFAD mice suggesting that its
loss modulates both glycolysis and mitochondrial metabolism
(Ulland et al., 2017) but once again, evidence of sex-related
differences have not been reported.

Can the Age/Disease-Related Sensitivity of Microglia
Be Altered?
The sensitivity of microglia to inflammatory stimuli is age-
and sex-dependent. Sala Frigerio et al. (2019) reported that
microglia from female mice respond more to accumulating Aβ

in the AppNL−G−F mouse model of AD which shows amyloid
deposition at 3 months of age while the population of microglia

described as ARMs increased at an earlier age in female mice
compared with males. These changes suggest a state of alertness
to inflammatory stimuli in microglia from females as they age
providing a possible explanation for the increased risk of diseases
like AD in females. It makes sense to reduce this risk, particularly
in females. Diet and exercise, which reduce microglial activation
and neuroinflammation (Lynch et al., 2007; Minogue et al.,
2007; Kelly, 2018; Koh et al., 2020; Mela et al., 2020) and
seem to exert a greater impact on females (Barha and Liu-
Ambrose, 2018; D’AMICO et al., 2020) represent a potential path
toward modifying some risk. Interestingly, a high fat diet resulted
in an upregulation of genes encoding the immune response
and inflammation in microglia from 6-month-old female, but
not male, APP/PS1 × APOE4+/+ mice (Nam et al., 2018)
and reduced neurogenesis also in female mice, perhaps as a
result of changes in microglia (Robison et al., 2020). The key
message here is that, at least some lifestyle changes that can
reduce disease risk particularly in the context of aging, are
modulated by sex.

Is There Evidence That Treatments May Act in a
Sex-Specific Manner?
The frank sex-related differences in microglial activation,
metabolism and function that characterize amyloid pathology
in models of AD suggest the possibility of sex-specific
treatments. To date, analysis of the effect of modulators
of change in models of AD has infrequently assessed the
impact of sex although a few recent studies have highlighted
the importance of this. For example, antibiotic treatment
reduced Aβ plaque burden and microglial soma size, and
increased microglial complexity, in 7-week-old APPSwe/PS1L166P
(APPPS1-21) male, but not female, mice (Dodiya et al.,
2019), and transcriptomic analysis indicated that antibiotics
increased microglial clusters that included homeostatic genes,
like Mef2a, Junb, Bhlhe41, Fos while decreasing clusters that
included the neurodegenerative genes (e.g., Lgals3, C1qa, C1qb,
CD63, and Lag3) described by Krasemann et al. (2017).
Perhaps consistent with the maintenance of the homeostatic
microglial signature is the finding that antibiotic treatment
restored TGFβ signaling in the cortex of male mice (Dodiya
et al., 2019). A separate study reported that inhibition of
mGluR5 exerted beneficial effects exclusively in male APP/PS1
mice by decreasing amyloidosis and improving cognition,
while no changes were observed in females (Abd-Elrahman
et al., 2020). In contrast, the angiotensin receptor blocker,
candesartan cilexetil, improved performance in the novel
object recognition test and reduced glial activation in female
5xFAD mice crossed with mice that were homozygous for the
human APOE4 gene but had no significant effect in males
(Scheinman et al., 2021).

A further study reported that dietary supplementation of 4-
month old 3xTg-AD mice with the flavonoid, diosmin (0.0005%)
for 6 months reduced Aβ oligomers in the brain of female
mice but not males (Sawmiller et al., 2016). It also reduced
tau pathology by inhibiting GSK-3α/β activity but a sex-related
difference was not reported, suggesting that it specifically targets
amyloid accumulation in females.
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Among the many age-related changes in intracellular signaling
pathways is an increase in mammalian target of rapamycin
(mTOR) signaling in microglia (Keane et al., 2021), which is
consistent with the finding that genes regulated by TSC2, which
modulates mTOR, were decreased with age and, interestingly,
to a greater extent in females compared with males (Mangold
et al., 2017). The age-related increase in mTOR signaling was
accompanied by an upregulation of genes like Axl, Tlr2, Cst7 and
Spp1 (Keane et al., 2021) which we found were upregulated also in
APP/PS1 mice, particularly females (Guillot-Sestier et al., 2021).

Several modulators of mTOR signaling attenuate microglial
activation. Metformin and rapamycin both inhibit mTOR
signaling and both attenuate microglial activation, for example
following TBI (Song et al., 2015) and with age (Kodali et al., 2021).
Of special interest is the sex-related differences exhibited by
metformin treatment in a model of nerve injury where the effect
on microglia was confined to male mice (Inyang et al., 2019).
Acarbose and 17α-estradiol also inhibit the mTOR signaling
pathway in males (Shen et al., 2021) but not females and both
modulate microglial activation (Sadagurski et al., 2017) and
both exerted a greater effect on microglial proliferation in males
compared with females.

Sex Differences in Microglia Following
Acute Inflammatory Stress
The Effect of LPS on Microglia Is Influenced by Age
and Sex
Sex-related differences in terms of inflammatory phenotype
and responsiveness to inflammatory stimuli have been reported
in microglia. LPS triggered a greater release of inflammatory
cytokines including IL-1β from microglia isolated from the brain
of P0/P1 male rats compared with females (Loram et al., 2012).
Whereas LPS induced similar changes in many gene transcripts
in cells from both sexes, it increased expression of genes that
code for proteins involved in the immune response and, overall,
triggered changes that accelerated microglial development in
males that had already occurred in females (Hanamsagar et al.,
2017, 2018). Responsiveness of microglia from P0 to P2 mice
to IFNγ also showed a sex-related difference with cells from
male mice producing more inflammatory cytokines; cell function
was also altered with increased migration observed in cells
from males and increased phagocytosis in cells from females
(Yanguas-Casas et al., 2018).

The basis of these sex-specific changes induced by
inflammatory stimuli is not known but estrogens acting
through receptors ERα and ERβ, which are expressed on
microglia (Johann and Beyer, 2013), are capable of modulating
certain microglial responses. Studies have reported that estrogen
attenuates LPS-induced production of superoxide and iNOS
(Bruce-Keller et al., 2000) and expression of MHCII, CD40
and CD80, and production of inflammatory mediators (Vegeto
et al., 2001; Dimayuga et al., 2005). However it is interesting
that some modulators of microglial activation also exhibit
sex-specific effects. For instance, 17β-estradiol attenuated the
LPS-induced response in cells from P0/P1 male rats and had
the opposite effect in cells from females further highlighting

the sex-related differences in microglia (Loram et al., 2012).
With respect to IFNγ-induced changes, palmitic acid attenuated
the increase in IL-1β but this was confined to microglia from
P0 to P2 male rats whereas it attenuated the IFNγ-induced
increase in phagocytosis in cells from males and females
(Yanguas-Casas et al., 2018).

These marked sex differences in responsiveness of microglia
to inflammatory stimuli is the focus of significant attention
because of the potential impact of these differences in
neurodevelopmental disorders. This has been extensively
reviewed (Villa et al., 2019; Bordt et al., 2020; Vanryzin et al.,
2020).

Although studies to the impact of inflammatory stimuli on
microglia from older mice are limited, it has been shown that
responsiveness to LPS is greater in microglia from 2-month-
old male, compared with female, mice (Hanamsagar et al., 2017,
2018). Similarly, LPS increased Iba1+ cell number and area
in 3 month-old male, but not female mice (Wu et al., 2016)
although administration of poly I:C to pregnant dams increased
microglial activation in 2–3-month-old female offspring and
exerted no effect on males (Hui et al., 2020). In contrast, LPS
increased mRNA expression of inflammatory cytokines to a
greater extent in tissue from aged female compared with male
mice, but it is unclear if this change is microglia-specific since
LPS-induced astroglial activation was also greater in females
(Murtaj et al., 2019).

These data firmly establish that there are marked age-
and sex-related differences in responsiveness of microglia
to inflammatory stimuli and emphasize the importance of
unambiguous reporting on both factors.

Stress Affects Microglia but Sex-Related Changes
Are Influenced by Several Factors
A number of studies have set out to determine the impact
of different stressors on microglia in male and female animal
models, partly driven by the need to understand the greater
susceptibility of females to stress-linked psychological disorders.
One study compared the effect of restraint stress in 10–11-
week-old male and female rats and, acute stress increased the
proportion of primed microglia in male rats and had the opposite
effect in females whereas chronic stress decreased the proportion
of primed microglia in females and exerted no effect in males
(Bollinger et al., 2016). This effect seems to be dependent on
variables including age, brain area and type of stress because
others reported that maternal separation decreased glial numbers
in the ventral tegmental area, in P0–P14 male, compared with
female, rats but no change was observed in substantia nigra
(Chocyk et al., 2011). Prenatal stress also affected microglia in
offspring and, specifically, sensitized the cells to inflammatory
stimuli such that LPS increased Iba1 immunoreactivity in 2-
month-old male mice (Diz-Chaves et al., 2013).

In a separate study, chronic unpredictable mild stress exerted
no effect on microglial morphology in 3-month-old male or
female rats although administration of dexamethasone to the
pregnant dams increased the number and length of microglial
processes in the hippocampus of females and the nucleus
accumbens of males (Gaspar et al., 2021).
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Targeting Inflammation in a Sex-Specific Manner in
Stroke Is Important
Ischemic or mechanical injury to the brain triggers many
changes including an acute inflammatory response that is
typified by microglial activation. A recent population-based
study that followed over 9 million adults over a period of
about 15 years reported that females had a lower lifetime
hazard of stroke than males but this ratio fluctuated with
age, with premenopausal women less vulnerable and women
in older age more vulnerable; overall, the outcome for females
is worse (Roy-O’REILLY and Mccullough, 2014; Vyas et al.,
2021). A key contributor to the increased vulnerability in
older women is loss of the anti-oxidant, anti-inflammatory and
neuroprotective effects of estrogens, which additionally modulate
mitochondrial function (Torrens-Mas et al., 2020) and boost
signaling pathways including activating phosphatidylinositol-3-
kinase (PI3K) and nuclear factor erythroid 2–related factor 2
(Nrf2) (Ishii and Warabi, 2019). Like estrogens, progesterone
suppresses microglial activation (Yilmaz et al., 2019) and, in
middle cerebral artery occlusion (MCAO), attenuates microglial
activation and neuronal damage, and improves functional
outcomes (Zhu et al., 2019). However, despite the apparent
beneficial effects of estrogen and progesterone in experimental
models, translation into clinical use has failed to provide a
convincing case for either because of lack of efficacy and/or
significant side effects (Liu and Yang, 2013; Gibson and Bath,
2016).

Studies in models of stroke have highlighted sex differences
in the context of neuroinflammatory changes. For instance,
MCAO induced greater microglial activation as assessed by Iba1
immunoreactivity, and infarct area as revealed by diffusion-
weighted imaging, in male mice compared with females. This was
attributed to the fact that microglial gene expression in females
is reflective of a neuroprotective/neuroreparative phenotype,
compared with a more inflammatory phenotype in males (Villa
et al., 2018). Interestingly infarct volume was decreased in male
mice that underwent MCAO following transplantation with
microglia from female mice compared with transplantation with
microglia from male mice (Villa et al., 2018).

There are other factors that may partly explain the sex-
related differences in response to ischemic injury, including
differences in activation of the pathways that trigger poly ADP-
ribose polymerase (PARP)–/caspase 3-dependent neuronal cell
death as recently reviewed (Spychala et al., 2017). Significantly,
neuronal cell death appears to post-date microglial activation as
revealed in a study of time-related changes following transient
forebrain ischemia in rats (Hamby et al., 2007). In this study, the
PARP inhibitor, PJ34, completely blocked the ischemia-induced
microglial activation and markedly decreased neuronal death.
More recently, it was shown that post-ischemic delivery of PJ34
attenuated the MCAO-induced increases in (ipsilateral) cortical
inducible nitric oxide synthase (iNOS), matrix metallopeptidase 9
(MMP9) and TNFα mRNA in male but not female mice although
it decreased markers of microglial activation in both males
and females (Chen et al., 2020). Consistently, in P9 mice, PJ34
reduced infarct volume in male mice but not females and this was
associated with a decrease in Iba1+ COX2+ cells in male mice,

which was interpreted by the authors as inflammatory microglia
(Charriaut-Marlangue et al., 2018). Minocycline, which also
inhibits PARP, was found to be neuroprotective in experimental
stroke also in male mice, but not female mice (Li and Mccullough,
2009). This is significant because there are some promising
clinical data which suggest that minocycline may be beneficial as
a treatment in acute stroke (Malhotra et al., 2018), but sex-related
differences, if any, remain to be explored.

Proliferator-activated receptor alpha (PPARα) agonists, which
reduce inflammatory cytokine production because they decrease
nuclear factor κB (NFκB) activation, also offer potential benefit
and one such agonist, fenofibrate, has been shown to reduce
MCAO-induced infarct volume albeit in male mice only
(Dotson et al., 2016).

Additional factors that may confer relative protection after
experimental stroke in female mice are the increases in IL-10
secreting CD8+ T cells (Banerjee et al., 2013) and an upregulation
in IL-4 signaling (Rahimian et al., 2019), which are not seen in
male mice. Significantly, both IL-10 and IL-4 attenuate modulate
microglial activation (Lyons et al., 2007a,b; Laffer et al., 2019).
The protective effect of IL-4 is consolidated by the finding that
the reduced infarct volumes and neurological deficits, which
are observed in females during phases of the estrus cycle when
estrogen is high, are absent in IL-4-deficient female mice (Xiong
et al., 2015). On the other hand, PPARγ agonists, which increase
IL-4 in hippocampus (Loane et al., 2009), appear to reduce the
risk of stroke (Liu and Wang, 2019).

In short, these findings demonstrate that while controlling
inflammation may provide a beneficial therapeutic option in
stroke, sex-related differences in treatments must be considered
(a) to improve efficacy and (b) to avoid mis-interpretation of
clinical findings.

A Focus on Sex-Related Inflammation in Traumatic
Brain Injury
Men are more likely to suffer traumatic brain injury (TBI) than
women, particularly work-related injury and as a result of road
traffic accidents, but whether recovery is similar in males and
females is unclear with mixed evidence from clinical studies,
depending on factors that include age and severity of injury.
A recent metanalysis of 156 studies reported worse outcomes
for women than men when injury was classified as mild-
moderate, and better when injury was classified as moderate-
severe, although statistical power influenced this conclusion
(Gupte et al., 2019).

In animal models, the evidence is also mixed and, here
the confounding issues include the model used, the outcomes
assessed, the age of the animals and the relative lack of focus
on assessment of changes in females. Despite this, the evidence
seems to tilt in favor of a protective role for estrogens in TBI
as highlighted in recent reviews (Spani et al., 2018; Gupte et al.,
2019); 17β-estradiol attenuates TBI-induced damage to blood
vessels and blood brain barrier function, increase in intracellular
calcium and mitochondrial dysfunction (Kovesdi et al., 2020).

A recent review of sex-related differences in response to injury
suggests greater detrimental effects in male mice (Rahimian et al.,
2019). This confirm data that demonstrated increased COX2
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expression coupled with increased apoptosis (Gunther et al.,
2015), and more extensive microglial activation and/or increased
microglial numbers in male mice compared with female mice
after either a penetrating cortical injury (Acaz-Fonseca et al.,
2015) or controlled cortical impact (Doran et al., 2019).

In the latter model, a more aggressive neuroinflammatory
profile was observed in cortex, thalamus and dentate gyrus of
male mice during the acute and subacute phases post-injury
(Villapol et al., 2017). These authors also reported an increase
in Iba1+ cells in the brains of male mice 1–7 days after TBI,
while the number of ramified microglia was increased in female
mice. Sex-related changes in inflammatory cytokines were also
observed with earlier and more short-lived changes in IL-1β

and TNFα mRNA in the cortex of female mice contrasting with
more consistent increased expression of both in cortex of males
(Villapol et al., 2017). A greater infiltration of macrophages was
observed in male mice following injury (Villapol et al., 2017;
Doran et al., 2019) perhaps triggering the changes in microglial
activation that have been described in in aged rats and APP/PS1
mice (Barrett et al., 2015a,b).

Factors That May Contribute to
Sex-Related Differences in Microglia
Sex Hormones
The cause(s) of the sex-related differences in microglia is far
from clear with a role for sex hormones being one obvious
factor and this influence has been amply demonstrated. Estrogen
has profound effects on all immune cells, including microglia;
receptor-induced intracellular signaling cascades as well as direct
activation of estrogen response elements, which are located on
promotors of immune-function genes, both exercise control
over production of immune mediators (Acosta-Martinez, 2020).
Thus estradiol eliminated the sex-related difference in phagocytic
capacity of microglia in neonatal mice (Nelson et al., 2017) and
attenuated the LPS-induced changes in microglia from adult
male, but not female, rats (Loram et al., 2012). Specific age-
dependent effects have been reported. For example, the microglial
transcriptome, at least in terms of NFκB-regulated genes, was
not markedly altered by ovariectomy or 17β-estradiol treatment
in young mice (Villa et al., 2018) but in aged mice ovariectomy
upregulated inflammatory molecules including TNFα and IL-
1β and increased responsiveness to LPS (Benedusi et al., 2012)
as recently reviewed (Villa et al., 2016; Lenz and Nelson, 2018;
Acosta-Martinez, 2020).

A recent study reported that sexual dimorphic effects
of 17α-estradiol and specifically showed that the age-related
Iba1 immunoreactivity in hippocampus and hypothalamus was
reduced by treatment of 25-month-old male but not female mice
and that the effect in hippocampus was inhibited by castration,
whereas ovariectomy exerted no effect (Debarba et al., 2021),
which is at odds with earlier work that showed estrogens reduced
the number of microglia in hippocampus of aged C57BL/6NIA
female mice (Lei et al., 2003).

Some reports suggest that estrogen treatment improves TBI-
induced changes in animal models. The presence of membrane-
bound estrogen receptors on neurons may directly contribute
to the increased neuronal survival observed in estrogen-treated

animals following injury (Brotfain et al., 2016) (see Figure 3).
However the effect of estrogens on microglia also plays a role
in sparing neurons perhaps by inhibiting activation of NFκB
through activation of PI3K (Crespo-Castrillo and Arevalo, 2020).
Others have suggested that there is no beneficial effect of estrogen
in male or female mice following TBI (Bruce-Keller et al., 2007).
Progesterone receptors are also expressed on neurons and glia,
and in animal models of brain injury, a protective role for
progesterone in TBI has also been reported (Webster et al.,
2015; Spani et al., 2018; Gupte et al., 2019) but clinical studies
have failed to identify an overall beneficial effect of progesterone
(Skolnick et al., 2014; Chase, 2015; Brotfain et al., 2016) and a
meta-analysis of seven randomized controlled trials determined
that progesterone treatment exerted no significant effect on
outcomes of acute TBI in patients (Lin et al., 2015). Similarly,
despite the benefits in animal models, the argument favoring
the use of estrogens in clinical settings is unconvincing (Kovesdi
et al., 2020). If a case is to be made for further clinical study,
a focus on potential sex-specific benefits of hormone treatment
would be warranted (Khaksari et al., 2018).

There is little argument that loss of estrogen at menopause
is linked with increased adiposity, insulin resistance and the
associated inflammation, all of which represent disease risks
and confer greater risk of AD. Despite the obvious possibility
that hormone replacement therapy may reduce risk, clinical
trials have provided little encouragement for such a therapeutic
approach. However a recent metanalysis reported that there
was an overall beneficial effect in the 16 studies that were
assessed (Song et al., 2020) although there are confounding
issues that remain to be addressed one of which is to establish
whether there is a critical window for hormone therapy in
AD, as has been suggested (Song et al., 2020; Wu et al.,
2020).

A focus on analysis of change in microglia during the
estrus cycle would deepen our understanding of the impact
of hormonal control but there is a paucity of information
linking the estrus cycle with microglial status. However it
has been reported that stress-induced IL-1β expression in the
paraventricular nucleus, which may reflect microglia status, is
attenuated during metestrus (Arakawa et al., 2014). Additionally,
a transcriptomic analysis of changes in the medial prefrontal
cortex across the estrus cycle identified a vast array of differences
during the cycle that were markedly more profound than
differences between samples from males and females. The
differences reflect changes in genes that code for proteins which
support multiple cell functions from metabolism to cell signaling.
Although the authors discussed the changes in the context of
neuronal function, many including cell signaling, cell adhesion
and membrane function may potentially also reflect changes in
microglia (Duclot and Kabbaj, 2015).

Other Factors
Clearly chromosomal makeup contributes significantly to sex-
related differences given that genes on X and Y chromosomes
encode for proteins with different immune functions. This is
well illustrated by the finding that LPS-induced inflammatory
cytokine production from monocytes obtained from male
subjects is greater than from females and also from individuals
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FIGURE 3 | Several factors contribute to sex differences in microglia. Age, from development to old age, is marked by changes in microglia including changes in
number, size, function (phagocytic, motility, antigen presentation, secretory), metabolism, expression of receptors and responses of activation stimuli, and
transcriptomic signature, and age frequently impacts on other modulatory factors. (1) Hormones: Androgen and estrogen receptors, which are expressed in
microglia, exert multiple effects with evidence of sex-specific changes. For example, estrogens trigger activation of estrogen response elements which alters immune
mediator production (Acosta-Martinez, 2020), impacts on function (Nelson et al., 2017), attenuates LPS-induced changes (Loram et al., 2012) and modulates
age-related inflammation (Villa et al., 2016; Lenz and Nelson, 2018; Acosta-Martinez, 2020) in a sex-specific manner. Androgen receptor expression on microglia is
increased following TBI, and testosterone reduces TBI-induced reactive microgliosis and also LPS-induced cytokine production in vitro and microgliosis in vivo (see
review McGovern and Baretto, 2021). (2) Chromosomes: X and Y chromosome genes encode for proteins with different immune functions e.g. (Klein and Flanagan,
2016; Lefevre et al., 2019). The development of the four core genotypes model have identified the contribution of chromosomes to sex-related differences in EAE
(Smith-Bouvier et al., 2008) and a model of AD (Davis et al., 2020) both of which are characterized by changes in microglia. (3) MicroRNAs: Sex-related differences in
microRNAs that regulate immune networks have been identified in microglia (Kodama et al., 2020) and depletion of Dicer in microglia leads to upregulation of genes
reflecting immune activation and inflammation in males. (4) Exogenous stimuli: Sex-specific responses to environmental factors e.g., maternal deprivation, stress,
trauma, infection, diet in microglia have been reported (see text). (5) Epigenetics: Epigenetic processes modulate microglia (Cheray and Joseph, 2018) and
epigenetic changes [mono-methylation at lysine 4 of histone 3 (H3K4me1) and acetylation at lysine 27 of histone 3 (H3K27ac)] that support LPS-induced immune
memory, controls production of inflammatory molecules in models of AD and stroke and triggers neuropathology (Wendeln et al., 2018). Specific sex-related
differences in remain to be explored.

with Klinefelter syndrome, who are phenotypically male but carry
an extra X chromosome (Klein and Flanagan, 2016; Lefevre et al.,
2019).

The development of recent models have triggered an increase
in understanding the contribution of chromosomes to sex-
related differences in some diseases. For example. EAE induced
by proteolipid protein was more severe in SJL castrated
male mice that were XX Sry compared with XY−Sry and
also in ovariectomized female XX compared with XY− mice
(Smith-Bouvier et al., 2008). The authors reported that the
relative protection was associated with higher production of
Th2 cytokines in XY− mice. Furthermore adoptive transfer
of lymph node cells from ovariectomized female XX into
WT females induced more severe disease than cells from and
XY− mice and this was associated with evidence of enhanced

inflammation as suggested by an increase in CD45+ cells in the
thoracic spinal cord.

A similar approach was used to evaluate the contribution
of chromosomes to mortality in a model of AD, given that
the longevity of women with AD is greater than men. It was
reported that the addition of an X chromosome conferred
resilience. Specifically, XY-APP mice died earlier than XX-
APP mice of either gonadal phenotype and cognitive testing
revealed that performance of XY-APP mice was poorer (Davis
et al., 2020). Both studies clearly demonstrate the impact
of chromosomal make-up in these 2 disease models, the
pathology of which includes inflammation, but neither directly
assess details of inflammatory change or changes in microglia.
There is a paucity of literature exploring the impact of sex
chromosomes on microglia.
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There is little doubt that microglia are subject to epigenetic
control (Cheray and Joseph, 2018) and indeed epigenetic changes
underpin LPS-induced immune memory in microglia in the
APP23 model of AD and trigger neuropathology (Wendeln
et al., 2018) although sex-related differences were not explored.
Multiple sex-related differences indicative of epigenetic changes
have been described in the brain; for example, DNA methylation
and methylated CpG sites are more pronounced in female
brains compared with males, expression of ERa is modulated by
promoter modulation and the effect of maternal behavior induces
differential epigenetic changes in males and females that may
impact on behaviors/pathologies in later life (Ratnu et al., 2017).
However, epigenetic changes that specifically target microglia in a
manner that may explain sex differences remain to be identified.

Among other factors that influence microglial phenotype
and function are microRNAs (miRNA) which have multiples
roles including regulation of immune networks, and miRNA-
seq analysis in microglia has revealed sex-related differences
(Kodama et al., 2020). Depleting Dicer in microglia,
which markedly reduced miRNA, differentially affected the
transcriptome in microglia from male and female mice and
led to upregulation of genes reflecting immune activation and
inflammation in males.

Another factor that may impact on microglial activation is
infiltration of immune cells. In this context, it has been shown
that infiltration of macrophages into the brain of aged rats
and APP/PS1 mice is associated with increased inflammation
(Barrett et al., 2015a,b), while macrophages from both models
are sensitized to inflammatory stimuli suggesting that they
contribute to the inflammation. Importantly, flow cytometric
analysis has revealed that the number of CD11b+/CD45high

macrophages was greater in the brain of 12-month-old female,
compared with male APP/PS1, mice (Unger et al., 2018)
suggesting that the more inflammatory microglia observed in
older female mice might, at least in part, result from macrophage
infiltration. In contract, in adult mice, infiltration of macrophages
following traumatic brain injury was greater in males than
females (Doran et al., 2019) paralleling the greater microglial
activation and evidence of neuronal damage, at least in the early
stages following injury.

CONCLUSION

The focus of this review has been on conditions that are
unified by the sex differences in microglial activation and

neuroinflammation that characterize them and contributes to
their pathogenesis. The question therefore arises as to whether
sex-specific therapies, perhaps particularly those targeting
neuroinflammation and microglial activation, will provide a step
toward precision medicine.

A challenge is to address the under-representation of women
in clinical trials which, although improving, persists (Labots et al.,
2018; Steinberg et al., 2021). A report of 38 studies conducted on
drugs approved by the FDA between 2000 and 2009 highlighted
that a gender-imbalance occurred in phase I but not phase II
and III trials (Labots et al., 2018) but an analysis of 2020 clinical
trials between 2000 and 2020 revealed that sex bias continues to
exist in clinical trials (Steinberg et al., 2021) and a recent study
highlighted the important fact that women are less likely to meet
pre-screening criteria for inclusion in clinical trials in AD in
Spain and education was a key factor (Rosende-Roca et al., 2021).

Sex-related differences in absorption and excretion,
distribution and metabolism of drugs have been described and
more adverse drug reactions have been reported in females
compared with males (Whitley and Lindsey, 2009) highlighting
sexual dimorphic responses to drugs, notably drugs that affect
the CNS. In the context of AD, a recent review and metanalysis
reported that only 7 out of the 56 randomized clinical trials
in AD included reported sex-stratified results and concluded
(Martinkova et al., 2021) and the relative lack of data on sex-
related differences in drug efficacy has been noted (Ferretti
et al., 2018). In the light of this, a call has been made for
specific analysis of gender effects on drug treatments in AD
(Schwartz and Weintraub, 2021) but this cannot be confined
to AD and the principle should apply broadly, but particularly
in conditions where clear sex-related differences in disease
incidence exists.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was supported by Principal Investigator
grants to ML from the Science Foundation Ireland
(15/iA/3052 and 11PI/1014).

REFERENCES
Abd-Elrahman, K. S., Albaker, A., De Souza, J. M., Ribeiro, F. M., Schlossmacher,

M. G., Tiberi, M., et al. (2020). Abeta oligomers induce pathophysiological
mGluR5 signaling in Alzheimer’s disease model mice in a sex-selective manner.
Sci. Signal. 13:eabd2494. doi: 10.1126/scisignal.abd2494

Acaz-Fonseca, E., Duran, J. C., Carrero, P., Garcia-Segura, L. M., and Arevalo,
M. A. (2015). Sex differences in glia reactivity after cortical brain injury. Glia
63, 1966–1981. doi: 10.1002/glia.22867

Acosta-Martinez, M. (2020). Shaping microglial phenotypes through estrogen
receptors: relevance to sex-specific neuroinflammatory responses to brain

injury and disease. J. Pharmacol. Exp. Ther. 375, 223–236. doi: 10.1124/jpet.119.
264598

Airas, L., Nylund, M., and Rissanen, E. (2018). Evaluation of microglial activation
in multiple sclerosis patients using positron emission tomography. Front Neurol
9:181. doi: 10.3389/fneur.2018.00181

Altmann, A., Tian, L., Henderson, V. W., Greicius, M. D., and ALZHEIMER’S
Disease Neuroimaging Initiative. (2014). Sex modifies the APOE-related risk
of developing Alzheimer disease. Ann. Neurol. 75, 563–573. doi: 10.1002/ana.
24135

Arakawa, K., Arakawa, H., Hueston, C. M., and Deak, T. (2014). Effects of the
estrous cycle and ovarian hormones on central expression of interleukin-1

Frontiers in Aging Neuroscience | www.frontiersin.org 12 March 2022 | Volume 14 | Article 868448

https://doi.org/10.1126/scisignal.abd2494
https://doi.org/10.1002/glia.22867
https://doi.org/10.1124/jpet.119.264598
https://doi.org/10.1124/jpet.119.264598
https://doi.org/10.3389/fneur.2018.00181
https://doi.org/10.1002/ana.24135
https://doi.org/10.1002/ana.24135
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-868448 March 25, 2022 Time: 17:39 # 13

Lynch Sexual Dimorphism in Microglia

evoked by stress in female rats. Neuroendocrinology 100, 162–177. doi: 10.1159/
000368606

Ardalan, M., Chumak, T., Vexler, Z., and Mallard, C. (2019). Sex-dependent
effects of perinatal inflammation on the brain: implication for neuro-psychiatric
disorders. Int. J. Mol. Sci. 20:2270. doi: 10.3390/ijms20092270

Ardekani, B. A., Convit, A., and Bachman, A. H. (2016). Analysis of the MIRIAD
data shows sex differences in hippocampal atrophy progression. J. Alzheimers
Dis. 50, 847–857. doi: 10.3233/JAD-150780

Au, B., Dale-Mcgrath, S., and Tierney, M. C. (2017). Sex differences in the
prevalence and incidence of mild cognitive impairment: a meta-analysis. Ageing
Res. Rev. 35, 176–199. doi: 10.1016/j.arr.2016.09.005

Barha, C. K., and Liu-Ambrose, T. (2018). Exercise and the aging brain:
considerations for sex differences. Brain Plast. 4, 53–63. doi: 10.3233/BPL-
180067

Banerjee, A., Wang, J., Bodhankar, S., Vandenbark, A. A., Murphy, S. J., and Offner,
H. (2013) Phenotypic changes in immune cell subsets reflect increased infarct
volume in male vs. female mice. Transl. Stroke Res. 4, 554–663. doi: 10.1007/
s12975-013-0268-z.

Barrett, J. P., Costello, D. A., O’SULLIVAN, J., Cowley, T. R., and Lynch,
M. A. (2015a). Bone marrow-derived macrophages from aged rats are more
responsive to inflammatory stimuli. J. Neuroinflammation 12:67. doi: 10.1186/
s12974-015-0287-7

Barrett, J. P., Minogue, A. M., Jones, R. S., Ribeiro, C., Kelly, R. J., and Lynch,
M. A. (2015b). Bone marrow-derived macrophages from AbetaPP/PS1 mice are
sensitized to the effects of inflammatory stimuli. J. Alzheimers Dis. 44, 949–962.
doi: 10.3233/JAD-142076

Benedusi, V., Meda, C., Della Torre, S., Monteleone, G., Vegeto, E., and Maggi, A.
(2012). A lack of ovarian function increases neuroinflammation in aged mice.
Endocrinology 153, 2777–2788. doi: 10.1210/en.2011-1925

Berchtold, N. C., Cribbs, D. H., Coleman, P. D., Rogers, J., Head, E., Kim, R.,
et al. (2008). Gene expression changes in the course of normal brain aging
are sexually dimorphic. Proc. Natl. Acad. Sci. U. S. A. 105, 15605–15610. doi:
10.1073/pnas.0806883105

Bergdolt, L., and Dunaevsky, A. (2019). Brain changes in a maternal immune
activation model of neurodevelopmental brain disorders. Prog. Neurobiol. 175,
1–19. doi: 10.1016/j.pneurobio.2018.12.002

Bilbo, S. D., Block, C. L., Bolton, J. L., Hanamsagar, R., and Tran, P. K. (2018).
Beyond infection - maternal immune activation by environmental factors,
microglial development, and relevance for autism spectrum disorders. Exp.
Neurol. 299, 241–251. doi: 10.1016/j.expneurol.2017.07.002

Bollinger, J. L., Bergeon Burns, C. M., and Wellman, C. L. (2016). Differential effects
of stress on microglial cell activation in male and female medial prefrontal
cortex. Brain Behav. Immun. 52, 88–97. doi: 10.1016/j.bbi.2015.10.003

Bonham, L. W., Sirkis, D. W., and Yokoyama, J. S. (2019). The transcriptional
landscape of microglial genes in aging and neurodegenerative disease. Front.
Immunol. 10:1170. doi: 10.3389/fimmu.2019.01170

Bordt, E. A., Ceasrine, A. M., and Bilbo, S. D. (2020). Microglia and sexual
differentiation of the developing brain: a focus on ontogeny and intrinsic
factors. Glia 68, 1085–1099. doi: 10.1002/glia.23753

Brotfain, E., Gruenbaum, S. E., Boyko, M., Kutz, R., Zlotnik, A., and Klein, M.
(2016). Neuroprotection by estrogen and progesterone in traumatic brain injury
and spinal cord injury. Curr. Neuropharmacol. 14, 641–653. doi: 10.2174/
1570159x14666160309123554

Bruce-Keller, A. J., Dimayuga, F. O., Reed, J. L., Wang, C., Angers, R., Wilson, M. E.,
et al. (2007). Gender and estrogen manipulation do not affect traumatic brain
injury in mice. J. Neurotrauma. 24, 203–215. doi: 10.1089/neu.2006.0163

Bruce-Keller, A. J., Keeling, J. L., Keller, J. N., Huang, F. F., Camondola, S., and
Mattson, M. P. (2000). Antiinflammatory effects of estrogen on microglial
activation. Endocrinology 141, 3646–3656. doi: 10.1210/endo.141.10.7693

Buccafusco, J. J., Jackson, W. J., Stone, J. D., and Terry, A. V. (2003). Sex
dimorphisms in the cognitive-enhancing action of the Alzheimer’s drug
donepezil in aged Rhesus monkeys. Neuropharmacology 44, 381–389. doi: 10.
1016/s0028-3908(02)00378-7

Charriaut-Marlangue, C., Leconte, C., Csaba, Z., Chafa, L., Pansiot, J., Talatizi, M.,
et al. (2018). Sex differences in the effects of PARP inhibition on microglial
phenotypes following neonatal stroke. Brain Behav. Immun. 73, 375–389. doi:
10.1016/j.bbi.2018.05.022

Chase, A. (2015). Traumatic brain injury. No benefit of progesterone therapy in
patients with TBI. Nat. Rev. Neurol. 11:65. doi: 10.1038/nrneurol.2014.258

Chen, J., Li, X., Xu, S., Zhang, M., Wu, Z., Zhang, X., et al. (2020). Delayed PARP-
1 inhibition alleviates post-stroke inflammation in male versus female mice:
differences and similarities. Front. Cell Neurosci. 14:77. doi: 10.3389/fncel.2020.
00077

Cheray, M., and Joseph, B. (2018). Epigenetics control microglia plasticity. Front.
Cell Neurosci. 12:243. doi: 10.3389/fncel.2018.00243

Chocyk, A., Dudys, D., Przyborowska, A., Majcher, I., Mackowiak, M., and
Wedzony, K. (2011). Maternal separation affects the number, proliferation and
apoptosis of glia cells in the substantia nigra and ventral tegmental area of
juvenile rats. Neuroscience 173, 1–18. doi: 10.1016/j.neuroscience.2010.11.037

Claxton, A., Baker, L. D., Wilkinson, C. W., Trittschuh, E. H., Chapman, D.,
Watson, G. S., et al. (2013). Sex and ApoE genotype differences in treatment
response to two doses of intranasal insulin in adults with mild cognitive
impairment or Alzheimer’s disease. J. Alzheimers. Dis. 35, 789–797. doi: 10.
3233/JAD-122308

Crawford, F., Abdullah, L., Schinka, J., Suo, Z., Gold, M., Duara, R., et al. (2000).
Gender-specific association of the angiotensin converting enzyme gene with
Alzheimer’s disease. Neurosci. Lett. 280, 215–219. doi: 10.1016/s0304-3940(00)
00791-6

Crespo-Castrillo, A., and Arevalo, M. A. (2020). Microglial and astrocytic function
in physiological and pathological conditions: estrogenic modulation. Int. J. Mol.
Sci. 21:3219 doi: 10.3390/ijms21093219

D’AMICO, D., Parrott, M. D., Greenwood, C. E., Ferland, G., Gaudreau, P.,
Belleville, S., et al. (2020). Sex differences in the relationship between dietary
pattern adherence and cognitive function among older adults: findings from
the NuAge study. Nutr. J. 19:58. doi: 10.1186/s12937-020-00575-3

Davis, E. J., Broestl, L., Abdulai-Saiku, S., Worden, K., Bonham, L. W., Minones-
Moyano, E., et al. (2020). A second X chromosome contributes to resilience
in a mouse model of Alzheimer’s disease. Sci. Transl. Med. 12:eaaz5677. doi:
10.1126/scitranslmed.aaz5677

De La Torre-Ubieta, L., Won, H., Stein, J. L., and Geschwind, D. H. (2016).
Advancing the understanding of autism disease mechanisms through genetics.
Nat. Med. 22, 345–361. doi: 10.1038/nm.4071

Debarba, L. K., Jayarathne, H. S. M., Miller, R. A., Garratt, M., and Sadagurski,
M. (2021). 17-a-estradiol has sex-specific effects on neuroinflammation that are
partly reversed by gonadectomy. J. Gerontol. A Biol. Sci. Med. Sci. 77, 66–74.
doi: 10.1093/gerona/glab216

Dimayuga, F. O., Reed, J. L., Carnero, G. A., Wang, C., Dimayuga, E. R., Dimayuga,
V. M., et al. (2005). Estrogen and brain inflammation: effects on microglial
expression of MHC, costimulatory molecules and cytokines. J. Neuroimmunol.
161, 123–136. doi: 10.1016/j.jneuroim.2004.12.016

Ding, F., Yao, J., Rettberg, J. R., Chen, S., and Brinton, R. D. (2013). Early decline in
glucose transport and metabolism precedes shift to ketogenic system in female
aging and Alzheimer’s mouse brain: implication for bioenergetic intervention.
PLoS One 8:e79977. doi: 10.1371/journal.pone.0079977

Diz-Chaves, Y., Astiz, M., Bellini, M. J., and Garcia-Segura, L. M. (2013).
Prenatal stress increases the expression of proinflammatory cytokines and
exacerbates the inflammatory response to LPS in the hippocampal formation
of adult male mice. Brain Behav. Immun. 28, 196–206. doi: 10.1016/j.bbi.2012.
11.013

Dodiya, H. B., Kuntz, T., Shaik, S. M., Baufeld, C., Leibowitz, J., Zhang, X., et al.
(2019). Sex-specific effects of microbiome perturbations on cerebral Abeta
amyloidosis and microglia phenotypes. J. Exp. Med. 216, 1542–1560. doi: 10.
1084/jem.20182386

Doran, S. J., Ritzel, R. M., Glaser, E. P., Henry, R. J., Faden, A. I., and
Loane, D. J. (2019). Sex differences in acute neuroinflammation after
experimental traumatic brain injury are mediated by infiltrating myeloid cells.
J. Neurotrauma. 36, 1040–1053. doi: 10.1089/neu.2018.6019

Dotson, A. L., Wang, J., Chen, Y., Manning, D., Nguyen, H., Saugstad, J. A., et al.
(2016). Sex differences and the role of PPAR alpha in experimental stroke.
Metab. Brain Dis. 31, 539–547. doi: 10.1007/s11011-015-9766-x

Duclot, F., and Kabbaj, M. (2015). The estrous cycle surpasses sex differences in
regulating the transcriptome in the rat medial prefrontal cortex and reveals an
underlying role of early growth response 1. Genome Biol. 16:256. doi: 10.1186/
s13059-015-0815-x

Frontiers in Aging Neuroscience | www.frontiersin.org 13 March 2022 | Volume 14 | Article 868448

https://doi.org/10.1159/000368606
https://doi.org/10.1159/000368606
https://doi.org/10.3390/ijms20092270
https://doi.org/10.3233/JAD-150780
https://doi.org/10.1016/j.arr.2016.09.005
https://doi.org/10.3233/BPL-180067
https://doi.org/10.3233/BPL-180067
https://doi.org/10.1007/s12975-013-0268-z
https://doi.org/10.1007/s12975-013-0268-z
https://doi.org/10.1186/s12974-015-0287-7
https://doi.org/10.1186/s12974-015-0287-7
https://doi.org/10.3233/JAD-142076
https://doi.org/10.1210/en.2011-1925
https://doi.org/10.1073/pnas.0806883105
https://doi.org/10.1073/pnas.0806883105
https://doi.org/10.1016/j.pneurobio.2018.12.002
https://doi.org/10.1016/j.expneurol.2017.07.002
https://doi.org/10.1016/j.bbi.2015.10.003
https://doi.org/10.3389/fimmu.2019.01170
https://doi.org/10.1002/glia.23753
https://doi.org/10.2174/1570159x14666160309123554
https://doi.org/10.2174/1570159x14666160309123554
https://doi.org/10.1089/neu.2006.0163
https://doi.org/10.1210/endo.141.10.7693
https://doi.org/10.1016/s0028-3908(02)00378-7
https://doi.org/10.1016/s0028-3908(02)00378-7
https://doi.org/10.1016/j.bbi.2018.05.022
https://doi.org/10.1016/j.bbi.2018.05.022
https://doi.org/10.1038/nrneurol.2014.258
https://doi.org/10.3389/fncel.2020.00077
https://doi.org/10.3389/fncel.2020.00077
https://doi.org/10.3389/fncel.2018.00243
https://doi.org/10.1016/j.neuroscience.2010.11.037
https://doi.org/10.3233/JAD-122308
https://doi.org/10.3233/JAD-122308
https://doi.org/10.1016/s0304-3940(00)00791-6
https://doi.org/10.1016/s0304-3940(00)00791-6
https://doi.org/10.3390/ijms21093219
https://doi.org/10.1186/s12937-020-00575-3
https://doi.org/10.1126/scitranslmed.aaz5677
https://doi.org/10.1126/scitranslmed.aaz5677
https://doi.org/10.1038/nm.4071
https://doi.org/10.1093/gerona/glab216
https://doi.org/10.1016/j.jneuroim.2004.12.016
https://doi.org/10.1371/journal.pone.0079977
https://doi.org/10.1016/j.bbi.2012.11.013
https://doi.org/10.1016/j.bbi.2012.11.013
https://doi.org/10.1084/jem.20182386
https://doi.org/10.1084/jem.20182386
https://doi.org/10.1089/neu.2018.6019
https://doi.org/10.1007/s11011-015-9766-x
https://doi.org/10.1186/s13059-015-0815-x
https://doi.org/10.1186/s13059-015-0815-x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-868448 March 25, 2022 Time: 17:39 # 14

Lynch Sexual Dimorphism in Microglia

Dumanski, J. P., Lambert, J. C., Rasi, C., Giedraitis, V., Davies, H., Grenier-Boley,
B., et al. (2016). Mosaic loss of chromosome Y in blood is associated with
Alzheimer disease. Am. J. Hum. Genet. 98, 1208–1219. doi: 10.1016/j.ajhg.2016.
05.014

Duncan, K. A. (2020). Estrogen formation and inactivation following TBI: what
we know and where we could go. Front. Endocrinol. 11:345. doi: 10.3389/fendo.
2020.00345

Ellman, L. M., and Susser, E. S. (2009). The promise of epidemiologic studies:
neuroimmune mechanisms in the etiologies of brain disorders. Neuron 64,
25–27. doi: 10.1016/j.neuron.2009.09.024

Erraji-Benchekroun, L., Underwood, M. D., Arango, V., Galfalvy, H., Pavlidis, P.,
Smyrniotopoulos, P., et al. (2005). Molecular aging in human prefrontal cortex
is selective and continuous throughout adult life. Biol. Psychiatry 57, 549–558.
doi: 10.1016/j.biopsych.2004.10.034

Feher, A., Juhasz, A., Pakaski, M., Kalman, J., and Janka, Z. (2015). Genetic
analysis of the RELN gene: gender specific association with Alzheimer’s disease.
Psychiatry Res. 230, 716–718. doi: 10.1016/j.psychres.2015.09.021

Ferretti, M. T., Iulita, M. F., Cavedo, E., Chiesa, P. A., Girouard, H., Misoch, S.,
et al. (2018). Sex differences in Alzheimer disease - the gateway to precision
medicine. Nat. Rev. Neurol. 14, 457–469. doi: 10.1038/s41582-018-0032-9

Gallagher, J. J., Minogue, A. M., and Lynch, M. A. (2013). Impaired performance
of female APP/PS1 mice in the morris water maze is coupled with increased
abeta accumulation and microglial activation. Neurodegener. Dis. 11, 33–41.
doi: 10.1159/000337458

Gal-Oz, S. T., Maier, B., Yoshida, H., Seddu, K., Elbaz, N., Czysz, C., et al. (2019).
ImmGen report: sexual dimorphism in the immune system transcriptome. Nat.
Commun. 10:4295. doi: 10.1038/s41467-019-12348-6

Gamache, J., Yun, Y., and Chiba-Falek, O. (2020). Sex-dependent effect of APOE
on Alzheimer’s disease and other age-related neurodegenerative disorders. Dis.
Model Mech. 13:dmm045211. doi: 10.1242/dmm.045211

Gaspar, R., Soares-Cunha, C., Domingues, A. V., Coimbra, B., Baptista, F. I., Pinto,
L., et al. (2021). Resilience to stress and sex-specific remodeling of microglia
and neuronal morphology in a rat model of anxiety and anhedonia. Neurobiol.
Stress 14:100302. doi: 10.1016/j.ynstr.2021.100302

Gibson, C. L., and Bath, P. M. (2016). Feasibility of progesterone treatment
for ischaemic stroke. J. Cereb. Blood Flow Metab. 36, 487–491. doi: 10.1177/
0271678X15616782

Gibson, G. E., Chen, H. L., Xu, H., Qiu, L., Xu, Z., Denton, T. T., et al. (2012).
Deficits in the mitochondrial enzyme alpha-ketoglutarate dehydrogenase lead
to Alzheimer’s disease-like calcium dysregulation. Neurobiol. Aging 33, e13–e24.
doi: 10.1016/j.neurobiolaging.2011.11.003

Guillot-Sestier, M. V., Araiz, A. R., Mela, V., Gaban, A. S., O’NEILL, E., Joshi, L.,
et al. (2021). Microglial metabolism is a pivotal factor in sexual dimorphism in
Alzheimer’s disease. Commun. Biol. 4:711. doi: 10.1038/s42003-021-02259-y

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 e6.. doi: 10.1016/j.celrep.2018.08.001

Gunther, M., Plantman, S., Davidsson, J., Angeria, M., Mathiesen, T., and Risling,
M. (2015). COX-2 regulation and TUNEL-positive cell death differ between
genders in the secondary inflammatory response following experimental
penetrating focal brain injury in rats. Acta Neurochir. 157, 649–659. doi: 10.
1007/s00701-014-2331-2

Guo, L., Zhong, M. B., Zhang, L., Zhang, B., and Cai, D. (2021). Sex differences in
alzheimer’s disease: insights from the multiomics landscape. Biol. Psychiatry 91,
61–71. doi: 10.1016/j.biopsych.2021.02.968

Gupte, R., Brooks, W., Vukas, R., Pierce, J., and Harris, J. (2019). Sex differences
in traumatic brain injury: what we know and what we should know.
J. Neurotrauma. 36, 3063–3091. doi: 10.1089/neu.2018.6171

Gusareva, E. S., Twizere, J. C., Sleegers, K., Dourlen, P., Abisambra, J. F., Meier,
S., et al. (2018). Male-specific epistasis between WWC1 and TLN2 genes is
associated with Alzheimer’s disease. Neurobiol. Aging. 72, 188.e3–188.e12. doi:
10.1016/j.neurobiolaging.2018.08.001

Hamby, A. M., Suh, S. W., Kauppinen, T. M., and Swanson, R. A. (2007). Use of a
poly(ADP-ribose) polymerase inhibitor to suppress inflammation and neuronal
death after cerebral ischemia-reperfusion. Stroke 38, 632–636. doi: 10.1161/01.
STR.0000250742.61241.79

Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A.,
et al. (2019). Single-cell RNA sequencing of microglia throughout the mouse

lifespan and in the injured brain reveals complex cell-state changes. Immunity
50, 253–271 e6. doi: 10.1016/j.immuni.2018.11.004

Hanamsagar, R., Alter, M. D., Block, C. S., Sullivan, H., Bolton, J. L., and Bilbo,
S. D. (2017). Generation of a microglial developmental index in mice and in
humans reveals a sex difference in maturation and immune reactivity. Glia 65,
1504–1520. doi: 10.1002/glia.23176

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

Hanamsagar, R., and Bilbo, S. D. (2016). Sex differences in neurodevelopmental
and neurodegenerative disorders: focus on microglial function and
neuroinflammation during development. J. Steroid. Biochem. Mol. Biol.
160, 127–133. doi: 10.1016/j.jsbmb.2015.09.039

Hayakawa, N., Kato, H., and Araki, T. (2007). Age-related changes of astorocytes,
oligodendrocytes and microglia in the mouse hippocampal CA1 sector. Mech.
Ageing Dev. 128, 311–316. doi: 10.1016/j.mad.2007.01.005

Holland, R., Mcintosh, A. L., Finucane, O. M., Mela, V., Rubio-Araiz, A., Timmons,
G., et al. (2018). Inflammatory microglia are glycolytic and iron retentive and
typify the microglia in APP/PS1 mice. Brain Behav. Immun. 68, 183–196. doi:
10.1016/j.bbi.2017.10.017

Holtman, I. R., Raj, D. D., Miller, J. A., Schaafsma, W., Yin, Z., Brouwer, N.,
et al. (2015). Induction of a common microglia gene expression signature by
aging and neurodegenerative conditions: a co-expression meta-analysis. Acta
Neuropathol. Commun. 3:31. doi: 10.1186/s40478-015-0203-5

Honarpisheh, P., and Mccullough, L. D. (2019). Sex as a biological variable in the
pathology and pharmacology of neurodegenerative and neurovascular diseases.
Br. J. Pharmacol. 176, 4173–4192. doi: 10.1111/bph.14675

Hui, C. W., Vecchiarelli, H. A., Gervais, E., Luo, X., Michaud, F., Scheefhals, L.,
et al. (2020). Sex differences of microglia and synapses in the hippocampal
dentate gyrus of adult mouse offspring exposed to maternal immune activation.
Front. Cell Neurosci. 14:558181. doi: 10.3389/fncel.2020.558181

Inyang, K. E., Szabo-Pardi, T., Wentworth, E., Mcdougal, T. A., Dussor, G., Burton,
M. D., et al. (2019). The antidiabetic drug metformin prevents and reverses
neuropathic pain and spinal cord microglial activation in male but not female
mice. Pharmacol. Res. 139, 1–16. doi: 10.1016/j.phrs.2018.10.027

Ishii, T., and Warabi, E. (2019). Mechanism of rapid nuclear factor-E2-related
factor 2 (Nrf2) activation via membrane-associated estrogen receptors: roles of
NADPH oxidase 1, neutral sphingomyelinase 2 and epidermal growth factor
receptor (EGFR). Antioxidants 8:69. doi: 10.3390/antiox8030069

Jay, T. R., Von Saucken, V. E., and Landreth, G. E. (2017). TREM2 in
neurodegenerative diseases. Mol. Neurodegener. 12:56.

Johann, S., and Beyer, C. (2013). Neuroprotection by gonadal steroid hormones in
acute brain damage requires cooperation with astroglia and microglia. J. Steroid.
Biochem. Mol. Biol. 137, 71–81. doi: 10.1016/j.jsbmb.2012.11.006

Jordao, M. J. C., Sankowski, R., Brendecke, S. M., Tai, Y. H., Tay, T. L., Schramm,
E., et al. (2019). Single-cell profiling identifies myeloid cell subsets with distinct
fates during neuroinflammation. Science 363:eaat7554. doi: 10.1126/science.
aat7554

Kang, S. S., Ebbert, M. T. W., Baker, K. E., Cook, C., Wang, X., Sens, J. P., et al.
(2018). Microglial translational profiling reveals a convergent APOE pathway
from aging, amyloid, and tau. J. Exp. Med. 215, 2235–2245. doi: 10.1084/jem.
20180653

Keane, L., Antignano, I., Riechers, S. P., Zollinger, R., Dumas, A. A., Offermann,
N., et al. (2021). mTOR-dependent translation amplifies microglia priming in
aging mice. J. Clin. Invest. 131:e132727.

Kelly, A. M. (2018). Exercise-induced modulation of neuroinflammation in models
of Alzheimer’s Disease. Brain Plast. 4, 81–94. doi: 10.3233/BPL-180074

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld,
R., Ulland, T. K., et al. (2017). A unique microglia type associated with
restricting development of Alzheimer’s Disease. Cell 169, 1276–1290.e17. doi:
10.1016/j.cell.2017.05.018

Khaksari, M., Soltani, Z., and Shahrokhi, N. (2018). Effects of female
sex steroids administration on pathophysiologic mechanisms in traumatic
brain injury. Transl. Stroke Res. 9, 393–416. doi: 10.1007/s12975-017-
0588-5

Klein, S. L., and Flanagan, K. L. (2016). Sex differences in immune responses. Nat.
Rev. Immunol. 16, 626–638.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 March 2022 | Volume 14 | Article 868448

https://doi.org/10.1016/j.ajhg.2016.05.014
https://doi.org/10.1016/j.ajhg.2016.05.014
https://doi.org/10.3389/fendo.2020.00345
https://doi.org/10.3389/fendo.2020.00345
https://doi.org/10.1016/j.neuron.2009.09.024
https://doi.org/10.1016/j.biopsych.2004.10.034
https://doi.org/10.1016/j.psychres.2015.09.021
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1159/000337458
https://doi.org/10.1038/s41467-019-12348-6
https://doi.org/10.1242/dmm.045211
https://doi.org/10.1016/j.ynstr.2021.100302
https://doi.org/10.1177/0271678X15616782
https://doi.org/10.1177/0271678X15616782
https://doi.org/10.1016/j.neurobiolaging.2011.11.003
https://doi.org/10.1038/s42003-021-02259-y
https://doi.org/10.1016/j.celrep.2018.08.001
https://doi.org/10.1007/s00701-014-2331-2
https://doi.org/10.1007/s00701-014-2331-2
https://doi.org/10.1016/j.biopsych.2021.02.968
https://doi.org/10.1089/neu.2018.6171
https://doi.org/10.1016/j.neurobiolaging.2018.08.001
https://doi.org/10.1016/j.neurobiolaging.2018.08.001
https://doi.org/10.1161/01.STR.0000250742.61241.79
https://doi.org/10.1161/01.STR.0000250742.61241.79
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1002/glia.23176
https://doi.org/10.1002/glia.23277
https://doi.org/10.1016/j.jsbmb.2015.09.039
https://doi.org/10.1016/j.mad.2007.01.005
https://doi.org/10.1016/j.bbi.2017.10.017
https://doi.org/10.1016/j.bbi.2017.10.017
https://doi.org/10.1186/s40478-015-0203-5
https://doi.org/10.1111/bph.14675
https://doi.org/10.3389/fncel.2020.558181
https://doi.org/10.1016/j.phrs.2018.10.027
https://doi.org/10.3390/antiox8030069
https://doi.org/10.1016/j.jsbmb.2012.11.006
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1084/jem.20180653
https://doi.org/10.1084/jem.20180653
https://doi.org/10.3233/BPL-180074
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1007/s12975-017-0588-5
https://doi.org/10.1007/s12975-017-0588-5
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-868448 March 25, 2022 Time: 17:39 # 15

Lynch Sexual Dimorphism in Microglia

Kodali, M., Attaluri, S., Madhu, L. N., Shuai, B., Upadhya, R., Gonzalez, J. J., et al.
(2021). Metformin treatment in late middle age improves cognitive function
with alleviation of microglial activation and enhancement of autophagy in the
hippocampus. Aging Cell 20, e13277. doi: 10.1111/acel.13277

Kodama, L., Guzman, E., Etchegaray, J. I., Li, Y., Sayed, F. A., Zhou, L., et al. (2020).
Microglial microRNAs mediate sex-specific responses to tau pathology. Nat.
Neurosci. 23, 167–171. doi: 10.1038/s41593-019-0560-7

Koh, S., Dupuis, N., and Auvin, S. (2020). Ketogenic diet and Neuroinflammation.
Epilepsy. Res. 167:106454. doi: 10.1016/j.eplepsyres.2020.106454

Kovesdi, E., Szabo-Meleg, E., and Abraham, I. M. (2020). The role of estradiol
in traumatic brain injury: mechanism and treatment potential. Int. J. Mol. Sci.
22:11. doi: 10.3390/ijms22010011

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., Beckers, L.,
et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype
of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–
581.e9. doi: 10.1016/j.immuni.2017.08.008

Labots, G., Jones, A., De Visser, S. J., Rissmann, R., and Burggraaf, J. (2018). Gender
differences in clinical registration trials: is there a real problem? Br. J. Clin.
Pharmacol. 84, 700–707. doi: 10.1111/bcp.13497

Laffer, B., Bauer, D., Wasmuth, S., Busch, M., Jalilvand, T. V., Thanos, S., et al.
(2019). Loss of IL-10 promotes differentiation of microglia to a M1 phenotype.
Front. Cell Neurosci. 13:430. doi: 10.3389/fncel.2019.00430

Laws, K. R., Irvine, K., and Gale, T. M. (2016). Sex differences in cognitive
impairment in Alzheimer’s disease. World J. Psychiatry 6, 54–65.

Lecours, C., Bordeleau, M., Cantin, L., Parent, M., Paolo, T. D., and Tremblay,
M. E. (2018). Microglial implication in Parkinson’s Disease: loss of beneficial
physiological roles or gain of inflammatory functions? Front. Cell Neurosci.
12:282. doi: 10.3389/fncel.2018.00282

Lefevre, N., Corazza, F., Valsamis, J., Delbaere, A., De Maertelaer, V., Duchateau, J.,
et al. (2019). The number of X chromosomes influences inflammatory cytokine
production following toll-like receptor stimulation. Front. Immunol. 10:1052.
doi: 10.3389/fimmu.2019.01052

Lei, D. L., Long, J. M., Hengemihle, J., O’NEILL, J., Manaye, K. F., Ingram,
D. K., et al. (2003). Effects of estrogen and raloxifene on neuroglia number
and morphology in the hippocampus of aged female mice. Neuroscience 121,
659–666. doi: 10.1016/s0306-4522(03)00245-8

Lenz, K. M., and Nelson, L. H. (2018). Microglia and beyond: innate immune cells
as regulators of brain development and behavioral function. Front. Immunol.
9:698. doi: 10.3389/fimmu.2018.00698

Lenz, K. M., Nugent, B. M., Haliyur, R., and Mccarthy, M. M. (2013). Microglia are
essential to masculinization of brain and behavior. J. Neurosci. 33, 2761–2772.
doi: 10.1523/JNEUROSCI.1268-12.2013

Li, G. D., Bi, R., Zhang, D. F., Xu, M., Luo, R., Wang, D., et al. (2017). Female-
specific effect of the BDNF gene on Alzheimer’s disease. Neurobiol. Aging 53,
192.e11–192.e19. doi: 10.1016/j.neurobiolaging.2016.12.023

Li, J., and Mccullough, L. D. (2009). Sex differences in minocycline-induced
neuroprotection after experimental stroke. J. Cereb. Blood Flow Metab. 29,
670–674. doi: 10.1038/jcbfm.2009.3

Li, X., Chauhan, A., Sheikh, A. M., Patil, S., Chauhan, V., Li, X. M., et al. (2009).
Elevated immune response in the brain of autistic patients. J. Neuroimmunol.
207, 111–116. doi: 10.1016/j.jneuroim.2008.12.002

Lin, C., He, H., Li, Z., Liu, Y., Chao, H., Ji, J., et al. (2015). Efficacy of progesterone
for moderate to severe traumatic brain injury: a meta-analysis of randomized
clinical trials. Sci. Rep. 5:13442. doi: 10.1038/srep13442

Liu, J., and Wang, L. N. (2019). Peroxisome proliferator-activated receptor
gamma agonists for preventing recurrent stroke and other vascular events in
people with stroke or transient ischaemic attack. Cochrane Database Syst. Rev.
10:CD010693.

Liu, R., and Yang, S. H. (2013). Window of opportunity: estrogen as a treatment for
ischemic stroke. Brain Res. 1514, 83–90. doi: 10.1016/j.brainres.2013.01.023

Loane, D. J., Deighan, B. F., Clarke, R. M., Griffin, R. J., Lynch, A. M., and Lynch,
M. A. (2009). Interleukin-4 mediates the neuroprotective effects of rosiglitazone
in the aged brain. Neurobiol. Aging 30, 920–931. doi: 10.1016/j.neurobiolaging.
2007.09.001

Loram, L. C., Sholar, P. W., Taylor, F. R., Wiesler, J. L., Babb, J. A., Strand, K. A.,
et al. (2012). Sex and estradiol influence glial pro-inflammatory responses to
lipopolysaccharide in rats. Psychoneuroendocrinology 37, 1688–1699. doi: 10.
1016/j.psyneuen.2012.02.018

Lynch, A. M., Loane, D. J., Minogue, A. M., Clarke, R. M., Kilroy, D., Nally, R. E.,
et al. (2007). Eicosapentaenoic acid confers neuroprotection in the amyloid-
beta challenged aged hippocampus. Neurobiol. Aging 28, 845–855. doi: 10.1016/
j.neurobiolaging.2006.04.006

Lyons, A., Downer, E. J., Crotty, S., Nolan, Y. M., Mills, K. H., and Lynch, M. A.
(2007a). CD200 ligand receptor interaction modulates microglial activation
in vivo and in vitro: a role for IL-4. J. Neurosci. 27, 8309–8313. doi: 10.1523/
JNEUROSCI.1781-07.2007

Lyons, A., Griffin, R. J., Costelloe, C. E., Clarke, R. M., and Lynch, M. A. (2007b).
IL-4 attenuates the neuroinflammation induced by amyloid-beta in vivo and
in vitro. J. Neurochem. 101, 771–781. doi: 10.1111/j.1471-4159.2006.04370.x

Malhotra, K., Chang, J. J., Khunger, A., Blacker, D., Switzer, J. A., Goyal, N., et al.
(2018). Minocycline for acute stroke treatment: a systematic review and meta-
analysis of randomized clinical trials. J. Neurol. 265, 1871–1879. doi: 10.1007/
s00415-018-8935-3

Mangold, C. A., Wronowski, B., Du, M., Masser, D. R., Hadad, N., Bixler,
G. V., et al. (2017). Sexually divergent induction of microglial-associated
neuroinflammation with hippocampal aging. J. Neuroinflammation 14:141. doi:
10.1186/s12974-017-0920-8

Mao, Y. F., Guo, Z., Zheng, T., Jiang, Y., Yan, Y., Yin, X., et al. (2016). Intranasal
insulin alleviates cognitive deficits and amyloid pathology in young adult
APPswe/PS1dE9 mice. Aging Cell 15, 893–902. doi: 10.1111/acel.12498

Martinkova, J., Quevenco, F. C., Karcher, H., Ferrari, A., Sandset, E. C., Szoeke,
C., et al. (2021). Proportion of women and reporting of outcomes by sex in
clinical trials for Alzheimer Disease: a systematic review and meta-analysis.
JAMA Netw. Open 4:e2124124. doi: 10.1001/jamanetworkopen.2021.24124

Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S., Young, J. Z.,
et al. (2019). Single-cell transcriptomic analysis of Alzheimer’s disease. Nature
570, 332–337.

Mccarthy, M. M., and Wright, C. L. (2017). Convergence of sex differences and
the neuroimmune system in autism spectrum disorder. Biol. Psychiatry 81,
402–410. doi: 10.1016/j.biopsych.2016.10.004

McGovern, A.J. and Baretto, G. E. (2021). Mitochondria Dysfunction and
Inflammation in Traumatic Brain Injury: Androgens to the Battlefront.
Androgens: Clinical Research and Therapeutics Volume 2.1. Larchmont, NY:
Mary Ann Liebert, Inc. doi: 10.1089/andro.2021.0017.

Mcintosh, A., Mela, V., Harty, C., Minogue, A. M., Costello, D. A., Kerskens, C.,
et al. (2019). Iron accumulation in microglia triggers a cascade of events that
leads to altered metabolism and compromised function in APP/PS1 mice. Brain
Pathol. 29, 606–621. doi: 10.1111/bpa.12704

Meilandt, W. J., Ngu, H., Gogineni, A., Lalehzadeh, G., Lee, S. H., Srinivasan, K.,
et al. (2020). Trem2 deletion reduces late-stage amyloid plaque accumulation,
elevates the Abeta42:Abeta40 Ratio, and exacerbates axonal dystrophy and
dendritic spine loss in the PS2APP Alzheimer’s mouse model. J. Neurosci. 40,
1956–1974. doi: 10.1523/jneurosci.1871-19.2019

Mela, V., Mota, B. C., Milner, M., Mcginley, A., Mills, K. H. G., Kelly, A. M., et al.
(2020). Exercise-induced re-programming of age-related metabolic changes
in microglia is accompanied by a reduction in senescent cells. Brain Behav.
Immun. 87, 413–428. doi: 10.1016/j.bbi.2020.01.012

Minogue, A. M., Lynch, A. M., Loane, D. J., Herron, C. E., and Lynch, M. A.
(2007). Modulation of amyloid-beta-induced and age-associated changes in
rat hippocampus by eicosapentaenoic acid. J. Neurochem. 103, 914–926. doi:
10.1111/j.1471-4159.2007.04848.x

Morgan, J. T., Chana, G., Pardo, C. A., Achim, C., Semendeferi, K., Buckwalter, J.,
et al. (2010). Microglial activation and increased microglial density observed
in the dorsolateral prefrontal cortex in autism. Biol. Psychiatry 68, 368–376.
doi: 10.1016/j.biopsych.2010.05.024

Mouton, P. R., Long, J. M., Lei, D. L., Howard, V., Jucker, M., Calhoun, M. E., et al.
(2002). Age and gender effects on microglia and astrocyte numbers in brains of
mice. Brain Res. 956, 30–35. doi: 10.1016/s0006-8993(02)03475-3

Murtaj, V., Belloli, S., Di Grigoli, G., Pannese, M., Ballarini, E., Rodriguez-
Menendez, V., et al. (2019). Age and sex influence the neuro-inflammatory
response to a peripheral acute LPS challenge. Front. Aging Neurosci. 11:299.
doi: 10.3389/fnagi.2019.00299

Nam, K. N., Wolfe, C. M., Fitz, N. F., Letronne, F., Castranio, E. L., Mounier, A.,
et al. (2018). Integrated approach reveals diet, APOE genotype and sex affect
immune response in APP mice. Biochim. Biophys. Acta Mol. Basis Dis. 1864,
152–161. doi: 10.1016/j.bbadis.2017.10.018

Frontiers in Aging Neuroscience | www.frontiersin.org 15 March 2022 | Volume 14 | Article 868448

https://doi.org/10.1111/acel.13277
https://doi.org/10.1038/s41593-019-0560-7
https://doi.org/10.1016/j.eplepsyres.2020.106454
https://doi.org/10.3390/ijms22010011
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1111/bcp.13497
https://doi.org/10.3389/fncel.2019.00430
https://doi.org/10.3389/fncel.2018.00282
https://doi.org/10.3389/fimmu.2019.01052
https://doi.org/10.1016/s0306-4522(03)00245-8
https://doi.org/10.3389/fimmu.2018.00698
https://doi.org/10.1523/JNEUROSCI.1268-12.2013
https://doi.org/10.1016/j.neurobiolaging.2016.12.023
https://doi.org/10.1038/jcbfm.2009.3
https://doi.org/10.1016/j.jneuroim.2008.12.002
https://doi.org/10.1038/srep13442
https://doi.org/10.1016/j.brainres.2013.01.023
https://doi.org/10.1016/j.neurobiolaging.2007.09.001
https://doi.org/10.1016/j.neurobiolaging.2007.09.001
https://doi.org/10.1016/j.psyneuen.2012.02.018
https://doi.org/10.1016/j.psyneuen.2012.02.018
https://doi.org/10.1016/j.neurobiolaging.2006.04.006
https://doi.org/10.1016/j.neurobiolaging.2006.04.006
https://doi.org/10.1523/JNEUROSCI.1781-07.2007
https://doi.org/10.1523/JNEUROSCI.1781-07.2007
https://doi.org/10.1111/j.1471-4159.2006.04370.x
https://doi.org/10.1007/s00415-018-8935-3
https://doi.org/10.1007/s00415-018-8935-3
https://doi.org/10.1186/s12974-017-0920-8
https://doi.org/10.1186/s12974-017-0920-8
https://doi.org/10.1111/acel.12498
https://doi.org/10.1001/jamanetworkopen.2021.24124
https://doi.org/10.1016/j.biopsych.2016.10.004
https://doi.org/10.1089/andro.2021.0017.
https://doi.org/10.1111/bpa.12704
https://doi.org/10.1523/jneurosci.1871-19.2019
https://doi.org/10.1016/j.bbi.2020.01.012
https://doi.org/10.1111/j.1471-4159.2007.04848.x
https://doi.org/10.1111/j.1471-4159.2007.04848.x
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1016/s0006-8993(02)03475-3
https://doi.org/10.3389/fnagi.2019.00299
https://doi.org/10.1016/j.bbadis.2017.10.018
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-868448 March 25, 2022 Time: 17:39 # 16

Lynch Sexual Dimorphism in Microglia

Navarro, V., Sanchez-Mejias, E., Jimenez, S., Munoz-Castro, C., Sanchez-Varo,
R., Davila, J. C., et al. (2018). Microglia in Alzheimer’s Disease: activated,
dysfunctional or degenerative. Front. Aging Neurosci. 10:140. doi: 10.3389/fnagi.
2018.00140

Nelson, L. H., Warden, S., and Lenz, K. M. (2017). Sex differences in microglial
phagocytosis in the neonatal hippocampus. Brain Behav. Immun. 64, 11–22.
doi: 10.1016/j.bbi.2017.03.010

Prokopenko, D., Hecker, J., Kirchner, R., Chapman, B. A., Hoffman, O., Mullin,
K., et al. (2020). Identification of novel Alzheimer’s Disease loci using sex-
specific family-based association analysis of whole-genome sequence data. Sci.
Rep. 10:5029. doi: 10.1038/s41598-020-61883-6

Rahimian, R., Cordeau, P. Jr., and Kriz, J. (2019). Brain response to injuries: when
microglia go sexist. Neuroscience 405, 14–23. doi: 10.1016/j.neuroscience.2018.
02.048

Ratnu, V. S., Emami, M. R., and Bredy, T. W. (2017). Genetic and epigenetic factors
underlying sex differences in the regulation of gene expression in the brain.
J. Neurosci. Res. 95, 301–310. doi: 10.1002/jnr.23886

Robison, L. S., Albert, N. M., Camargo, L. A., Anderson, B. M., Salinero, A. E.,
Riccio, D. A., et al. (2020). High-fat diet-induced obesity causes sex-specific
deficits in adult hippocampal neurogenesis in mice. eNeuro 7:ENEURO.0391-
19.2019. doi: 10.1523/ENEURO.0391-19.2019

Rosende-Roca, M., Abdelnour, C., Esteban, E., Tartari, J. P., Alarcon, E., Martinez-
Atienza, J., et al. (2021). The role of sex and gender in the selection of Alzheimer
patients for clinical trial pre-screening. Alzheimers Res. Ther. 13:95. doi: 10.
1186/s13195-021-00833-4

Roy-O’REILLY, M., and Mccullough, L. D. (2014). Sex differences in stroke: the
contribution of coagulation. Exp. Neurol. 259, 16–27. doi: 10.1016/j.expneurol.
2014.02.011

Rubio-Araiz, A., Finucane, O. M., Keogh, S., and Lynch, M. A. (2018). Anti-
TLR2 antibody triggers oxidative phosphorylation in microglia and increases
phagocytosis of beta-amyloid. J. Neuroinflammation 15:247. doi: 10.1186/
s12974-018-1281-7

Sadagurski, M., Cady, G., and Miller, R. A. (2017). Anti-aging drugs reduce
hypothalamic inflammation in a sex-specific manner. Aging Cell 16, 652–660.
doi: 10.1111/acel.12590

Sala Frigerio, C., Wolfs, L., Fattorelli, N., Thrupp, N., Voytyuk, I., Schmidt, I.,
et al. (2019). The major risk factors for alzheimer’s disease: age, sex, and genes
modulate the microglia response to abeta plaques. Cell Rep 27, 1293–1306.e6.
doi: 10.1016/j.celrep.2019.03.099

Sarvari, M., Hrabovszky, E., Kallo, I., Solymosi, N., Liko, I., Berchtold, N., et al.
(2012). Menopause leads to elevated expression of macrophage-associated
genes in the aging frontal cortex: rat and human studies identify strikingly
similar changes. J. Neuroinflammation 9:264. doi: 10.1186/1742-2094-9-264

Sawmiller, D., Habib, A., Li, S., Darlington, D., Hou, H., Tian, J., et al.
(2016). Diosmin reduces cerebral Abeta levels, tau hyperphosphorylation,
neuroinflammation, and cognitive impairment in the 3xTg-AD mice.
J. Neuroimmunol. 299, 98–106. doi: 10.1016/j.jneuroim.2016.08.018

Scheinman, S. B., Zaldua, S., Dada, A., Krochmaliuk, K., Dye, K., Marottoli, F. M.,
et al. (2021). Systemic candesartan treatment modulates behavior, synaptic
protein levels, and neuroinflammation in female mice that express human
APOE4. Front. Neurosci. 15:628403. doi: 10.3389/fnins.2021.628403

Schwartz, J. B., and Weintraub, S. (2021). Treatment for Alzheimer disease-sex and
gender effects need to be explicitly analyzed and reported in clinical trials. JAMA
Netw. Open 4:e2124386. doi: 10.1001/jamanetworkopen.2021.24386

Schwarz, J. M., Sholar, P. W., and Bilbo, S. D. (2012). Sex differences in microglial
colonization of the developing rat brain. J. Neurochem. 120, 948–963. doi:
10.1111/j.1471-4159.2011.07630.x

Shen, Z., Hinson, A., Miller, R. A., and Garcia, G. G. (2021). Cap-independent
translation: a shared mechanism for lifespan extension by rapamycin, acarbose,
and 17alpha-estradiol. Aging Cell 20:e13345. doi: 10.1111/acel.13345

Sinforiani, E., Citterio, A., Zucchella, C., Bono, G., Corbetta, S., Merlo, P., et al.
(2010). Impact of gender differences on the outcome of Alzheimer’s disease.
Dement. Geriatr. Cogn. Disord. 30, 147–154. doi: 10.1159/000318842

Skolnick, B. E., Maas, A. I., Narayan, R. K., Van Der Hoop, R. G., Macallister, T.,
Ward, J. D., et al. (2014). A clinical trial of progesterone for severe traumatic
brain injury. N. Engl. J. Med. 371, 2467–2476.

Smith-Bouvier, D. L., Divekar, A. A., Sasidhar, M., Du, S., Tiwari-Woodruff, S. K.,
King, J. K., et al. (2008). A role for sex chromosome complement in the female

bias in autoimmune disease. J. Exp. Med. 205, 1099–1108. doi: 10.1084/jem.
20070850

Song, Q., Xie, D., Pan, S., and Xu, W. (2015). Rapamycin protects neurons from
brain contusioninduced inflammatory reaction via modulation of microglial
activation. Mol. Med. Rep. 12, 7203–7210. doi: 10.3892/mmr.2015.4407

Song, Y. J., Li, S. R., Li, X. W., Chen, X., Wei, Z. X., Liu, Q. S., et al. (2020). The
effect of estrogen replacement therapy on Alzheimer’s Disease and Parkinson’s
Disease in postmenopausal women: a meta-analysis. Front. Neurosci. 14:157.
doi: 10.3389/fnins.2020.00157

Spani, C. B., Braun, D. J., and Van Eldik, L. J. (2018). Sex-related responses
after traumatic brain injury: considerations for preclinical modeling. Front.
Neuroendocrinol. 50, 52–66. doi: 10.1016/j.yfrne.2018.03.006

Spychala, M. S., Honarpisheh, P., and Mccullough, L. D. (2017). Sex differences
in neuroinflammation and neuroprotection in ischemic stroke. J. Neurosci. Res.
95, 462–471. doi: 10.1002/jnr.23962

Steinberg, J. R., Turner, B. E., Weeks, B. T., Magnani, C. J., Wong, B. O., Rodriguez,
F., et al. (2021). Analysis of female enrollment and participant sex by burden
of disease in US clinical trials between 2000 and 2020. JAMA Netw. Open
4:e2113749. doi: 10.1001/jamanetworkopen.2021.13749

Stephen, T. L., Cacciottolo, M., Balu, D., Morgan, T. E., Ladu, M. J., Finch, C. E.,
et al. (2019). APOE genotype and sex affect microglial interactions with plaques
in Alzheimer’s disease mice. Acta Neuropathol. Commun. 7:82. doi: 10.1186/
s40478-019-0729-z

Suzuki, K., Sugihara, G., Ouchi, Y., Nakamura, K., Futatsubashi, M., Takebayashi,
K., et al. (2013). Microglial activation in young adults with autism spectrum
disorder. JAMA Psychiatry 70, 49–58. doi: 10.1001/jamapsychiatry.2013.272

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

Torrens-Mas, M., Pons, D. G., Sastre-Serra, J., Oliver, J., and Roca, P. (2020).
Sexual hormones regulate the redox status and mitochondrial function in the
brain. Pathological implications. Redox. Biol. 31:101505. doi: 10.1016/j.redox.
2020.101505

Tsilioni, I., Patel, A. B., Pantazopoulos, H., Berretta, S., Conti, P., Leeman, S. E., et al.
(2019). IL-37 is increased in brains of children with autism spectrum disorder
and inhibits human microglia stimulated by neurotensin. Proc. Natl. Acad. Sci.
U. S. A. 116, 21659–21665. doi: 10.1073/pnas.1906817116

Ulland, T. K., Song, W. M., Huang, S. C., Ulrich, J. D., Sergushichev,
A., Beatty, W. L., et al. (2017). TREM2 maintains microglial metabolic
fitness in Alzheimer’s disease. Cell 170, 649–663.e13. doi: 10.1016/j.cell.2017.
07.023

Unger, M. S., Schernthaner, P., Marschallinger, J., Mrowetz, H., and Aigner, L.
(2018). Microglia prevent peripheral immune cell invasion and promote an
anti-inflammatory environment in the brain of APP-PS1 transgenic mice.
J. Neuroinflammation 15:274. doi: 10.1186/s12974-018-1304-4

Vanguilder, H. D., Bixler, G. V., Brucklacher, R. M., Farley, J. A., Yan, H.,
Warrington, J. P., et al. (2011). Concurrent hippocampal induction of MHC II
pathway components and glial activation with advanced aging is not correlated
with cognitive impairment. J. Neuroinflammation 8:138. doi: 10.1186/1742-
2094-8-138

Vanryzin, J. W., Marquardt, A. E., Pickett, L. A., and Mccarthy, M. M. (2020).
Microglia and sexual differentiation of the developing brain: a focus on extrinsic
factors. Glia 68, 1100–1113. doi: 10.1002/glia.23740

Vegeto, E., Bonincontro, C., Pollio, G., Sala, A., Viappiani, S., Nardi, F., et al. (2001).
Estrogen prevents the lipopolysaccharide-induced inflammatory response in
microglia. J. Neurosci. 21, 1809–1818. doi: 10.1523/JNEUROSCI.21-06-01809.
2001

Villa, A., Della Torre, S., and Maggi, A. (2019). Sexual differentiation of microglia.
Front. Neuroendocrinol. 52, 156–164. doi: 10.1016/j.yfrne.2018.11.003

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

Villa, A., Vegeto, E., Poletti, A., and Maggi, A. (2016). Estrogens,
neuroinflammation, and neurodegeneration. Endocr. Rev. 37, 372–402.
doi: 10.1210/er.2016-1007

Villapol, S., Loane, D. J., and Burns, M. P. (2017). Sexual dimorphism in the
inflammatory response to traumatic brain injury. Glia 65, 1423–1438. doi:
10.1002/glia.23171

Frontiers in Aging Neuroscience | www.frontiersin.org 16 March 2022 | Volume 14 | Article 868448

https://doi.org/10.3389/fnagi.2018.00140
https://doi.org/10.3389/fnagi.2018.00140
https://doi.org/10.1016/j.bbi.2017.03.010
https://doi.org/10.1038/s41598-020-61883-6
https://doi.org/10.1016/j.neuroscience.2018.02.048
https://doi.org/10.1016/j.neuroscience.2018.02.048
https://doi.org/10.1002/jnr.23886
https://doi.org/10.1523/ENEURO.0391-19.2019
https://doi.org/10.1186/s13195-021-00833-4
https://doi.org/10.1186/s13195-021-00833-4
https://doi.org/10.1016/j.expneurol.2014.02.011
https://doi.org/10.1016/j.expneurol.2014.02.011
https://doi.org/10.1186/s12974-018-1281-7
https://doi.org/10.1186/s12974-018-1281-7
https://doi.org/10.1111/acel.12590
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1186/1742-2094-9-264
https://doi.org/10.1016/j.jneuroim.2016.08.018
https://doi.org/10.3389/fnins.2021.628403
https://doi.org/10.1001/jamanetworkopen.2021.24386
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1111/acel.13345
https://doi.org/10.1159/000318842
https://doi.org/10.1084/jem.20070850
https://doi.org/10.1084/jem.20070850
https://doi.org/10.3892/mmr.2015.4407
https://doi.org/10.3389/fnins.2020.00157
https://doi.org/10.1016/j.yfrne.2018.03.006
https://doi.org/10.1002/jnr.23962
https://doi.org/10.1001/jamanetworkopen.2021.13749
https://doi.org/10.1186/s40478-019-0729-z
https://doi.org/10.1186/s40478-019-0729-z
https://doi.org/10.1001/jamapsychiatry.2013.272
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1016/j.redox.2020.101505
https://doi.org/10.1016/j.redox.2020.101505
https://doi.org/10.1073/pnas.1906817116
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1186/s12974-018-1304-4
https://doi.org/10.1186/1742-2094-8-138
https://doi.org/10.1186/1742-2094-8-138
https://doi.org/10.1002/glia.23740
https://doi.org/10.1523/JNEUROSCI.21-06-01809.2001
https://doi.org/10.1523/JNEUROSCI.21-06-01809.2001
https://doi.org/10.1016/j.yfrne.2018.11.003
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1002/glia.23171
https://doi.org/10.1002/glia.23171
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-868448 March 25, 2022 Time: 17:39 # 17

Lynch Sexual Dimorphism in Microglia

Vyas, M. V., Silver, F. L., Austin, P. C., Yu, A. Y. X., Pequeno, P., Fang, J., et al.
(2021). Stroke incidence by sex across the lifespan. Stroke 52, 447–451. doi:
10.1161/STROKEAHA.120.032898

Webster, K. M., Wright, D. K., Sun, M., Semple, B. D., Ozturk, E., Stein, D. G., et al.
(2015). Progesterone treatment reduces neuroinflammation, oxidative stress
and brain damage and improves long-term outcomes in a rat model of repeated
mild traumatic brain injury. J. Neuroinflammation 12:238. doi: 10.1186/s12974-
015-0457-7

Weinhard, L., Neniskyte, U., Vadisiute, A., Di Bartolomei, G., Aygun, N., Riviere,
L., et al. (2018). Sexual dimorphism of microglia and synapses during mouse
postnatal development. Dev. Neurobiol. 78, 618–626. doi: 10.1002/dneu.22568

Wendeln, A. C., Degenhardt, K., Kaurani, L., Gertig, M., Ulas, T., Jain, G.,
et al. (2018). Innate immune memory in the brain shapes neurological disease
hallmarks. Nature 556, 332–338. doi: 10.1038/s41586-018-0023-4

Whitley, H., and Lindsey, W. (2009). Sex-based differences in drug activity. Am.
Fam. Phys. 80, 1254–1258.

Wu, M., Li, M., Yuan, J., Liang, S., Chen, Z., Ye, M., et al. (2020).
Postmenopausal hormone therapy and Alzheimer’s disease, dementia, and
Parkinson’s disease: a systematic review and time-response meta-analysis.
Pharmacol. Res. 155:104693. doi: 10.1016/j.phrs.2020.104693

Wu, S. Y., Chen, Y. W., Tsai, S. F., Wu, S. N., Shih, Y. H., Jiang-Shieh, Y. F.,
et al. (2016). Estrogen ameliorates microglial activation by inhibiting the Kir2.1
inward-rectifier K(+) channel. Sci. Rep. 6:22864. doi: 10.1038/srep22864

Xiong, X., Xu, L., Wei, L., White, R. E., Ouyang, Y. B., and Giffard, R. G. (2015).
IL-4 is required for sex differences in vulnerability to focal ischemia in mice.
Stroke 46, 2271–2276. doi: 10.1161/STROKEAHA.115.008897

Xu, Z. X., Kim, G. H., Tan, J. W., Riso, A. E., Sun, Y., Xu, E. Y., et al. (2020). Elevated
protein synthesis in microglia causes autism-like synaptic and behavioral
aberrations. Nat. Commun. 11:1797. doi: 10.1038/s41467-020-15530-3

Yanguas-Casas, N., Crespo-Castrillo, A., De Ceballos, M. L., Chowen, J. A.,
Azcoitia, I., Arevalo, M. A., et al. (2018). Sex differences in the phagocytic and
migratory activity of microglia and their impairment by palmitic acid. Glia 66,
522–537. doi: 10.1002/glia.23263

Yilmaz, C., Karali, K., Fodelianaki, G., Gravanis, A., Chavakis, T.,
Charalampopoulos, I., et al. (2019). Neurosteroids as regulators of

neuroinflammation. Front. Neuroendocrinol. 55:100788. doi: 10.1016/j.
yfrne.2019.100788

Yurov, Y. B., Vorsanova, S. G., Liehr, T., Kolotii, A. D., and Iourov, I. Y. (2014). X
chromosome aneuploidy in the Alzheimer’s disease brain. Mol. Cytogenet. 7:20.
doi: 10.1186/1755-8166-7-20

Zarate, S., Stevnsner, T., and Gredilla, R. (2017). Role of estrogen and other
sex hormones in brain aging. neuroprotection and DNA repair. Front. Aging
Neurosci. 9:430. doi: 10.3389/fnagi.2017.00430

Zhao, N., Ren, Y., Yamazaki, Y., Qiao, W., Li, F., Felton, L. M., et al. (2020).
Alzheimer’s risk factors age, APOE genotype, and sex drive distinct molecular
pathways. Neuron 106, 727–742.e6. doi: 10.1016/j.neuron.2020.02.034

Zhao, R., Hu, W., Tsai, J., Li, W., and Gan, W. B. (2017). Microglia limit the
expansion of beta-amyloid plaques in a mouse model of Alzheimer’s disease.
Mol. Neurodegener. 12:47. doi: 10.1186/s13024-017-0188-6

Zhu, X., Frechou, M., Schumacher, M., and Guennoun, R. (2019).
Cerebroprotection by progesterone following ischemic stroke: multiple
effects and role of the neural progesterone receptors. J. Steroid. Biochem. Mol.
Biol. 185, 90–102. doi: 10.1016/j.jsbmb.2018.07.014

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

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

Copyright © 2022 Lynch. 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 Aging Neuroscience | www.frontiersin.org 17 March 2022 | Volume 14 | Article 868448

https://doi.org/10.1161/STROKEAHA.120.032898
https://doi.org/10.1161/STROKEAHA.120.032898
https://doi.org/10.1186/s12974-015-0457-7
https://doi.org/10.1186/s12974-015-0457-7
https://doi.org/10.1002/dneu.22568
https://doi.org/10.1038/s41586-018-0023-4
https://doi.org/10.1016/j.phrs.2020.104693
https://doi.org/10.1038/srep22864
https://doi.org/10.1161/STROKEAHA.115.008897
https://doi.org/10.1038/s41467-020-15530-3
https://doi.org/10.1002/glia.23263
https://doi.org/10.1016/j.yfrne.2019.100788
https://doi.org/10.1016/j.yfrne.2019.100788
https://doi.org/10.1186/1755-8166-7-20
https://doi.org/10.3389/fnagi.2017.00430
https://doi.org/10.1016/j.neuron.2020.02.034
https://doi.org/10.1186/s13024-017-0188-6
https://doi.org/10.1016/j.jsbmb.2018.07.014
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/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Exploring Sex-Related Differences in Microglia May Be a Game-Changer in Precision Medicine
	Introduction
	Sex Differences in Microglia Throughout Life
	Embryonic and Early Postnatal Life
	Sex Related Differences in Microglia Persist in Adult Animals
	Evidence of Sex-Related Differences in Microglia With Age

	Sex Differences and Microglia: Neurodegenerative Disease
	Sex Differences in Alzheimer's Disease
	Microglia and Sex Differences in Alzheimer's Disease
	Sex-Related Differences in Differentially Expressed Genes in Microglia: Evidence From Human Studies
	Sex-Related Differences in Differentially Expressed Genes in Microglia: Evidence From the Study of Animal Models
	Sex-Related Differences in Microglial Metabolism: Evidence From Animal Models
	Can the Age/Disease-Related Sensitivity of Microglia Be Altered?
	Is There Evidence That Treatments May Act in a Sex-Specific Manner?

	Sex Differences in Microglia Following Acute Inflammatory Stress
	The Effect of LPS on Microglia Is Influenced by Age and Sex
	Stress Affects Microglia but Sex-Related Changes Are Influenced by Several Factors
	Targeting Inflammation in a Sex-Specific Manner in Stroke Is Important
	A Focus on Sex-Related Inflammation in Traumatic Brain Injury

	Factors That May Contribute to Sex-Related Differences in Microglia
	Sex Hormones
	Other Factors


	Conclusion
	Author Contributions
	Funding
	References


