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Abstract

Microglia and astrocytes are the primary immune cells within the central nervous system.
Microglia influence processes including neural development, synaptic plasticity and cognition;
while their activation and production of immune molecules can induce stereotyped sickness
behaviors or pathologies including cognitive dysfunction. Given their role in health and disease,
we propose that glia may be also be a critical link in understanding the etiology of many
neuropsychiatric disorders that present with a strong sex-bias in their symptoms or prevalence.
Specifically, males are more likely to be diagnosed with disorders that have distinct
developmental origins such as autism or schizophrenia. In contrast, females are more likely to be
diagnosed with disorders that present later in life, after the onset of adolescence, such as
depression and anxiety disorders. In this review we will summarize the evidence suggesting that
sex differences in the colonization and function of glia within the normal developing brain may
contribute to distinct windows of vulnerability between males and females. We will also highlight
the current gaps in our knowledge as well as the future directions and considerations of research
aimed at understanding the link between neuroimmune function and sex differences in mental
health disorders.

INTRODUCTION

Microglia and astrocytes combined comprise 80-90% of the cell population within the brain.
Taken together, glia perform a dynamic range of functions essential for maintaining
homeostasis within the nervous system and re-establishing homeostasis following insult,
infection, or injury. Microglia are the primary immune cells of the central nervous system
(CNS). They produce multiple immune factors during neuroinflammatory or infectious
events and scavenge dead or dying cells, a characteristic that is consistent with their
monocyte/macrophage lineage. Microglia also exert crucial physiological functions in the
healthy CNS. Astrocytes, the largest glial cell population within the brain, are also capable
of synthesizing pro-inflammatory immune molecules at rest and during an insult or
challenge, and thus are similarly considered immunocompetent CNS cells.

In addition to these well-known functions of glia within the brain, recent evidence indicates
that astrocytes, microglia, and their expressed or secreted immune molecules can
significantly affect the development of the nervous system. As the brain develops into
adulthood, glial cells change in morphology and function and this process continues into old
age. This developmental approach to studying glial function has allowed researchers to
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identify a novel role for glial cells in brain development, as well as a role for glia in the
early-life programming of later-life processes such as learning, memory, anxiety, and other
behavioral outputs. This approach to studying glial function has been important for
identifying potential mechanisms underlying long-term glial and immune dysfunction, a
process that has been linked to the etiology of many neuropsychiatric disorders.

It is well-known that the sex of an individual, being male or female, can have profound
influences on the function of the nervous and immune system, the physiology and behavior
of an individual, and an individual’s mental health or disease outcomes. Despite this, very
few studies have directly examined sex differerences in the number, activation state, or
function of glia during distinct periods of development either within the healthy brain or
during pathology. Based on the lack of information in the field of sex differences and
neuroimmune function, we propose that this particular field of study is long overdue for
investigation. We anticipate that investigating sex differences in glial number or function
during early brain development and into adulthood will lend valuable insight into the
mechanisms underlying the expression of basic sex differences within the brain, which are
often established during critical periods of development and maintained into adulthood. We
also posit that investigating sex differences in glial number and function (e.g., the synthesis
of immune molecules) from a developmental perspective might lend critical insight into the
sex disparities of many mental health disorders, which exhibit a strong dysregulation of the
immune system and often a distinct etiology in development.

Thus, the purpose of this review is to synthesize the small but growing literature on sex
differences in glia and their production of immune molecules within the healthy or
pathological brain (e.g., following infection or injury), throughout early neurodevelopment,
with the secondary goal of identifying the gaps in our knowledge and highlighting the
importance of future research focusing on neural-endocrine-immune interactions from the
perspective of sex differences.

Sex Differences in Peripheral Immune Function

Sex differences in the physiology and function of the vertebrate peripheral immune system
have been documented for decades. Females of many species generally exhibit enhanced
immune responses and increased resistance to disease and infection than males (Gaillard and
Spinedi, 1998; Klein, 2000; McClelland and Smith, 2011; Schuurs and Verheul, 1990). For
example, female mice have higher titers of immunoglobulins (Ig) (e.g. 19G, IgM, IgA)
(Grossman, 1989; Klein, 2000), and display higher splenocyte blastogenic responses to T
and B cell mitogens than males (Krzych et al., 1981; Schneider et al., 2006). Sex differences
in the rates and severity of many infections are often greater in human males than in females
(McMillen, 1979; Washburn et al., 1965), and this sex difference is true in many other
species as well (Klein, 2000). For example, in humans, parasite infections are generally
more severe in male than in female hosts (Poulin, 1996), and males of wild species such as
deer and birds often have higher parasite loads than females (Eens et al., 2000; Klein, 2004;
Zuk and McKean, 1996).

These sex differences have been attributed, in large part, to the direct and indirect immuno-
modulatory actions of sex steroid hormones (Bouman et al., 2005; Gaillard and Spinedi,
1998; Klein, 2000; Olsen and Kovacs, 1996). In general, exogenous estradiol has immuno-
enhancing effects on humoral immunity (Cutolo et al., 2004; d'Elia and Carlsten, 2008;
Seaman and Gindhart, 1979; Song et al., 2008), but may either enhance or suppress cell-
mediated immunity depending on low or high doses, respectively (Kovacs et al., 2002).
Exogenous testosterone generally depresses both humoral and cell-mediated immunity, and
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increases susceptibility to bacterial and viral infections (Muller et al., 2005; Roberts and
Peters, 2009; Roberts et al., 2007; Viselli et al., 1995).

In addition, recent evidence indicates that the X chromosome is partly responsible for sex
differences in peripheral immune responses (Libert et al., 2010; Pessach, 2010; Selmi,
2008). X-inactivation, a developmental process which eliminates one copy of a gene along
the X chromosome, creates a “cellular mosaic” of gene expression in female cells. It is
thought that potentially disadvantageous gene expression in certain cells can be
compensated for by different gene expression in other cells. In fact, there are several
immunodeficiencies that are present in males that are not usually present or with lesser
severity in females [see (Libert et al., 2010) for review]. For example, CD40 ligand is a
protein expressed on T cells that is important for activating B cells within the periphery.
CDA40 ligand is on the X chromosome, and mutation of this gene can cause X-linked
immunodeficiency with hyper—immunoglobulin M. Males are more at risk for this disorder
while the presence of two X chromosomes, and thus two copies of this particular gene,
counteracts the potential mutation of this gene that may be present on one of the X
chromosomes. Other genes escape X-inactivation altogether [see (Berletch et al., 2011) for
review], and as such this only increases the cellular mosaic of genes expressed by individual
immune cells in the female. Thus, the expression pattern of immune genes from the X-
chromosome in males and females can greatly affect the function of the peripheral, and
likely the central, immune system.

The current hypothesis among researchers in the field of sex differences and immunology
suggests that the more robust nature of the female peripheral immune response significantly
increases the risk of developing autoimmune diseases when compared to males (Kivity and
Ehrenfeld, 2010; McCombe et al., 2009). For example, more than 80% of the patients
diagnosed with diseases such as Grave’s disease, Addison’s disease, and systemic lupus
erythematosus (SLE) are female (Cooper and Stroehla, 2003); while between 65-70% of
patients diagnosed with rheumatoid arthritis, multiple sclerosis, and myasthenia gravis are
females (Selmi, 2008). The mechanism underlying this sex difference in the prevalence of
autoimmune disorders likely involves a combination of chromosomal differences and
hormonal differences. In fact, the symptoms of many of these disorders can change
significantly with hormonal or pregnancy status in females (Lleo et al., 2008). Given the
robust sex difference in the prevalence of autoimmune diseases, research has been extensive
in trying to understand the interactions of sex chromosomes and hormones and the
underlying mechanisms of these devastating disorders, listed extensively in (Cooper and
Stroehla, 2003; Libert et al., 2010; Selmi, 2008). In contrast, very little research has been
done to understand the effects of sex, sex chromosomes, or hormones on the central immune
system, or the resident immune cells of the CNS.

Glia are the immune cells of the brain

Astrocytes are the largest glial cell population within the brain, and their role in synaptic
plasticity mechanisms is now well accepted (Araque and Navarrete, 2010; Pfrieger, 2010;
Sharif and Prevot, 2010; Stipursky et al., 2011). In the adult brain, astrocytes are physically
and functionally appositioned with most glutamatergic synapses, now known as a “tripartite
synapse” (Halassa et al., 2009; Perea et al., 2009). Astrocytes express many neurotransmitter
receptors, allowing them to rapidly perceive and respond to synaptic activity (Stipursky et
al., 2011). Microglia are the primary immunocompetent cells of the brain, but evidence also
suggests a role for microglia in synaptic plasticity mechanisms during early brain
development, via interactions with the extracellular matrix composition, dendritic spine
remodeling, and synapse elimination (Tremblay et al., 2010; Tremblay and Majewska, 2011;
Tremblay et al., 2011). Microglia continually survey their microenvironments by extending

Horm Behav. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schwarz and Bilbo

Page 4

and contracting processes into nearby synapses, with a frequency that is activity-dependent
(Tremblay et al., 2010), and they have receptors for multiple neurotransmitters and
neuromodulators (e.g., ATP, norepinephrine, glutamate, DA) (Kettenmann et al., 2011),
suggesting a rapid and direct role for these cells in normal plasticity, similar to astrocytes.
Under non-pathological conditions, microglia and astrocytes have a highly ramified/stellate
morphology with low expression of surface antigen or activation markers (e.g., CD11b
[complement 3 receptor/CR3/Mac-1] and glial fibrillary acidic protein [GFAP],
respectively). In response to injury or immune stimulation, microglia in particular become
considerably more reactive, by up-regulating a number of surface antigen receptors,
including CD11b, and those for cytokines (e.g., interleukin (IL)-1, interferon (IFN)) and
chemokines (chemotactic cytokines) (e.g., CCL4, CXCL1) (FIGURE 1). Astrocytes
increase GFAP expression and exhibit hypertrophy and proliferation, a process known as
reactive gliosis or astrocytosis, and astrocytes also produce their own cohort of
proinflammatory mediators. Both types of glia thereby adopt full immune effector functions
(e.g., antigen presentation, and cytokine production), a process known generally as
“activation”, which occurs in response to any threat to body or brain homeostasis
(Czlonkowska and Kurkowska-Jastrzebska, 2011; Robel et al., 2011) (FIGURE 1).

Mental Health, Immune Function, Development and Sex

Given their critical role in normal synaptic plasticity and brain homeostasis, we hypothesize
that glia are perfectly positioned to play a crucial role in pathology, when homeostasis is
disrupted or threatened. Moreover, the existence of sex differences in glial function could
provide a mechanistic basis for the well-known sex differences in the prevalence or severity
of many mental health disorders [see (Swaab, 2004) for review]. In support of this
hypothesis, scientists and medical professionals have identified many similarities between
sickness behaviors caused by acute illness or infection and the behaviors expressed by
individuals with certain neuropsychiatric disorders (Dantzer and Kelley, 2007). For
example, the behavioral and physiological symptoms of depression are strikingly similar to
sickness behaviors, which include decreased food intake, decreased activity, increased sleep
disturbances, and decreased social/sexual interactions. This similarity suggests that the
expression of many psychiatric disorders may involve a dysregulation of either the
peripheral or central immune system, even in the absence of an overt immune challenge. In
2006, Dantzer proposed that there are at least three potential causes for such abnormal
changes in immune function: (1) pro-inflammatory cytokine production is exaggerated or
prolonged; (2) the regulatory molecules (i.e. anti-inflammatory molecules) that would
normally down-regulate the actions of pro-inflammatory cytokines and sickness behaviors
are faulty; or (3) the neuronal circuits or targets of inflammatory cytokines that organize
sickness behavior have become sensitized (Dantzer, 2006). This link between
neuropsychiatric disorders and neuroimmune dysfunction has been explored and described
for many diseases including depression, schizophrenia, post-traumatic stress disorder
(PTSD), generalized anxiety disorder, autism, and Rett syndrome (Abazyan et al., 2010;
Ashwood et al., 2010; Ashwood et al., 2011; Careaga et al., 2010; Garay and McAllister,
2010; Muller and Ackenheil, 1998; Pace and Heim, 2011; Watanabe et al., 2010). In
addition, exaggerated glial activation has been implicated in the cognitive decline associated
with aging and Alzheimer’s disease (Bilbo, 2010; Bilbo et al., 2011; Capuron and Miller,
2011; Caserta et al., 2009; Gate et al., 2010; Lee and Landreth, 2010; Lynch, 2009).

Equally as important as the link between immune dysfunction and neuropsychiatric
disorders is the strong link between neuropsychiatric disorders and their origins in
development. Many of these studies have been performed in humans, linking the early-life
environment of an individual with the later-life risk of cognitive disorders (depression,
PTSD, autism and schizophrenia) (Amstadter et al., 2011; Caspi and Moffitt, 2006;
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Robinson et al., 2011; Rutter et al., 2006; Toyokawa et al., 2011). Similar studies have been
done in rodents, which have linked early-life immune challenges to the later-life risk of
cognitive disorder with direct implications for glial function in these long-term
consequences (Bilbo and Schwarz, 2009; Bilbo and Tsang, 2010; Bilbo, 2010; Bilbo et al.,
2011; Williamson et al., 2011).

Thus investigating neuropsychiatric disorders from the perspective of the neuroimmune
system and development will likely yield important and informative insights into the
etiology of many neuropsychiatric disorders, and most important for this review, the well-
known sex difference in the expression of many of these disorders. We propose that glia
may be particularly vulnerable to the early-life environment because of the critical role these
cells have in the development of the brain, thus we will explore the important role of these
cells in brain development and in establishing sex differences within the brain.

A Brief Overview of Microglia and Astrocytes within the Developing Brain

Though they are often lumped together as “glia”, microglia and astrocytes each have a
distinct ontogeny within the developing brain. Microglia originate relatively early in the life
of the fetus and may be very long-lived, meaning that microglia have the capacity to reside
in the brain for most of the life of the animal. Microglial progenitor cells begin colonizing
the rodent brain around embryonic day (E) 9-10 via the infiltration of primitive monocyte
precursors from the yolk sac of the embryo (Chan et al., 2007; Ginhoux et al., 2010).
Microglia themselves are identifiable within the developing brain around E13 or 14, initially
localized within the embryonic brain around subcortical regions such as the hippocampus
and around the corpus callosum via the blood stream and ventricles (Cuadros and
Navascués, 1998; Wang et al., 2002; Xu et al., 1993). From that point, microglia migrate to
their final destination within the brain where they continue to proliferate and differentiate.

In contrast, astrocytes are derived from specific populations of progenitor cells within the
rodent brain [see (Zhang and Barres, 2010) for review] towards the end of embryonic
development. Astrocytes continue to proliferate in select niches of the adult rodent brain,
though the proliferation potential of astrocytes is dependent upon their function and location
within the brain (Kriegstein and Alvarez-Buylla, 2009). During mammalian nervous system
development, neural progenitor cells (NPCs) generate neurons first and astrocytes second,
though the switch that guides this determination is complex and brain-region dependent [for
review see (Freeman, 2010)]. The differentiation of neural progenitor cells into neurons first
and astrocytes second requires a discrete turning on and turning off of particular genes, such
as gfap or s100b, using epigenetic mechanisms including DNA methylation (Takizawa et al.,
2001). In fact, a recent experiment determined that co-culture of neural progenitor cells with
microglia can promote the differentiation of neural progenitors into astrocytes (Gu et al.,
2011), which is not surprising given that microglia are present within the developing rodent
brain prior to the presence of astrocytes within the developing brain. These data also indicate
that 1) factors released by microglia can influence the differentiation of neural progenitor
cells, and 2) the role of glial cells within the brain is constantly evolving.

Both microglia and astrocytes have a distinct morphology within the developing brain.
Protoplasmic astrocytes begin to sprout processes within the final weeks of embryonic
development and the first weeks of postnatal development, though they look nothing like the
intricate “bushy” astrocytes described in the adult brain (Bushong et al., 2004). One
technical difficulty with characterizing the morphology of astrocytes regards the markers
used to identify them. Many markers, including the widely used glial fibrillary acidic protein
(GFAP), stain only the primary stellate cytoskeleton of protoplasmic astrocytes, leaving
many of the thin astrocytic processes undetected (Bushong et al., 2002). However, using
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extensive filling methods with Lucifer yellow researchers have been able to determine the
developmental pattern of protoplasmic astrocytes within the hippocampus during the first
postnatal weeks. In particular, astrocytes develop long processes relatively rapidly. By
postnatal day (P) 7, astrocytes within the hippocampus display thin processes similar to
filopodia that often terminate with small bulbous structures, with usually one primary but
sometimes more primary, thicker processes (Bushong et al., 2004). One week later,
astrocytes within the hippocampus display much greater ramification of their processes,
though many of these processes are still thin and filopodial in nature; and by P21, astrocytes
display multiple primary processes, thinner processes are more ramified/mature, and
astrocytes have established distinct boundaries from neighboring astrocytes.

In contrast to astrocytes, microglia within the embryonic rodent brain have a larger, round,
amoeboid morphology, similar to the morphology of microglia seen in the adult brain
following injury or immune activation (Male and Rezaie, 2001; Rezaie et al., 1999). This
morphology is consistent with their role in the phagocytosis of new cells. From birth to P4,
microglia change their morphology rapidly as they develop from a round amoeboid shape to
a shape characterized by a smaller cell body with thinner, longer processes (Schwarz et al.,
2011). However, even in the juvenile and adolescent rodent brain, microglia within certain
brain regions continue to show a more activated morphology, with thick variegated
branches, suggesting that certain brain regions and the microglia within them are continuing
to undergo maturational changes long after the postnatal period (Schwarz et al., 2011).

As microglia and astrocytes mature, they function in distinct ways to influence the on-going
development of the neonatal brain. Neural development can be broken down into specific
processes, which overlap in timing throughout brain development. These include cell
genesis (including neurogenesis), migration, axon guidance, synaptogenesis, synaptic
pruning, and programmed cell death. To date, it is not well-known what factors drive the
infiltration and migration of immature microglia throughout the brain; however, many
researchers have noted that the invasion of microglia within the developing brain coincides
with programmed cell death that occurs during early brain development (Ashwell, 1990;
Ashwell, 1991; Perry et al., 1985). However, little is known about the exact relationship
between developmental cell death and microglial colonization of neural tissues. During early
brain development, microglia produce elevated levels of diffusible immune factors, such as
cytokines and chemokines, which have a critical role in many neurodevelopmental
processes. For example, Interleukin (IL)-1p is produced at detectable levels within the
cortex from approximately E14 to P7 (Giulian et al., 1988). In contrast, the cerebellum,
which develops significantly later just prior to birth in rodents, produces a peak in IL-1
levels that occurs from P2 to P14 (Giulian et al., 1988). Microglia and their releasable
factors have a demonstrated role in cell proliferation, differentiation, axon guidance,
synaptogenesis and synaptic pruning, either via the production of certain immune molecules
or via the identification of other immune molecules produced by neurons [see (Boulanger,
2009; Deverman and Patterson, 2009) for review]. Astrocytes have an important function in
synaptogenesis and synaptic scaling, either through the release of diffusible factors or the
production of extracellular matrix proteins [see (Eroglu and Barres, 2010) for review}. Most
synaptogenesis occurs after birth and depends significantly on astrocyte function. Despite
the fact that a single astrocyte can associate with nearly 2 million synapses, relatively little is
known regarding the chemical and mechanical signaling processes of astrocytes that can
influence synaptic function [see (Freeman, 2010) for review].

Sex and the Developing Brain

Very few studies have investigated potential sex differences in the morphology, number, or
function of microglia and astrocytes within the developing brain, though these cells have a
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critical role in many on-going processes of neural development as described above. Sex
differences exist in many neurodevelopmental processes, and these sex differences are
critical for establishing the well-known differences in physiology and behavior between
males and females. In male rats, testosterone production begins around embryonic day (E)
18 with a significant peak shortly thereafter and a second larger peak at birth (P0).
Testosterone is converted to estradiol in the rat brain via the enzyme aromatase and it is
estradiol that primarily influences the developmental patterning of the male brain.
Testosterone itself or its other primary conversion product, dihydrotestosterone (DHT), can
also affect the development of the male rat brain; and sex differences in the genes expressed
by the sex chromosomes themselves (e.g. genes expressed on the Y chromosome of the
male) can also influence the development of the male brain. However, estradiol is the
primary mechanism by which the male rodent brain is shaped and determined for sex-
specific behaviors in adulthood.

Estradiol affects the number of neurons in particular brain nuclei (most famously the
sexually dimorphic nucleus of the preoptic area), the number of synaptic connections along
individual neurons in other brain regions, and the density of particular fiber tracts [see
(McCarthy and Arnold, 2011) for review]. In the absence of testosterone secretion, the
female brain develops and thus this difference in hormone exposure early in brain
development is the primary mechanism by which sex differences between the male and
female brain are established.

Astrocytes: sex differences and immune molecules in the developing brain

Given the multitude of sex differences within the developing brain, it is perhaps no surprise
that sex differences have also been detected within the developing brain in the number and
morphology of glia (see FIGURE 2 for an overview). Within the arcuate nucleus (ARC), a
brain region critical for in the control of gonadotropin secretion, neonatal males have
significantly fewer dendritic spines than females, and treatment of females with testosterone
during the critical period of sexual differentiation decreases the dendritic spine density,
while castration of males increases dendritic spines in this particular brain region.
Concurrently, astrocytes within the male ARC have a more processes and branches,
appearing more stellate in morphology; while astrocytes in the female ARC have
significantly fewer and shorter astrocyte processes. This sex difference in astrocyte
morphology can be reversed by either castration or treatment of females with testosterone
(Mong et al., 1996; Mong et al., 1999) and suggests that there is, at least within the ARC, an
inverse relationship between dendritic spine density and astrocyte complexity that is
dependent upon neonatal testosterone exposure during the critical period of sexual
differentiation of the brain. In a brain region next to the ARC, the ventromedial nucleus of
the hypothalamus (VMN), a similar sex difference exists in the number of dendritic spines;
however, astrocytes within this brain region are significantly underdeveloped and show no
correlation to the sex difference in dendritic spines (Mong et al., 1999). These data indicate
that the responsiveness of glia to hormones may be dependent upon the brain region being
analyzed, the developmental stage of the cells within each brain region, and the underlying
mechanism of action (Laping et al., 1994).

Though the data from the ARC provided the first evidence of sex differences in astrocyte
morphology and correlated sex differences in neuronal morphology, the mechanism
underlying this sex difference remains relatively unknown. In an adjacent brain region, the
preoptic area (POA), sex differences in neuronal morphology critical for male sex behavior
in adulthood are dependent upon the morphology of astrocytes and their synthesis of the
immune molecule, prostaglandin E2 (PGE2). PGE2 is up-regulated by the enzyme
cyclooxygenase 1 or 2. COX-2 expression, in particular, is induced in response to peripheral
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inflammatory stimuli, and is a rate-limiting enzyme for prostaglandin (PG) synthesis in the
brain. Prostaglandins, in general, are inflammatory molecules that are produced in cells
along blood vessels within the blood brain barrier, and propagate the inflammatory signal
into other brain regions. PG is involved in the activation of the HPA axis during infection,
the release of CRH, and the onset of fever (Blatteis, 2007). Within the developing male
POA, however, PGE2 is up-regulated by neonatal estradiol exposure in a “non-
inflammatory” manner. Males have significantly more dendritic spines and this sex
difference is established by estradiol during the critical period of sexual differentiation and
is maintained into adulthood (Amateau and McCarthy, 2002) (FIGURE 2). The POA is
critical for the expression of male sexual behavior, and thus it is no surprise that the wiring
of these neurons is different within the male brain than in the female brain. PGE2 or
estradiol treatment can significantly increase the density of dendritic spines during the
critical period of sexual differentiation for the life of the rodent, and subsequently
masculinize sexual behavior (Amateau and McCarthy, 2004). The proposed mechanism of
this action involves the neuronal synthesis of PGE2, which is subsequently released and
activates neighboring astrocytes that have prostaglandin (EP) receptors (Wright et al., 2008).
Astrocytes in turn release glutamate and alter the synaptic connectivity of the neurons within
the POA (McCarthy et al., 2003; Wright and McCarthy, 2009). This is an excellent
demonstration that molecules, typically considered immune molecules, can significantly
affect the developing brain in a sexually dimorphic manner.

sex differences and immune molecules in the developing brain

Considering that microglia are the primary immune cells within the brain, we can learn a
great deal regarding the role of immune molecules in the development of sex differences in
the brain by examining microglia themselves. However, this cell type has been examined to
a much greater extent in males than in females. Our lab has recently observed profound sex
differences in the colonization of the developing rodent brain. At P4, male rats have
significantly more microglia than females within many brain regions critical for cognition,
learning and memory including the hippocampus, the parietal cortex, and the amygdala
(FIGURE 2 and FIGURE 3). In general, these cells are large round amoeboid cells that
produce elevated levels of cytokines and chemokines when compared to the adult brain
(Schwarz et al., 2011). In addition to the robust sex difference in glial colonization that
occurs during early brain development, males have nearly 200-fold greater expression of the
chemokine ligand (CCL) 20 within the hippocampus/cortex than females and nearly 50-fold
higher expression of the chemokine ligand, CCL4, than females (FIGURE 3). One might
hypothesize that these two chemokines may be critical for driving the sex difference in
colonization that arises just days later, though this remains to be determined.

Interestingly, this sex difference in glial colonization does not exist within the
paraventricular nucleus of the hypothalamus (PVN). Microglia within the adult PVN
produce cytokines following an immune challenge (e.g. infection), driving the activation of
the stress axis and the release of stress hormones, corticosterone, into the circulation; thus
the PVN is critical for mediating the physiological response to an immune challenge
(Berkenbosch et al., 1987; Bernardini et al., 1990; Navarra et al., 1991; Sapolsky et al.,
1987). Despite this, it appears that the factors influencing sex differences in microglial
colonization within cortical brain regions may not affect the colonization of microglia into
the PVN and potentially other brain regions not yet assessed.

At this time it is not clear whether sex differences in glial colonization occur in response to
the well-known sex differences in neurodevelopmental processes mentioned above, driven

by sex differences in hormone exposure; or whether glial colonization may be differentially
affected by sex and/or hormones and thus subsequently affect ongoing neurodevelopmental
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processes in a sex-dependent manner. The sex difference in glial colonization does not exist
at E17, a time point prior to the onset of hormone production in the rat. In addition,
microglia express sex hormone receptors (Milner et al., 2005), and steroid-converting
enzymes (Gottfried-Blackmore et al., 2008; Gottfried-Blackmore et al., 2010), thus taken
together, it is likely that sex differences in the colonization of microglia within the
developing brain may be driven by differential exposure to sex hormones. Alternatively, it is
not clear whether the sex differences in glial colonization occur in response to sex
differences in the processes of neural development, which are caused by hormone exposure;
or whether glial colonization may be differentially affected by sex or hormones and thereby
subsequently affect the ongoing processes of neural development in a sex-dependent
manner.

For example, within a brain region known to be sexually dimorphic and important for
masculine vocalizations in the gerbil, the sexually dimorphic area pars compacta (SDApc),
microglia were similarly sexually dimorphic in number corresponding to the sex difference
in cell death observed at the same time point (Holman and Rice, 1996; Holman, 1998).
These data suggest that microglia either drive the sex difference in cell death or microglia
are present to scavenge the cells during the on-going sexually dimorphic process of cell
death (Holman and Collado, 2001).

more sensitive than females to early-life immune challenges?

Perhaps regardless of the underlying mechanisms or the potentially yet unknown role of sex
differences in immune molecules within the developing rodent brain, one thing may be
certain: the sex difference in the number of glial cells and levels of immune molecules is
likely to have profound sex-specific effects on the function of the neuroimmune system
during an early-life immune challenge. Our lab has proposed that because of the distinct
function/plasticity of glia throughout early brain development, they are particularly sensitive
to the effects of early-life immune challenges or injury. We and others have provided
significant evidence that the developing brain is particularly sensitive to long-term changes
in glial function via early-life immune activation. In particular, male rats infected with a low
dose of E.colion postnatal day (P) 4 have long-term changes in the function of microglia,
which in turn has profound consequences for cognitive behaviors in adulthood, such as
learning and memory (Bilbo et al., 2005; Bilbo et al., 2005; Bilbo et al., 2008; Williamson et
al., 2011). The same immune challenge later in development, at P30, has no long-term
effects on glial function or behavior into adulthood (Bilbo et al., 2006), indicating that the
long-term programming of glial function in males is limited to the postnatal period.

Our lab has also recently determined that the treatment of females with the same dose of
E.colihas no long-term effects on cognitive behaviors in adulthood (Bilbo et al., 2011).
Similarly, male rat pups exposed to bacterial endotoxin, lipopolysaccharide (LPS), during
the early post-natal period exhibit increased tumor colonization within the lung and
depressed activity of peripheral immune cells in adulthood. This same effect is not seen in
females (Hodgson and Knott, 2002). Data such as these suggest that males and females may
have a fundamentally different response to neonatal activation of the immune system.
Specifically, females may be resilient to the long-term consequences of neonatal alterations
in the immune system (FIGURE 3). While there is recent cellular and molecular evidence to
suggest this, sex differences in neuroimmune function during early brain development have
been vastly under-studied.

We do know that treatment of male rat pups with £.coli at P4 produces a robust and
relatively pathway-focused increase in immune molecules within the hippocampus that are
related to the production of IL-1pB. For example, neonatal infection results in a 6-fold
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increase in Caspase-1 by 2 hours after infection and a 10-fold increase in Caspase-1 by 24
hours post-infection (Schwarz and Bilbo, 2011). Caspase-1 is the enzyme that cleaves the
pro-form of IL-1f into its active form. We have recently determined that Caspase-1 is
elevated significantly more so in males than in females within the cortex at P4 following an
E.coli infection. Specifically, Caspase-1 is elevated only 3-fold from baseline, 24 hours
post-infection in females. In the hippocampus, we see a similar pattern for Caspase-1
expression following a neonatal infection; the up-regulation is attenuated in females when
compared to males. These data suggest that IL-18 may be a critical molecule for producing
long-term changes in neuroimmune function in males, and that the decreased response
within the female brain may be protective against these long-term negative consequences of
an early-life infection. In addition, the exaggerated response seen in males may be related to
the significant increase in the number of microglia present in the hippocampus and cortex at
this time. Thus, while this sex difference in cell number may be “normal” in the course of
brain development, it may be responsible for creating the sex disparity in the negative long-
term consequences to an early-life infection (FIGURE 3).

A similar finding was recently published using cultured astrocytes from neonatal males and
females. Specifically, cortical astrocytes were cultured from P1 males or females, and from
females masculinized with testosterone treatment 24 hours prior. Treatment of these
astrocytes with LPS produced a significantly greater cytokine response in the astrocytes
retrieved from males or the masculinized females than the cytokine response produced by
astrocytes retrieved from females. This effect was consistent for IL-1p, IL-6, and TNFa
(Santos-Galindo et al., 2011). Astrocytes can also express TLR4, the receptor which
recognizes LPS (Gorina et al., 2011); however these authors found no significant difference
in TLR4 expression between males and females on neonatal astrocytes (Santos-Galindo et
al., 2011), similar to our own findings that there are no significant differences in TLR4
expression between males and females during development (Schwarz et al., 2011). These
data suggest there may be an intrinsic factor underlying the sex difference in inflammatory
responses generated by neonatal microglia and astrocytes that is driven by neonatal hormone
exposure. Regardless, these data provide strong evidence that males may be more sensitive
to neonatal infection because of sex differences in glial reactivity (FIGURE 3).

Males are also more sensitive to other early-life challenges. For example, males exhibit
significantly more hippocampal neuronal death and astrocyte reactivity when compared to
females following maternal separation (Llorente et al., 2009). Males also exhibit increased
cell death in the hippocampus in models of neonatal ischemia, and this effect is dependent
upon neonatal hormone exposure (Hilton et al., 2003; Nunez et al., 2003). In contrast,
females are more sensitive to disruptions in later-life reproductive physiology and behavior,
the result of a neonatal immune challenge (Walker et al., 2011); suggesting that in certain
circumstances, differential sensitivity to early-life immune activation or injury may be
dependent upon the age of the insult, the brain region of analysis, and the behavioral
endpoint being assessed. Factors other than glial function may also influence the sensitivity
of males and females to an early-life infection or injury, including sex differences in the
responsiveness of the HPA axis (Kentner and Pittman, 2010). However, based on the data
presented here, further investigation into the role of the immune system and specifically
glial function may lend even greater insight into the mechanisms underlying this differential
sensitivity to perinatal immune activation and injury.

Are females more sensitive than males to later-life immune challenges?

We have also recently determined that the sex difference in microglial colonization observed
in the neonatal brain reverses just prior to adolescence in the juvenile brain, and this sex
difference is maintained into adulthood (Schwarz et al., 2011). During this time, females
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have significantly more microglia than males within brain regions important for cognition
including the hippocampus, the parietal cortex, and the amygdala. Microglia within the
female brain also display a more activated morphology compared to the microglia within the
male brain at the same age. Specifically, microglia within the adolescent and adult female
brain have significantly thicker and more branched processes than microglia within the
adolescent and adult male brain (FIGURE 4). A close relationship exists between the
morphology of microglia and their function [see (Ransohoff and Perry, 2009) for review],
suggesting that microglia within the juvenile/adolescent female brain may have a very
different functional output from that of males at the same time point. This has also been
examined in the mouse brain. Female mice have significantly more microglia and astrocytes
within the hippocampus than males, and as aging progresses females are more likely to have
a significant increase in both cell populations within the hippocampus (Mouton, 2002).

In support of the idea that glia within the adult female brain may be more “active” than
microglia in the adult male brain, females have significantly higher levels of several genes
within the hippocampus at P60 compared to males, including the proinflammatory cytokines
IL-1a and IL-1pB, a well-known marker of microglial activation called cluster of
differentiation molecule 11 B (CD11b), and a signaling molecule necessary for the
recognition of certain pathogens called Toll Interacting Protein (TOLLIP).

A significant amount of research has been done to examine the effects of female sex
hormones (estradiol and progesterone) on glial function in adulthood because human
females are more sensitive to multiple sclerosis, an autoimmune disease that attacks the
CNS and is commonly diagnosed between the ages of 20 and 40. In general, female sex
hormones such as estradiol are seen as neuroprotective (Veiga et al., 2004); and in support
of this idea, experiments have determined that estradiol and/or progesterone can reduce
LPS-induced expression of many pro-inflammatory cytokines (TNFa, IL-18, or nitric oxide
for example) and chemokines (CCL2 and CCL5 for example) (Baker et al., 2004; Drew and
Chavis, 2000; Drew et al., 2003; Kipp et al., 2007). However, many of these experiments are
performed on astrocytes or microglia ex vivo, collected from neonates (age and sex
unknown/mixed), or from microglial cell lines. Thus the results of these experiments can be
difficult to interpret given the aforementioned differences in both microglia and astrocyte
function/morphology within the neonatal brain versus the adult brain and the differences
between the sexes.

Just as chromosomal sex has an important role in determining the function of individual
immune cells within the peripheral immune system, we predict that genetic sex may play an
important role in determining glial function in maintaining homeostasis or during an
immune challenge. Female rats have significantly more microglia with a more activated
phenotype than males by P30 in many brain regions including the amygdala, hippocampus,
and cortex (Schwarz et al., 2011). This specific time point represents the end of the juvenile
period of rodent development, yet is prior to the onset of circulating female hormones that
begins during adolescence. These data indicate that other factors, potentially genetic factors,
may drive the sex difference in glial morphology and number within the juvenile and adult
female rodent brain (FIGURE 4). In sum, the age and sex of collected cells must remain a
critical factor when considering the results of /n vitro studies so that we might expand our
knowledge of the effects of sex and hormones on glial cell function in general.

Females are often more likely to be diagnosed with disorders such as depression and anxiety
that present later in life, around adolescence. Just as females have a more robust peripheral
immune response to infection, females may also have a more robust central immune
response to disease given the increase in cell number and gene expression that arises before
adolescence. As we mentioned, this robust peripheral immune response can be a
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disadvantage, increasing a female’s risk of developing autoimmune disorders. In a similar
manner, the increase in glial cell number and function may be a disadvantage, increasing a
female’s risk of developing depression or anxiety related disorders. Thus, an exaggerated or
sensitized neuroimmune response becomes abnormal when not in the context of an overt
infection (Dantzer, 2006). More research focusing on the link between depression, anxiety
and glial function will likely yield a great wealth of knowledge; however, the challenge will
be to study this link in females, a task which has not yet been undertaken.

Conclusions and Future Directions

Many neuropsychiatric disorders exhibit a striking sex difference in their etiology and
prevalence. Males are more likely to be diagnosed with disorders that present at birth or
early in childhood. In contrast, females are more often diagnosed with disorders that arise
around the onset of adolescence or puberty [see (Bao and Swaab, 2010) for review]. These
same neuropsychiatric disorders, both early- and late-onset, are also associated with
alterations in immune function. Given the critical role of both microglia and astrocytes in
neural function and immune function, it is surprising that very few studies have addressed
sex differences in the phenotype and function of these cells throughout different points in
development. Taken together, we propose that this field warrants further research into the
role that sex-dependent mechanisms may play in glial colonization/differentiation, number,
and function, and their potential contribution to neural and cognitive dysfunction. In
particular, great care needs to be taken in assuming that the glial cells within the neonatal
brain are identical to the glia found in the adult brain. The morphology, function, and
synthesis of immune molecules from glial cells is markedly different during early postnatal
development as these cells continue, themselves, to develop and direct the development of
the cells around them. In addition, the developmental time course for each brain region is
likely distinct. Certain brain regions develop early (either embryonically or immediately
postnatal) while other brain regions continue to undergo maturational changes into
adolescence, which has been deemed a second “critical period for sexual differentiation”
(Sisk and Zehr, 2005), and this can significantly influence the function of glial cells. We
hypothesize that many of the sex differences observed here, first in males early in
development and then in females later in life, may account for disparities in the onset,
prevalence, or severity of symptoms associated with many neuropsychiatric disorders.
However, future research aimed at investigating the effects of sex and glial function on
behavior either via long-term consequences on postnatal brain development or in adulthood
is certainly warranted.

Schwarz and Bilbo — Highlights
Sex, Glia, and Development: potential interactionsin health and disease
e Glia, including astrocytes and microglia, are critical for brain development.
e Astrocytes are important for establishing sex differences in synaptic patterning.

e Neonatal male rats have significantly more microglia in brain regions than
females.

e Adult female rats have more microglia in the same brain regions than males.

e Sex differences in glia may underlie vulnerabilities to particular disorders.
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Microglia in the Healthy Brain: Microglia in Pathology:

. microglia ) : .
- Promote synaptogenesis Neuroinflammation

- Neurotransmitter release - Antigen presentation

- Maintenance of synapses - Cytokine and chemokine synthesis

- Synaptic scaling - Phagocytosis of apoptotic debris

- Regulate the blood brain barrier - Sickness behavior

neuron
neuron

Astrocytes in the Healthy Brain: Astrocytes in Pathology:

- Function as neural stem cells -Change in morphology

- Guide axon/neurite outgrowth (reactive gliosis)
- Promote synaptogenesis -Cytokine and Chemokine Synthesis
-Neurotransmitter synthesis/ -Increase in metabolic enzymes

(e.g. GLT-1)

astrocyte
metabolism
- Hormone synthesis within the brain -Retraction of processes from synapses
- Regulate the blood brain barrier -Increase in cellular proteins (GFAP, Vimentin, S100p)
Figure 1. Microglia and astrocytesin health and pathology
This figure outlines the well-known actions and phenotype of microglia and astrocytes

within the healthy brain (left side) and the pathological brain, following injury, disease, or
trauma (right side).
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CORTEX and HIPPOCAMPUS
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* sex difference in microglial
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AMYGDALA nuclei

* sex difference in cell
proliferation (BrdU+ cells)
(F>M)

*sex difference in
astrocyte proliferation
(F>M)

* sex difference in
chemokine production
*sex difference in
microglial number (M>F)

A0

[
ARCUATE NUCLEUS
* sex difference in synaptic
patterning (F>M)
* sex difference in astrocyte
complexity (M >F)

PREOPTIC AREA

* sex difference in synaptic patterning (M>F)

*sex difference in astrocyte complexity (M>F)
*sex difference in prostaglandin synthesis (M>F)
*sex difference in cell death within the SDN (F>M)

Figure 2. Sexual differentiation, glia and immune moleculesin the developing brain

Within the neonatal cortex and hippocampus, sex differences have been identified in the
proliferation of new cells (BrdU+ cells), the colonization/number of microglia, and the
expression level of certain chemokines (in particular CCL4 and CCL20). Within the
neonatal amygdala, a sex difference has been identified in the proliferation of new cells
(BrdU+ cells) which is representative of an increase in new astrocytes. A sex difference in
the production of chemokines (CXCL9 is significantly increased in females compared to
males) and the colonization/number of new microglia has also been identified within the
developing amygdala. Within the neonatal arcuate nucleus, females have significantly more
dendritic spines on neurons and a corresponding decrease in astrocyte complexity when
compared to males, suggesting an inverse relationship between astrocyte complexity and
synaptic patterning within the developing arcuate nucleus. In the neighboring preoptic area,
males have significantly more dendritic spines on neurons; males have more complex
astrocytes and increased levels of prostaglandin (PG) E2, a pro-inflammatory immune
molecule. In contrast, females have increased levels of programmed cell death within the
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POA creating the robust size difference of the sexually dimorphic nucleus (SDN) between
males and females.
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Figure 3. Sex differencesin microglial colonization may make males morevulnerableto a
neonatal immune challenge

Within the developing hippocampus and cortex, males express nearly 200- and 50-fold
higher levels of two specific chemokines, CCL20 and CCLA4, respectively. Sex differences
in chemokine (chemotactic cytokineg) expression such as this may drive the sex difference in
colonization of microglia into the neonatal brain from the periphery. Males have
significantly more microglia within the cortex, hippocampus, and amygdala by postnatal day
4 than females. This sex difference in the number of microglia may make males more
vulnerable in the event of a neonatal infection, causing exaggerated expression of cytokines.
This increase in cytokine production during neural development causes long-term changes in
glial function and increased risk of cognitive deficits in adulthood.
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- IL-13 receptor subunit o
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Figure 4. Factorsthat may influence glial function in adult males and females

Males have two sex chromosomes, a maternal X chromosome and a paternal Y
chromosome. As a result, all glia within the male brain express the same copy of X-linked
genes. In contrast, females have two X chromosomes, one maternal X chromosome and one
paternal X chromosome. During X-inactivation, a process that occurs exclusively in
females, one copy of each gene is randomly silenced, creating a mixture of maternal or
paternal gene expression in glial cells. A significant number of immune genes are located on
the X chromosome, and thus differences in expression across different cell types may
influence the function of glia at baseline or during an immune challenge. Adult females also
have significantly more microglia with thicker, longer branches than males within the
hippocampus, cortex, and amygdala; and this morphology has been linked to increased
activation (Ransohoff and Perry, 2009). In addition, adult males and females have different
levels of circulating hormones. Males have constant levels of testosterone that can act at
androgen receptors, present on glial cells. In contrast, females have fluctuating levels of
estradiol (the receptor for which, ER B, has been localized to glia) and progesterone which
may influence glial function.

Horm Behav. Author manuscript; available in PMC 2013 August 01.




