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Abstract

Sex differences are prominent defining features of neurodevelopmental disorders. Understanding
the sex biases in these disorders can shed light on mechanisms leading to relative risk and
resilience for the disorders, as well as more broadly advance our understanding of how sex
differences may relate to brain development. The prevalence of neurodevelopmental disorders is
increasing, and the two most common neurodevelopmental disorders, Autism Spectrum Disorder
(ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD) exhibit male-biases in prevalence
rates and sex differences in symptomology. While the causes of neurodevelopmental disorders

and their sex differences remain to be understood, increasing evidence suggests that the immune
system plays a critical role in shaping development. In this chapter we discuss sex differences

in prevalence and symptomology of ASD and ADHD, review sexual differentiation and immune
regulation of neurodevelopment, and discuss findings from human and rodent studies of immune
dysregulation and perinatal immune perturbation as they relate to potential mechanisms underlying
neurodevelopmental disorders. Ultimately this chapter will give an overview of how understanding
sex differences in neuroimmune function in the context of neurodevelopmental disorders could
lend insight into their etiology and better treatment strategies.
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1. Introduction

Most neurological and psychiatric disorders exhibit sex biases in either prevalence rates,
symptomology, or trajectory. Understanding the sex biases in these disorders can shed light
on mechanisms of risk and resilience, as well as advance the understanding we have of

the brain and human behavior. Neurodevelopmental disorders are a group of conditions
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usually diagnosed early in development and characterized by impairments in personal,
social, and occupational functioning.! Notably, prevalence of neurodevelopmental disorders
is increasing.2 Potential reasons for the rising prevalence are manifold, and could be due

to differences in research methodology or diagnostic criteria, 3= earlier age at diagnosis,*

or an increase in risk factors for the disorders.® 7 Additionally, reduced stigma/elevated
awareness might be a factor: a recent study found that rates of mental health literacy for
neurodevelopmental disorders were higher than reported previously.8 Nonetheless, a true
increase in prevalence cannot be ruled out,% 7 and a near 18% prevalence rate merits
investigation into a better understanding of these conditions.2 The two most common
neurodevelopmental disorders, Autism Spectrum Disorder (ASD) and Attention-Deficit/
Hyperactivity Disorder (ADHD) exhibit male-biases in prevalence rates (3:1 for ASD and
2:1 for ADHD).? 10 The 2016 National Survey of Children’s Health found that of children
in the United States aged 2—17 years of age, 8.4% were diagnosed with ADHD,10 and

3.8% were diagnosed with ASD.® The causes of neurodevelopmental disorders are poorly
understood, and the reasons underlying their sex-biases remain elusive. The immune system
plays a critical role in shaping neurodevelopment, and there is increasing evidence that shifts
in immune activation and thus potentially differential programming of neurodevelopment are
associated with neurodevelopmental disorders. In the following chapter, we will describe
symptoms of ASD and ADHD and their sex differences, review sexual differentiation and
the role of immune cells in neurodevelopment, detail immune dysregulation found in ASD
and ADHD, and discuss findings from rodent models of perinatal immune perturbation as
they relate to potential mechanisms underlying neurodevelopmental disorders.* Ultimately
this chapter will give an overview of how understanding sex differences in neuroimmune
function in the context of neurodevelopmental disorders could lend insight into their
etiology and better treatment strategies.

2. ASD and ADHD Symptomology

2.1 ASD:

Autism Spectrum Disorder is a newer diagnostic category established in the DSM-5 to
account for what were previously known as four separate diagnoses: Autistic Disorder,
Asperger’s Disorder, Childhood Disintegrative Disorder, or Pervasive Developmental
Disorder Not Otherwise Specified. The impetus for the diagnostic reconceptualization was
to provide a more accurate and scientifically useful diagnostic category,12 since these
diagnoses were not reliably differentiated from one another in the clinic.13 14 Using the
DSM-5 criteria, a diagnosis of ASD requires persistent and pervasive deficits in social
communication and interaction, as well as restricted repetitive patterns of behaviors,
interests, or activities. These symptoms must be present in early childhood and impair
everyday functioning. To account for heterogeneity of support needs and symptom severity,
clinicians can categorize ASD severity ranging from “requiring support” to “requiring very
substantial support.”?

*Identity-first language will be used when referring to autistic individuals and person-first language will be used when referring to
individuals with ADHD to represent and respect the wishes of those communities, respectively.l:L Additionally, while many of the
studies cited in this chapter refer to “boys,” “girls,” “men,” and “women,” the authors will consistently refer to “males” and “females”
to reflect that these studies examined cis-gender individuals.
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In addition to the 3:1 male biased sex difference in ASD diagnosis rate, many studies have
documented sex differences in ASD symptomology (see Table 1; for review, see 15), though
some other studies do not report such sex differences.16-20 In the studies that have reported
sex differences in symptoms, autistic males exhibit more externalizing behaviors, such as
aggression, hyperactivity, and restricted or repetitive behavior compared to females.21-29
The evidence appears strongest for increased restricted and repetitive behavior in males,

as multiple studies that do not find other sex differences in symptoms still observe this
pattern.16: 19 Conversely, autistic females are more likely to exhibit internalizing symptoms,
such as anxiety and depression.22 23: 30 While one study in autistic children found better
verbal, motor, and social skills in autistic males relative to females,28 other studies in
children have found that females have better communication, social skills, and social
cognition compared to males,31-33 but manifest more severe symptoms as they age.26: 32
This is possibly because females’ social skills appear to decline with age whilst males’
social skills improve.33 Moreover, the trajectory of ASD is influenced by sex. Collapsing
across the ages eliminated sex differences in social and communication abilities,33 which
may underlie null findings in some studies that do not find sex differences in social or
communication domains.

Females may also be underdiagnosed with ASD due to higher rates of camouflaging
behavior, whereby they hide or “mask” symptoms that are considered socially unacceptable
or performatively offer socially acceptable behaviors.3* Adult autistic women camouflage
more than men, 34 adolescent autistic females have been shown to be better at using

subtle language skills compared to males and a separate study in children aged 5-10 found
autistic females used more vivid gestures compared to males.2: 35 Teachers also report
fewer concerns regarding the social skills of autistic girls relative to autistic boys.36 These
phenomena are likely influenced by gendered expectations and perceptions regarding the
behaviors of girls and boys. More work must be done to assess how common camouflaging
is, the way that we measure ASD-like symptoms, and gender-related behavioral expectations
as they may contribute to reduced prevalence rates in females.

In summary, the findings regarding sex differences in ASD symptomatology are
heterogeneous, with the most conclusive evidence supporting higher levels of restricted
and repetitive behaviors in males relative to females, and studies are beginning to show that
symptoms may worsen with age in females.

For Attention-Deficit/Hyperactivity Disorder, the DSM-5 requires a persistent pattern of
inattention, hyperactivity and/or impulsivity that interferes with functioning or development
for diagnosis. These symptoms must be present prior to age 12, and they must manifest

in multiple settings to produce significant impairment. There are three sub-classifications

of ADHD: predominately inattentive, predominately hyperactive/impulsive, or a combined
type.l In the general population, males are more likely to be diagnosed with any of the
ADHD subtypes.3” Of those who receive a diagnosis of ADHD, males are more likely to
meet criteria for the combined subtype,3” while females are more likely to be diagnosed with
the inattentive subtype.37-39 ADHD severity is generally worse in males,*%: 41 and this may
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be explained by the fact that males in the general population display more ADHD symptoms
and by the fact that males have greater overall variance in ADHD symptoms compared to
females.18: 41

A recent cross-sectional study in children ages 7-13 years old found that younger

females with ADHD generally outperformed their male counterparts in terms of social

and communication skills, though the relationship for communication was reversed in
older children, where older males outperformed females in communication skills.33 As
with ASD, males are more likely to display externalizing behaviors like aggression,*%and
they have higher rates of comorbid conduct disorder and oppositional defiant disorder
compared to females;38: 42. 43 however, individuals with ADHD have higher likelihood of
being diagnosed with oppositional defiant disorder and this association is higher in females
with ADHD compared to males.#2 Males with ADHD also show higher rates of learning
disability,38 and perform worse on tasks involving processing speed, inhibition, and working
memory compared to females.*! These trends continue into adulthood, as adult males with
ADHD display higher rates of criminality,** and have greater impairment on complex
cognitive tasks.*® Conversely, females with ADHD tend to display more internalizing
problems such as anxiety, depression, and suicidality,40: 42 44 46. 47 though a recent study
did not replicate this finding.18

The sex bias in diagnosis may also be driven by symptomology, such that the disruptiveness
of males in classroom, social, or home settings may mean that they are more likely to be
referred for diagnosis by teachers or caregivers.>2 Studies in clinical samples of children
with ADHD have found large male-biases (10:1) while studies in non-referred community-
based samples have shown less of a male-bias in prevalence, 3:1.37- 41 Additionally, males
receive their diagnoses and manifest symptoms earlier relative to females.5% 51 Individuals
with the inattentive subtype, the subtype females are more prone to, also tend to manifest
their symptoms at later ages,3” and females are also more likely to manifest hyperactivity
symptoms at later ages.5! This discrepancy may contribute to the differing and reduced
prevalence ratios (1:1 and 2:1) seen in studies of adults with ADHD.>3 Moreover, as with
ASD, not much is known regarding the developmental trajectory of symptoms of ADHD,
but evidence suggests that both disorders are influenced by sex.

3. Sexual Differentiation: Y do sex differences matter?

To better understand how and why sex differences in ASD and ADHD come about, we
must understand the basics of sexual differentiation. In early mammalian development,
every embryo contains a bipotential structure called the gonadal ridge that can differentiate
into ovaries or testes. The process by which the gonadal ridge becomes either ovaries

or testes, known as sex determination, depends on the combination of chromosomes
inherited from the parents. Mothers can pass on one of two X chromosomes, whereas
fathers may pass down an X or a Y chromosome to the embryo. The presence ofa Y
chromosome, specifically the sex-determining region of the Y chromosome (SRY), will
lead to synthesis of a secreted protein, called testis-determining factor (TDF). TDF causes
the bipotential gonads to differentiate into testes which then initiate the process of male-
specific sexual differentiation via secretion of androgens. The major mammalian androgens
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are testosterone and its metabolite, dihydrotestosterone (DHT), which induce development
of male-specific accessory structures and external genitalia, respectively, in a process

known as masculinization. Meanwhile, the testes also secrete anti-Mullerian hormone,
which causes regression of female-specific accessory structures in a process known as
defeminization. In the absence of a Y chromosome and thus an absence of SRY/TDF and
androgenic hormones, the bipotential gonads will develop into ovaries via a process known
as feminization, and the male accessory structures will regress (demasculinization) to initiate
female-specific sexual differentiation.> However, just because feminization does not depend
on hormones, does not mean it is not an active process. Carefully orchestrated genetic
programs direct female-specific brain organization, and perturbations in this programming
can shift the trajectory of brain feminization. Additionally, feminization also requires active
repression of male-specific genetic programming, such that higher DNA methylation levels
in the developing female brain maintain feminization by silencing genes implicated in brain
masculinization.>®

Sexual differentiation of the brain is likewise driven by steroid hormones. In humans,

sexual differentiation takes place prenatally during the second trimester of gestation.®8 In
rodents, this critical period begins when the testes start to secrete androgens on E18 and
extends into neonatal life (<P10), even after androgen secretion stops around the day of
birth.57 Given their nonpolar structure, sex steroid hormones can readily cross the blood
brain barrier (BBB) to produce enduring cellular and molecular changes during this period
of brain development. Once in the brain, testosterone can be converted into DHT via the
enzyme, 5a reductase, or 17-B-estradiol via the enzyme, p450 aromatase.>® Androgens like
testosterone and DHT are important for masculinization in primates, whereas estradiol is the
main masculinizing hormone in rodents,5”- 59 thus the aromatase enzyme is highly expressed
in the rodent brain during the critical period for sexual differentiation to convert androgens
into estrogens.®0: 61 Later in life, steroid hormones, including androgens, estrogens, and
progestins, act on the previously organized brain circuitry to permit expression of, or
“activate” sex-specific aspects of brain and behavior.52 In this way, early life exposure

to sex-typical hormones prepares the brain for later life hormonal surges that drive sex
differences in a variety of behaviors, from cognition to social and sexual behavior.

Differences in typical sex steroid exposure during this early life organizational period have
been linked to neurodevelopmental disorder risk. For example, females with polycystic
ovary syndrome, a condition associated with elevated testosterone and other sex steroids, are
more likely have children with ADHD or ASD.53.64 |_jkewise, individuals with congenital
adrenal hyperplasia (CAH), another disorder characterized by ectopically high levels of
androgen exposure in utero, exhibit higher rates of autistic traits.5> Studies that have
measured levels of sex steroid hormones in the amniotic fluid suggest that testosterone
correlates positively with parent-reported autistic traits.56: 67 Another study showed that
combined elevations in androgens, progesterone, and cortisol in amniotic fluid, dubbed

a “latent steroidogenic factor”, was statistically associated with individuals going on to
develop autism in childhood.58 Further studies implicate higher levels of prenatal estrogens
as a risk factor for an ASD diagnosis and internalizing behaviors.5% 70 Sex steroids may
impact brain development and later life behavior in a sex-dependent manner, as high levels
of testosterone in the amniotic fluid were associated with reduced functional connectivity

Curr Top Behav Neurosci. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Breach and Lenz

Page 6

in the social brain default mode network during adolescence in males but not females.”?
Nonetheless, not all studies support the idea that elevated levels of prenatal steroids program
an increased likelihood of ASD. For example, conditions associated with reduced levels

of sex steroids, like Klinefelter’s syndrome, are also associated with increased risk of

both ASD and ADHD-like traits,”? and some studies have failed to find a relationship
between perinatal sex steroids and autism.”3-7> Overall, the take-home point from these
steroid hormone studies is that deviations in either direction from ‘typical’ levels of prenatal
steroids may be associated with higher risk of ASD. More work must be done to establish
whether or not, and, if so, fiow prenatal sex steroids may contribute to the etiology of ASD
at a mechanistic, rather than purely correlational level.

There is also evidence for persistent differences in steroid hormone-related function in the
ASD brain outside of the prenatal period. Aromatase, the enzyme responsible for converting
testosterone to estradiol, is reduced in the frontal cortex of adult autistic brains.’® Likewise,
retinoic acid-related orphan receptor-alpha (RORA), a transcription factor that regulates
expression of the gene for aromatase along with 438 other autism candidate genes, is
downregulated in the postmortem frontal cortex of autistic adults.’® Testosterone itself
downregulates RORA expression,’® suggestive of a positive feedback loop leading to further
levels of elevated testosterone in the ASD brain. However, estrogens upregulate RORA,

and may provide a protective buffering mechanism in females who have higher levels of
these hormones.”® Indeed, control females express marginally higher levels of RORA in the
frontal cortex, and this trend disappears in ASD brains.”” The percent reduction in aromatase
protein is higher in ASD males, suggesting that females may offset aromatase deficiency and
lead to the male-bias in ASD prevalence.”” Whether these trends are unique to adulthood or
also exist prenatally must be parsed out in animal studies.

While steroid-mediated mechanisms of neurodevelopmental disorders is an area of active
research interest, much remains to be established. Particularly of interest is how basic
mechanisms of brain sexual differentiation, including hormone secretion and sensitivity,
may be shifted in the context of ASD risk genes, early life perturbations or combined
genetic and environmental risk exposure. However, steroid hormones do program the
function of many cells throughout the brain during early life, including brain-resident
immune cells called microglia. In the next section, we discuss how the immune system
regulates neurodevelopment, sex differences in neuroimmune cell function, and evidence for
neuroimmune cell dysregulation in ASD and ADHD.

3. Immune Cells Shape Neurodevelopment and Behavior

3.1 Microglia

Microglia are macrophages located in the central nervous system (CNS), though they are
not derived from neural stem cells. Microglia are derived from myeloid progenitor cells
from the yolk sac and infiltrate the brain during early embryogenesis, on embryonic day
(E) 9.5 in rodents and gestational week 4.5 in humans.”® 79 Once microglia progenitors
have entered the developing brain they differentiate, proliferate, and migrate widely.8°
After microglia have seeded the brain, they form a long-lived and self-sustaining cellular
population, where they provide local host defense and perform a variety of homeostatic
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and developmentally relevant functions.8 Microglia secrete factors such as cytokines

and chemokines, which are small proteins that enable communication between and
recruitment of immune cells, respectively, though both cytokines and chemokines also have
neuromodulatory functions.82 83 In the developing brain of both sexes, microglia populate
proliferative and neurogenic zones,84 85 and regulate cell genesis and survival through
secretion of cytokines and growth factors.84 86. 87 Microglia likely also support cell genesis
throughout the forebrain, as neonatal depletion of microglia reduces cell genesis in the rat
cortex, hippocampus, and amygdala of males and females.88 Microglia also participate in
the cell death process, sensing cell death signals and releasing reactive oxygen species to
advance apoptosis.89-91

Microglia also phagocytose, or “eat” viable precursor cells and dead and dying cells

in the developing brain of both sexes.92 93 Microglia phagocytosis is also crucial for
developmental synaptic patterning. During normal brain development, neurons form an
excess of excitatory synapses, and maturation of brain circuitry is marked by pruning of
excess synapses.? 95 Microglia facilitate the synaptic pruning process, though most of
the work supporting this role for microglia has been done in males, so confirmational
studies to show similar, or perhaps differential, effects occurring in females must still be
performed. Microglia engulf pre- and postsynaptic elements in the juvenile hippocampus,
and mice lacking the receptor for fractalkine, a “find me” signal released by neurons

to attract microglia, had a transient increase in dendritic spines and immature synapses

in the third postnatal week, indicative of reduced synaptic pruning.9¢ Microglia also
sense “eat me” signals from the complement cascade, an immune pathway traditionally
involved in marking pathogens and apoptotic cells for phagocytosis/elimination, to direct
synaptic pruning activity. This happens in the neonatal thalamus, where microglia prune less
active retinogeniculate axons via detection of the protein complement component (C)3.97
Conversely, microglia can also partially engulf, or nibble at (“trogocytose”) presynaptic
elements to alter their shape, and microglia-dendrite contact can induce spine head

and filopodia formation.8: 99 Microglia signaling may also affect synaptic activity, as
microglial-derived brain-derived neurotrophic factor (BDNF) influences glutamate receptor
subtype composition, and depletion decreases learning-dependent formation of dendritic
spines in the cortex.190 Perturbation of embryonic microglia via knockout of either
fractalkine receptor, complement receptors, or DAP12 altered the outgrowth of forebrain
dopaminergic axons and disturbed laminar organization of neocortical interneurons.10

Studies in rodents indicate that microglia undergo several stages of development,

reaching maturity during the juvenile period, around postnatal day (P)28.80: 102,103 Ag
microglia mature, they express higher levels of immune-response genes, at least in the
hippocampus,194 and adult cortical and hippocampal microglia exhibit sex differences

in their gene expression.195 Furthermore, various sex differences in microglia number

and morphology in the developing brain have been documented (see Figure 1).106 Sex
differences in microglia morphology or number in the developing brain are in some

cases dramatic in magnitude but are highly dynamic across developmental stage and region-
specific.
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Microglia sex differences are organized by early life steroid hormone exposure (e.g.,
estradiol in rodents) and may have long-term effects on development and behavior.

For example, microglia phagocytose more viable neural progenitor cells in the neonatal
hippocampus of female rats compared to male rats, and this sex difference is eliminated by
administration of a masculinizing dose of estradiol to females.8 Likewise, neonatal ablation
of microglia reduces sex differences in hippocampal cell genesis.88 Male rats also have more
ameboid microglia in the neonatal preoptic area (POA), and microglia depletion during the
neonatal period prevents the development of male-specific synaptic patterning and adult
sexual behavior.108 Female synaptic patterning in the POA and sexual behavior can be
masculinized via neonatal administration of estradiol or prostaglandin E2, an inflammatory
mediator that can be released by immunocompetent cells as well as neurons and
astrocytes,198. 112 and microglia inhibition prevents this masculinization.198 Microglia also
regulate social play behavior in a sex-dependent manner. Juvenile social play is an adaptive
and conserved behavior across mammalian species important for social, cognitive, and
neural development.113: 114 Moreover, complement-dependent phagocytosis of dopamine
(D)1 receptors in the adolescent nucleus accumbens programs social play in male rats, as
inhibition of microglial phagocytosis increased play behavior in a D1r-dependent manner.115
Conversely, while inhibition of complement-dependent phagocytosis also increased play

in female rats, it was not dependent on D1r.115 A separate study found that microglial
phagocytosis of viable newborn astrocytes in the neonatal amygdala programs sex
differences in juvenile play, and administration of testosterone to females during the
neonatal period masculinizes play, along with phagocytosis and the number of newborn
cells.199 Meanwhile, neonatal inhibition of phagocytosis in males feminizes juvenile play
behavior.109 Because social behavior is a key domain impacted in neurodevelopmental
disorders, these studies suggest that abnormal microglia activity may be involved in shaping
abnormal social behavior found in ASD and ADHD.

Studies that inhibit, deplete, or knockout microglia during development recapitulate
behavior associated with neurodevelopmental disorders. For example, embryonic depletion
of microglia via maternal dietary treatment with a colony stimulating factor receptor 1
(CSF1R) inhibitor produced hyperactivity in adolescent female mice.116 Transient microglia
depletion in the neonatal period leads to locomotor hyperactivity, increased risk assessment
behavior, impaired cognition, reduced juvenile social play, and increased adult social
avoidance in rats.117: 118 | jkewise, a study employing fractalkine receptor (CX3CR1)
knockout, which reduces neuron-microglia communication and causes a transient reduction
of microglia during development, impairs juvenile social behavior, and increases repetitive
grooming behavior in mice.119 Beyond the possible relevance to neurodevelopmental
disorders, these rodent studies make clear that microglia are important mediators of brain
development and resultant behavioral programming.

3.1.1 Microglia are dysregulated in ASD.—While human studies on microglia
in ADHD are lacking, there is evidence for abnormal microglia activation in the
brains of autistic individuals, at least in males. Positron emission tomography (PET)
imaging of 18kDa translocator protein (TSPO), a protein found in activated microglia
and astrocytes, revealed decreased expression in several cortical brain areas of ASD
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males.120 Conversely, a different PET study analyzing a radiocarbon that specifically

binds to activated microglia ([11C])-labeled (R)-(1-[2-chrorophynyl]-A-methyl-A- [1-
methylpropyl]-3 isoquinoline carboxamide) found elevated microglia activation in the
cerebellum, midbrain, pons, and cingulate and orbitofrontal cortices of ASD males.12! This
result complements other work in postmortem autistic tissue finding elevated microglia
number, density, and/or activation in the cerebellum,122 dorsolateral prefrontal cortex,123
and fronto-insular and visual cortices of ASD males 124 compared to controls.

Studies investigating gene expression in the cortex of ASD versus control brains

generally find downregulations in expression of genes associated with neuronal and
synaptic function12>-127 and upregulations in expression of genes associated with
inflammatory and immune responses, including genes associated with microglia and
activated microglia.125-128 The expression of genes associated with activated microglia
was also negatively correlated with the expression of genes associated with neuronal
activity, suggesting that dysregulation of microglia operates in tandem with altered neuronal
activity.126 Likewise, a transcriptomic profiling and comparison of major psychiatric
disorders discovered that microglial genes were uniquely upregulated in ASD cortex while
multiple neuron-associated modules were downregulated.12® Alterations in gene expression
may be region-specific, as another study found decreased microglial markers in the
cerebellum.128 A more recent study using single nucleus RNA sequencing found that the
most differentially expressed genes in ASD versus control brains were found in cortical
layer 2/3 excitatory neurons, VIP interneurons, and microglia, and changes in these neurons
and microglia were predictive of clinical severity.130 Autistic brains also display signs of
exaggerated microglial maturity, suggesting inflammation.104

One study found that when a microglial maturity index was applied to the human

brain transcriptome, the male microglial transcriptome was more developmentally mature
compared to that of females,104 and autistic brains displayed markers of exaggerated
microglial maturity, suggesting greater neuroinflammation.104 Exaggerated protein synthesis
in microglia leads to autism-like behavior in male but not female mice,13! and a genetic
mouse model of autism revealed differentially expressed genes in juvenile male brains
were positively enriched for glia-specific gene sets, whereas those in the female brain were
generally negatively enriched for glia-specific gene sets.132 Despite this, the above studies
in humans are all biased towards male participants, and none analyzed sex differences.
However, a study on samples from fetal and adult brains from non-autistic individuals

of both sexes found that ASD-elevated glial and immune molecules were more likely

to be expressed in the cortex of fetal and adult males compared to females, whereas
ASD-reduced neuronal/synaptic genes were more likely to be expressed in the adult female
cortex.133 This finding suggests that males and females may be differentially vulnerable

to different mechanisms of ASD. Said another way, males may be more susceptible

to neuroinflammatory-associated risk factors, whereas females may be more susceptible

to neuronal dysfunction-associated risk factors. Seemingly conflicting with this, ASD
candidate genes were more highly co-expressed in the female fetal brain compared to

the male fetal brain, and that females displayed higher numbers of de novo mutations
compared to autistic males, even after controlling for ASD severity.134 This finding supports
the “female protective effect” theory of autism — the idea that mutation-induced gene
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deficiencies may be compensated for more readily in females, and that females may require
higher etiological or genetic load to manifest autistic symptoms.2>: 135 Overall, while there
appear to be sex differences in expression of genes dysregulated in ASD, more work needs
to ascertain whether specific ASD candidate genes are expressed or co-expressed in a sex
dependent manner.

3.2 Astrocytes

Another immunocompetent cell located in the CNS is the astrocyte. Unlike microglia,
astrocytes are neural progenitor cell-derived glial cells. Their primary functions in

the brain include maintenance of the BBB, glutamate homeostasis, and metabolic and
trophic support.136 They can also receive and relay immune signals, particularly through
communication with microglia.137 Like microglia, astrocytes display sex differences in
number, differentiation, and function. For example, in the POA, male rats have more
complex astrocytes with increased process number and length relative to females, and
this can be masculinized with estradiol treatment.138 Primary astrocytes cultured from
cortical samples of male mice release more inflammatory cytokines compared to females
following immune stimulation with bacterial endotoxin lipopolysaccharide (LPS), and this
was masculinized in females with neonatal testosterone treatment.139

Post-mortem and genetic studies corroborate the idea that astrocytes may be involved in
neurodevelopmental disorders, although little has been done to investigate sex differences

as most of these studies’ subjects consist primarily of males and/or findings were not
analyzed by sex. Some of the previously mentioned studies on post-mortem autistic tissue
found increased astrocytic activation in the cerebellum, middle frontal gyrus, and anterior
cingulate gyrus,122 and elevated astrocytic genes in prefrontal cortex and cerebellum.128
Likewise, both astrocyte and microglia markers are elevated in the autistic cortex.125

A separate study found increased number of protoplasmic astrocytes, a subtype of

astrocyte that is highly branched and distributed throughout the gray matter,140 in autistic
cortex.130 This same study observed dysregulation of developmental transcription factors

in protoplasmic astrocytes.130 Astrocyte associated gene modules are also upregulated in
ASD, schizophrenia, and bipolar disorder cortical samples of both sexes.12® As mentioned in
section 3.1, ASD-elevated glial genes are expressed at higher levels in the male brain relative
to the female brain, and this includes astrocytic markers,133 suggesting again that males may
be more susceptible to immune-related pathways of ASD. Moreover, astrocytic cytokine
signaling via I1L-33 release directs microglial synaptic pruning during development,14! and
astrocytes may also release ATP/ADP to regulate histamine-induced microglial phagocytosis
in both sexes.142 Given that many potential avenues exist for communication between
astrocytes and microglia and given that both cell types are dysregulated in ASD, astrocytes,
too, may contribute to neurodevelopmental disorders, potentially through interaction with
microglia and other immune cells. Future research is needed in this area, particularly

within the domains of sex differences, neuroimmune crosstalk, and brain development in
neurodevelopmental disorders.
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3.3 Mast Cells

Mast cells are often-overlooked immune cells that play a role in sexual differentiation,
neurodevelopment, and behavior. Mast cells are hematopoietic immune cells found in

tissues throughout the body and are primarily known for their role in allergic and atopic
disease.143 They can also be found in the brain and leptomeninges during embryonic
development, 144 145 and they are highest in number in the brain during the perinatal

period, where they are located preferentially at sites of blood vessel growth or on

vessels sheathed by astrocytic processes.144 Mast cells house granules which contain
neuroactive and inflammatory mediators, including cytokines, proteases, histamine, and
serotonin,146: 147 \When activated, mast cells undergo a process called degranulation, which
involves bolus or piecemeal release of their granules into the extracellular space.148 Mast
cells can also synthesize and release inflammatory mediators such as prostaglandins and
cytokines independent of degranulation.14® Like microglia, mast cells are capable of sensing
and responding to complement proteins, neuropeptides, steroid hormones, cytokines, and
microbes, 130 making them versatile cells. Interestingly, mast cell-mediated diseases are more
common in females.151-153 This may stem from the fact that peripheral mast cells synthesize
and store more immune mediators in females compared to males, resulting in more severe
responses to immunological and psychological stress in females.1>4 This sex difference is
established by perinatal androgen exposure.15°

Sex differences have also been found in mast cells in the brain. For example, mast cells

are sexually dimorphic in the rodent hippocampus and POA, where males have more mast
cells compared to females.107: 156, 157 gych sex differences contribute to neurodevelopment
and behavior, as mast cells are the first step in microglia-mediated sex-specific synaptic
patterning of the POA. In the developing POA of males, estradiol binds to estrogen
receptors on mast cells, inducing degranulation and release of histamine. This histamine
binds to histamine receptors on microglia to facilitate microglia synthesis and release of
prostaglandin, which binds to GPCRs on dendrites to facilitate dendritic spine formation —
all of which is required for male-specific adult sexual behavior.1%6

Moreover, many studies in adult rodents have implicated mast cell in behaviors relevant

to neurodevelopmental disorders, at least in males. Blockade of central, but not peripheral
mast cell activity increases anxiety like behavior.158 Mast cell-deficient mice also display
elevated anxiety-like behavior,158 and have deficits in hippocampal-dependent spatial
learning and memory and reduced neurogenesis.1® Increasing the levels of mast cell
mediator serotonin via chronic treatment with selective serotonin reuptake inhibitor
fluoxetine reverses cognitive and neurogenic deficits in male mast cell-deficient mice.15°
Application of histamine into the lateral septum of male rats decreases anxiety and novelty-
suppressed feeding, 160 161 and spontaneous locomotor activity correlates with degranulation
of mast cells in the meninges.162 Mast cell activity is also important for social behavior.
Intracerebroventricular infusion of a mast cell activator increased sociability in male mice,
whilst removal of mast cells in a diptheria toxin inducible knockout model reduced social
preference levels without influencing anxiety- or depressive-like behavior.163 Given the sex
differences that have been documented in mast cell number and function, future research
determining whether these findings extend to females is merited.
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Although few studies have specifically investigated mast cells in the context of
neurodevelopmental disorders, evidence is mounting for altered peripheral mast cell activity
in neurodevelopmental disorders, primarily due to the mast cell’s role in mediating allergy
and atopy. The incidence of ASD is 10x higher in children with mastocytosis, a disease
caused by mast cell hyperactivity, compared to children in the general population.164
Allergic diseases are associated with psychological and behavioral issues in preschoolers,16°
and both ASD and ADHD have been linked to allergic disease.1%6 For example, allergic
rhinitis, atopic dermatitis, asthma, eczema, food allergy, and urticaria have all been found

to associate with either ASD167-170 and/or ADHD.171-178 The development of atopic
dermatitis and asthma in early life increases risk for subsequent diagnosis of both ASD

and ADHD.175 179 Fyrthermore, allergic symptoms may contribute abnormal behavior,

as overall allergy in autistic children was associated with higher measures of stereotyped
behavior,169 and a study on children with ADHD found increased levels of allergic markers
(IgE and eosinophils) in the blood and decreased levels of 5-HT and hemoglobin, and
ADHD risk increased with the number of these biochemical factors present.1”” Combined
with evidence from rodent studies on mast cell regulation of behavior, this work suggests
that peripheral and central mast cell activity may be involved in ASD and ADHD. Moreover,
this work also demonstrates that we should consider peripheral inflammation when it comes
to studying neurodevelopmental disorders and their rodent models. In the next section, we
will discuss peripheral immune dysregulation documented in ASD and ADHD.

4. Peripheral Inflammation, Neurodevelopmental Disorders, and Brain

Development

The brain was historically thought to be privileged from the immune system, as the

BBB generally bars peripheral immune cells from freely entering the brain under normal
conditions.189 However, the immune system communicates with the brain through three
general mechanisms: diffusion at the sites of the brain’s circumventricular organs (CVOs),
interactions at the endothelial interface of the BBB, and direct stimulation of the vagus nerve
and sympathetic afferents.181 Cytokines are integral for immune to brain communication,
and peripheral immune perturbation can readily affect this signaling.18 Moreover, given
the ability of the immune system to communicate with the brain, and given the role

that the immune system plays in neurodevelopment, it makes sense that peripheral
immune dysregulation and perturbation are associated with neurodevelopmental disorders
like ASD and ADHD. In this section, we will detail peripheral immune dysregulation
documented in ASD and ADHD and discuss how rodent studies of early life inflammation
model endophenotypes of neurodevelopmental disorders and provide insight into potential
mechanisms of neurodevelopmental disorder-associated alterations in neurobehavioral
development.

4.1. Peripheral immune dysregulation in ASD and ADHD

Evidence for immune dysregulation in ASD stems from multiple fields of study, though note
that this work has been conducted primarily in male subjects with minimal attention paid

to sex (see 4.1.1 for a discussion of sex differences in peripheral immune dysregulation).
Certain haplotypes in the major histocompatibility complex (MHC), a major gene locus
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on chromosome 6 that codes for various immune-related proteins, have been associated
with autism82 and many top gene sets associated with ASD involve immune pathways,
including genes associated with recruitment of immune cells and the inflammatory response
to viral infection.183 Likewise, autistic children exhibit cytokine dysregulation that is
developmentally dynamic. Blood samples from neonates that subsequently received an
ASD diagnosis display decreased levels both pro- and anti-inflammatory cytokines.184
Conversely, older autistic children have /ncreased levels of proinflammatory cytokines
185-190 and reduced levels of the anti-inflammatory cytokine TGFB.18%-192 Altered cytokine
levels may also contribute to symptomatology, as elevated levels of proinflammatory
cytokines8 188 and reduced levels of anti-inflammatory TGFB19! are associated with
increased symptom severity.

T cells, a term for a diverse group of lymphocytes involved in the adaptive immune
response, are also dysregulated in ASD. Helper T cells, a subset of T cells, are some of

the most prolific cytokine generators and can take on multiple phenotypes, three of which
are Thl, Th2, and Th17.193 Th1 and Th17 cells are generally considered proinflammatory,
whereas Th2 cells are generally considered anti-inflammatory. Peripheral immune cells
isolated from autistic children show enhanced production of both Th1- and Th2-like
cytokines,194 as well as Thi-, Th2-, and Th17-associated transcription factors.195 Autistic
children also display reduced expression of transcription factors associated with a different
class of T cell, the immunosuppressive regulatory T cell.195 Moreover, specific analysis

of T cell numbers have found that autistic children have reduced numbers of regulatory

T cells19 and Th1 cells,2%7 and increased numbers of Th2, Th17, and activated Th17
cells.196-198 A high ratio of Th17 cells to regulatory T cells is associated with more

severe autistic symptoms.19€ Increases in helper T cell activity in ASD may be due to
decreased regulation by regulatory T cells, and the balance of T cell phenotypes in ASD
may also be moderated by comorbidity with other syndromes. Rose et al. found that autistic
children with comorbid gastrointestinal (GI) symptoms displayed elevated Th17 populations
whereas autistic children without comorbid GI symptoms had increased frequency of Th2
populations, and both ASD groups had reduced regulatory T cell populations.199

Regarding ADHD, a study investigating gene expression in peripheral blood mononuclear
cells found that genes differentially expressed in adults with ADHD (prior to statistical
correction) were enriched for pathways relating to the immune and inflammatory response,
with statistical correction still supporting differential expression of immune genes such as
C1gA, TNFSF8, and IL7R.290 A recent meta-analysis on DNA methylation studies found
six differentially methylated regions within the major histocompatibility complex, including
complement-related genes C4A and C4B.201 Notably, overexpression of human C4A in
mice increased microglia-mediated synaptic pruning during development in thalamus and
cortex and reduced social preference behavior, increased anxiety, and impaired spatial
working memory.292 Moreover, other studies have associated polymorphisms in various
genes coding for proinflammatory cytokines with increased risk for ADHD and/or symptom
severity,203: 204 and 2 polymorphisms in the 1L-16 gene are associated with the inattentive
ADHD phenotype.295 One study found a trend for elevated protein levels of pro and anti-
inflammatory cytokines in the serum of patients with untreated ADHD, but not medicated
ADHD patients.2%6 Another study found statistically elevated levels of serum IL-6 and I1L-10
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in children with ADHD,207 and serum IL-16 is positively associated with hyperactivity/
impulsivity whereas serum IL-13 is positively associated with inattention.208

Some studies in peripheral blood suggest that the response to oxidative stress, a process
associated with cellular damage, death, and immune activation, may be insufficient in
individuals with ADHD.209 A separate study examining differential expression of genetic
and epigenetic markers in peripheral blood cells found that expression of three microRNAs
were predictive of ADHD diagnostic status.?19 MicroRNAs interact with DNA to repress
gene expression, and subsequent downstream analysis of genes normally targeted by
these microRNAs that were differentially expressed in ADHD found enrichment of genes
associated with “proliferation of neuroglia,” among other annotations.219 This finding
suggests that epigenetic regulation of neuroglial proliferation may be altered in ADHD,
though the ability to extrapolate findings from peripheral immune cells to the brain is
limited.

Evidence also exists for a potential autoimmune component of ASD and ADHD.

Antibodies that react to one’s own tissue, called autoantibodies, have been documented

in both syndromes. In ASD, autoantibodies have been detected against proteins such as
Hexokinase-1, brain derived neurotrophic factor (BDNF), glial fibrillary acid protein, myelin
proteins, and heat shock protein 90, among others.211 Autoantibodies for unidentified
proteins have also been detected in the hypothalamus, thalamus, and cerebellum tissue from
the postmortem adult autistic brain.212 213 A recent systematic review of studies examining
autoantibodies in serum or CSF concluded that autistic children expressed higher levels of
antibodies reactive to myelin proteins, endothelial cells proteins, nuclear antigens, and folate
receptors, though more work needs to be done due to significant heterogeneity between
studies.?14

A small study in children has documented autoantibodies for GAD65, an enzyme expressed
in GABAergic neurons in both ASD and ADHD,21® though another study in older patients
could not replicate this finding.216 In line with evidence for cerebellar dysfunction in
ADHD, two studies on children with ADHD found antibodies directed against Yo (PCA-1),
a protein found in the cytoplasm of cerebellar Purkinje cells, in most ADHD cases
(277.5%),217. 218 3lthough again this finding was not replicated in a subsequent study.?19
Another group found that a subset of individuals with ADHD had autoantibodies against the
dopamine transporter (DAT),220: 221 and this correlated positively with ADHD symptoms

in patients with a 10-repeat variant of the DAT1 gene.220 These autoantibodies may be
related to neuroanatomical or functional abnormalities associated with neurodevelopmental
disorders, as administration of myelin-specific antibodies isolated from autistic donors

to rodent hippocampal slices reduced myelination and long-term potentiation in the
hippocampus.222 Maternal autoimmune disease is associated with increased risk for ASD in
offspring,223 and studies have also documented autoantibodies in the blood of some mothers
of autistic children.211

As with individual autoantibodies, maternal autoantibodies may have consequences for
offspring brain structure. For example, head and brain enlargement is found in about
16% and 9% of autistic patients (primarily examined males),224 and autistic male children
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from mothers with maternal autoantibodies displayed exacerbated ASD-associated brain
enlargement (females not examined).225 This could be related to behavior, as brain
enlargement was more severe in lower functioning patients.224 Likewise, a mouse model

of maternal autoantibody exposure produced repetitive grooming, reduced play, and altered
vocalization behavior in offspring of both sexes.226 However, there may be sex-specific
effects regarding how these maternal autoantibodies causally relate to brain and behavioral
deficits. A follow up study in the same mouse model found that maternal autoantibody
exposure increased brain volume in female but not male offspring.22” Brain region volumes
generally correlated positively with behavior in maternal antibody-exposed females whilst
correlating negatively or not at all in exposed males.22” Thus begs the question: What other
outcomes relating to neurodevelopmental disorder risk and etiology may vary according to
sex that have not yet been systematically assessed?

4.1.1 What about sex differences?—As mentioned, a major problem persists in

most studies mentioned in this section: no comparisons have been made by sex. The few
studies that have examined sex as a biological variable in the context of neurodevelopmental
disorder-associated immune dysregulation have found sex differences. For example,
decreased levels of peripheral IL-1B, IL-8, MIP-1B, and VEGF were each associated with
higher autism severity in females but not males.*8 Conversely, platelet-derived growth factor
(PDGF)-BB was negatively associated with ASD severity in both sexes.*® A separate study
examining serum biomarkers in adults with and without Asperger’s syndrome (AS), an ASD
characterized by less severe symptoms and the absence of language difficulty, found distinct
molecular profiles in males and females. Males with AS primarily displayed increases in
various cytokines whereas females with AS primarily displayed increases in levels of growth
factors like BDNF.4° These data call into question the applicability and validity of previous
research in neurodevelopmental disorder-related immune dysregulation and underscore the
need for the inclusion of both males and females in clinical research.

4.2 Maternal/prenatal immune activation

In humans, maternal immune activation (MIA) during pregnancy, whether it be through
infection, allergy, autoimmunity, or pollution, increases risk for neurodevelopmental
disorders in the offspring, including ASD, ADHD, and schizophrenia (see Box 1 for a

brief discussion of schizophrenia).17> 228-232 Rodent studies of maternal immune activation
(MIA) during pregnancy have improved our understanding of the underlying physiological
mechanisms through which immune perturbation during pregnancy may confer increased
risk for neurobehavioral and immune abnormalities in the offspring, including in some cases
sex differences in this risk or resilience.

Two models of prenatal infection have been used in the majority of preclinical MIA studies
in rodents: LPS, which models bacterial infection, and the synthetic double stranded RNA
polyinosinic:polycytidylic acid (Poly 1:C), which models viral infection.244 LPS binds to
toll-like receptor (TLR) 4 while Poly I:C binds to TLR 3 on immune cells to mimic

the acute-phase response to infection, and both cascades converge on the nuclear factor
kappa B (NFKB) pathway to produce strong Thi-like cytokine responses.244 While LPS

is a potent inducer of TNFa, Poly I:C is a potent inducer of interferons.244 However,
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these infection models are not the only rodent models of MIA. Given the increasing

links between pollution, allergy, and neurodevelopmental disorders,166: 175. 231 gther

more recently developed MIA paradigms have focused on pollution-induced inflammation
or allergy. These models generally involve inflammation beginning in the airway that
result in the expansion of the Th2-like cytokine response, as opposed to the Thil-like
cytokine response.245: 246 Generally, MIA studies across models reproduce behavioral
endophenotypes associated with neurodevelopmental disorders.

Most MIA studies have been performed exclusively in male rodents. These studies have
found that MIA impairs communication behavior, either reducing®4”- 248 or increasing?4°
neonatal ultrasonic vocalizations. MIA paradigms have found reduced social behavior,
248-251 impaired learning and memory,23% 247 anxiety-like behavior,23% 250. 252 ang

altered sensorimotor gating.25%: 253 Additionally, some MIA studies have found increased
repetitive behaviors, as assessed by self-grooming or marble burying.247-249. 254 At

the neurochemical level, these male-focused studies have found evidence for reduced
dopaminergic activity, which aligns well with hypotheses of reduced motivation and reward
in human neurodevelopmental disorders. Specifically, levels of the dopamine-synthesis
enzyme tyrosine hydroxylase, as well as dopamine and dopamine metabolite levels in are
reduced in the striatum of adult offspring,247: 255 as well as dopamine hypofunction in the
hypothalamus.2>* Reduced levels of GABA synthesis enzyme, GADG67, in medial prefrontal
cortex interneurons in adult male offspring have also been seen after MIA, 239 suggestive of
altered excitatory-inhibitory balance in regions critical for cognition.

In terms of immune mechanisms, two peripheral cytokines, IL-6 and IL-17 are necessary

for the behavioral effects of Poly 1:C induced-MIA, at least in males. Poly I:C injection

on E12.5 reduces sensorimotor gating, exploration, and social behavior in adult offspring,
and genetic knockout or blockade of IL-6 action prevents these behavioral alterations as

well as MIA-induced changes in cortical gene expression.229 A different group found that
the same paradigm increased levels of serum and placental IL-17a and IL-17 receptor
subunit A (Ra) expression in the fetal brain in an IL-6-dependent manner, suggesting that
IL-17a acts downstream of 1L-6.24% These offspring displayed abnormal cortical lamination,
increased ultrasonic vocalizations, repetitive behavior, and impaired sociability, and maternal
treatment with an IL-17a blocking antibody protected offspring from these effects.?4% Th17
cells may be the drivers of poly I:C induced behavioral deficits, as expression of ROR+t, a
transcriptional regulator of Th17 cell development, in maternal T cells was required for the
abnormal behavioral phenotype in the offspring.249 Importantly, the evidence for elevated
IL-17Ra levels in the fetal brain suggests increased IL-17a or Th17 activity in the fetus as
well. IL-17 activity downregulates both Th1 and Th2 responses, 226 thus this data goes well
with research from humans showing that blood samples from neonates that would eventually
receive an ASD diagnosis had decreased levels of both Thi-like and Th2-like cytokines.184
Meanwhile, a separate study found that Poly I.C offspring display decreased regulatory T
cells and hyper responsive helper T cells in the periphery of adult offspring,257 which also
goes along with work in older autistic patients that was discussed above.

Microglia changes have been examined in the context of MIA, but findings are heterogenous
and thus challenging to make broad conclusions about. Most MIA studies that have
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investigated microglia examine effects on juvenile and adult male offspring, with some
studies finding increased microglial activation or density and others finding the opposite or
no change.?®® Some studies on adult offspring have found no changes in microglia markers,
number, or density in multiple brain regions.247: 253. 259 However, other studies have found
elevated microglia number and activation in neonatal and adolescent amygdala,260 as well
as the juvenile hippocampus and striatum,251 all regions important for social behavior,
cognition, and locomotor activity. Additionally, lack of change in microglia number or
staining density does not necessarily reflect a lack of change in function. Studies in a

Poly I:C model have found impaired hippocampal neurogenesis, reduced expression of
inflammatory response genes, and impaired microglial phagocytosis in adult male offspring
(females not examined).253. 262 Notably, microglial inhibition with chronic minocycline
treatment in adulthood after MIA rescued neurogenesis, gene expression, phagocytosis,
and behavior in these males, suggesting a causal role for microglia in the neurogenic
deficits and behavioral phenotype.?53: 262 Evidence suggests that microglia may also be
affected proximally to the immune insult, as Poly I:C MIA alters the transcriptome of
early-stage microglia, indicating increased maturity and inflammatory capacity, at least

in males (females not examined).102 This study goes along with other work suggesting
accelerated microglial development in ASD.104 Thus, microglia may be affected proximally
to the immune insult and during a critical period of development, programming long-term
changes in brain and behavior. Furthermore, MIA-induced microglia alterations may vary
according to paradigm, age at immune challenge, and age at assessment.

All the above-mentioned studies were conducted in males, so it is unknown the extent

to which these particular findings apply in females, which will hopefully be addressed in
future work. Studies that examine both sexes enable scientists to tease out potential sex
differences in vulnerability to prenatal inflammation. Some studies across paradigms have
documented inflammation-induced behavioral changes in both sexes, including decreased
sociability,107. 245, 263, 264 g|tered sexual behavior,28% increased rearing and/or repetitive
behavior,245: 263, 264, 266, 267 gjsrupted sensorimotor gating,23” increased baseline startle
response,258 and impaired cognitive flexibility.107 Studies have also found increased
anxiety-like behavior 269 and increased107. 263, 266, 267, 270 or decreased?58 locomotor
activity in both sexes. However, other MIA studies suggest that males may be preferentially
affected by MIA, which would make sense given the sex bias in prevalence rates, though
findings vary across paradigms (See Table 2 for a summary). For example, LPS-induced
MIA reduces juvenile social play behavior in male but not female Wistar rats.247: 251, 271, 272
Additionally, these MIA males displayed altered vasopressin expression in the amygdala,2’1
blunted play-induced neuronal activation in PFC, NAc, and striatum, and potentiated play-
induced neuronal activation in the amygdala.2’2 Likewise, one study found that Poly 1:C
preferentially impaired social play in male mice,287 while another found social deficits in
both sexes.284 However, male mice were more susceptible to Poly I:C-induced anxiety-like
behavior and sensorimotor gating impairments.2%4 Likewise, a combined model of diesel
exhaust particle exposure and maternal stress (DEP+MS) increases anxiety-like behavior
only in male offspring.273 This same paradigm preferentially impairs neonatal ultrasonic
vocalizations and fear conditioning in male mice,273: 274 yet increases juvenile locomotor
behavior and neophobia in both sexes.2”3 In summary, MIA appears to affect behavior
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in both males and females, though some research points to sex-specific vulnerabilities,
particularly in males.

While causal manipulations are lacking, studies examining MIA effects in both sexes have
found alterations to microglia in combination with such impaired behavior discussed above.
Adult offspring exposed to Poly I:C on E15 display increases in microglia number and/or
activation in the pons, thalamus, corpus callosum, and hippocampus.268 Notably, differential
mast cell and microglia number/activation in the neonatal preoptic area is responsible for
programming adult sex behavior,198. 156 and acute prenatal allergic inflammation produces
female-specific increases in mast cell number and ameboid microglial tone in the neonatal
POA, and this is followed by reversed sexual differentiation of POA dendritic spine density
and masculinized sexual behavior in adulthood.285 A follow up in the same paradigm

found impaired juvenile social play, late adolescent hyperactivity, and adult cognitive
inflexibility in male and female offspring, and these behaviors were preceded by decreases
in neonatal microglia colonization in brain regions relevant to these behaviors in both
sexes.197 While only conducted in females, a separate study in a model of maternal

allergic asthma found that differentially methylated regions in adolescent offspring were
enriched for transcription factor binding sites related to regulation of microglial development
and microglial inflammation (males not examined).27> Further analysis revealed that
differentially expressed and methylated genes in this model significantly overlapped with

a list of ASD risk genes,2’> indicating that alterations to microglia function may be causally
implicated in ASD.

Other work suggests that males and females may be differentially susceptible to

certain immune-related consequences of prenatal inflammation. Generally, males may be
predisposed to an elevated immune profile following MIA. For example, while prenatal
Poly I:C on E9.5 increases C3 protein expression in the dentate gyrus of adult offspring of
both sexes, it only produces microglia activation in males, despite female-specific increases
in microglial CD68 and CD11b in the hippocampus.2% Prenatal DEP exposure increases
inflammatory tone in the fetal male brain, decreasing brain IL-10 and elevating the number
of ameboid microglia in the cortex and hippocampus.2”3 The opposite is true in the fetal
female brain, where prenatal DEP elevates brain IL-10 and decreases the number ameboid
microglia in the dentate gyrus.273: 274. 276 Ag juveniles, DEP males have elevated levels

of cytokines, increased ameboid microglia, and also display increased neuron-microglia
overlap.273 276 Combined DEP + MS increases IL-1p/IL-10 ratio in the brain of adult male
offspring, but decreases it in females.273: 274 Notably, as mentioned above, these studies
found more male-specific behavioral alterations in anxiety-like behavior as adults, but both
males and females exhibited hyperactivity and reduced social exploration as juveniles.2’4

Such an elevated immune profile may predispose males to have a hyperactive immune
response following an acute challenge. A separate study employing an LPS model of

in utero inflammation found reduced myelination of the corpus callosum and increased
microglia number in adult offspring of both sexes.266. 270 However, some proximal and
ultimate immune consequences were disparate between the sexes. IL-1p and TNFa were
elevated in fetal male brains 48hrs following prenatal LPS challenge, a trend that was absent
in females, and male offspring also displayed /ncreased levels of TGFB, C1q, and C3 in
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the brain as neonates, whereas female neonates had decreased levels of C3.256 Interestingly,
these male offspring had potentiated central cytokine responses to acute administration of
LPS in adulthood that were absent in females.266 Collectively, these findings suggests that
males may be more susceptible to both inflammatory risk factors for and consequences

of prenatal inflammation, which would make sense given genetic data on inflammatory
markers discussed above.133 Additionally, given that LPS advances microglial maturity in
males but not females,102: 104 exposure to immune challenges throughout life may explain
why adult male brains have higher indices of microglial maturity, and why the brains of
autistic individuals also display signs of elevated microglial maturity.194 It is therefore
imperative that MIA studies should examine sex as a potential moderator of outcomes, given
that 1) in humans, both males and females develop neurodevelopmental disorders, 2) MIA
may induce sex-specific behavioral deficits, and 3) MIA may induce similar behavioral
deficits in the sexes, but through different mechanisms.

4.3 Early life immune activation

Immune activation during the postnatal period also increases risk for neurodevelopmental
disorders. Preterm born children who experience systemic inflammation in the first postnatal
month have increased risk for ADHD or ASD-related symptoms.2”7: 278 |n line with data
showing that the development of atopic dermatitis and asthma in early life increases risk for
subsequent diagnosis of both ASD and ADHD,17: 179 3 rodent model of chronic allergic
asthma beginning in the neonatal period found repetitive behavior and impaired sociality in
adult (but not juvenile) animals.2”® These animals also had impaired microglial engulfment
of postsynaptic markers and reduced expression of engulfment-related genes during the
peak pruning period in the hippocampus, and this was followed by an excess of excitatory
synapses in the hippocampus.27® A separate model of early life infection with £. coli
increases cytokine and microglial expression in the hippocampus of neonatal males (females
not examined),280 causes hypomyelination of subcortical white matter and motor cortex in
juvenile males,281 and increases levels of microglial markers and hyperreactive astrocytes

in the adult hippocampus.280: 282 Behavioral sequalae include locomotor hyperactivity and
impaired coordination as juveniles and adults,281 as well as impaired learning and memory
following acute LPS challenge.28%: 282 Blockade of 1L-1p synthesis or microglial activation
prior to LPS challenge prevented the combined effects of neonatal infection + LPS on
learning and memory,280: 283 collectively suggesting that microglia-mediated mechanisms
may underlie impairments induced by neonatal inflammation, at least in males.

Notably, diets that are high in fat induce systemic and chronic low-grade inflammation

in both brain and body,284 and gestational obesity is a risk factor for ADHD.285 Thus,
perinatal exposure to high fat diet (HFD) through manipulation of maternal chow during
pregnancy and lactation is yet another relevant model of early inflammation. As such,
perinatal HFD produces a hypodopaminergic condition in the mesocorticolimbic pathway
in adult males (females not examined).286 This paradigm also decreases motivation to earn
reward and increases impulsivity in adults male and female offspring.28” Male and female
HFD offspring also display elevated concentrations of cysteine in the prefrontal cortex,
consistent with oxidative stress.288 Notably, many of these deficits can be rescued in both
sexes through dietary supplementation with methyl donors, which are nutrients that supply
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methyl groups important for cellular function and protein synthesis.28% 290 However, some
effects of perinatal HFD appear to be male-biased. Examination of gene expression in

the prefrontal cortex of male offspring found that impulsivity related to overexpression of
DNMT1 (females not examined),287 and this may represent a compensatory mechanism for
decreased DNA methylation in these males (females not examined).286 A follow up study
found that this was a male-specific effect, as perinatal HFD reduced DNA methylation

in the male but not female prefrontal cortex, and this could be rescued with dietary
supplementation of methyl donors.288

Other studies also suggest there may be sex differences following neonatal inflammation.
Specifically, neonatal challenge with LPS increased anxiety- and depressive-like behaviors,
risk-taking, and working memory deficits in peri-adolescent male mice, with the anxiety-
and depressive-like behaviors persisting into adulthood. Conversely, at either timepoint,
female mice only displayed deficits in sensorimotor gating.29 As adults, males also had
increased nitrite levels and decreased parvalbumin in the hippocampus, while both sexes
experienced increased levels of pro-inflammatory cytokines in the brain.291 A similar
paradigm found impaired spatial memory in adult males but not females, though both
sexes displayed social impairments as adolescents.2%2 Conversely, a recent study found that
neonatal inflammation with LPS produces female-specific impairments in adult sociability
and social discrimination, and this was combined with increased somatostatin cell number
in the anterior cingulate cortex.293 As a whole, these studies suggest that males may

be more susceptible to emotional and cognitive related impairments following neonatal
inflammation, whereas females may or may not be more susceptible to social impairment.
More work needs to be done to ascertain the consistency of sex differences in these domains,
as well as whether they may vary by age of inflammation, age at assessment, or other
factors.

5. Concluding Remarks & Ways Forward

Autism and ADHD are the two most common neurodevelopmental disorders diagnosed
in children. Both conditions are diagnosed more commonly in males, and sex differences
in symptomology, onset, comorbidities, and immunological abnormalities have been
documented. Despite this, most clinical and preclinical studies on immune-related
mechanisms and endpoints of neurodevelopmental disorders have not examined sex as a
biological variable (See Box 2 for our summary of the major knowledge gaps and high
priority future goals). Overall, research that /as investigated sex differences reveals that
males and females may be differentially susceptible to certain neurodevelopmental disorder-
associated risk factors, with males potentially being more vulnerable to immune-related
risk factors for these conditions. Likewise, mechanisms underlying ASD and ADHD in
males and females may be different and merit further investigation. Only by studying
both males and females in both human studies as well as animal models and considering
how sex interacts with gender norms and societal expectations to lead to diagnostic biases
will we gain a complete picture of how neurodevelopmental disorders arise and grasp the
full complexity of the etiology, symptomology and treatment strategies for these complex
conditions.
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Box 1:

Maternal immune activation and sex differences: Relevance to
Schizophrenia

Schizophrenia is a long-term psychiatric disorder that typically shows onset in the

late teenage years. Despite the latent nature of onset in late adolescence to early
adulthood, there are early life risk factors for schizophrenia that overlap with the
neurodevelopmental disorders covered in this chapter. In particular, maternal immune
activation during pregnancy, such as viral infection, is associated with on average a
3-fold increased risk for schizophrenia in offspring,232: 233 as are obstetric complications,
preeclampsia, and nutritional deficiencies during pregnancy (for review, see 234). There
is also clinical evidence of inflammatory differences in male and female schizophrenic
individuals, including elevated peripheral cytokines and altered TSPO PET labeling
(sometimes increased, sometimes decreased) in schizophrenic individuals that correlate
with symptom severity, and increased markers of inflammation in the postmortem brains
of schizophrenic individuals.234-236 Interestingly, in a study that has directly compared
gene expression profiles across psychiatric disorders, the same astrocyte gene modules
are seen to be elevated in both schizophrenia and ASD but with noteworthy differences
were seen in microglia-related gene module expression between the two disorders.129

Given this relationship between immune activation and schizophrenia, maternal immune
activation rodent models are also relevant to the study of schizophrenia, and many
research groups have assessed neural systems hypothesized to be implicated in
schizophrenia (e.g., dopaminergic system, excitatory/inhibitory balance) as well as
behavioral domains of particular relevance to schizophrenia (e.g., sensory gating of
startle responses, attentional and cognitive flexibility deficits) (e.g., 237-239) to understand
the mechanisms through which MIA could contribute to the etiology of schizophrenia.
Thus, many of the studies which we report on in this chapter as relevant to the
understanding of ASD may also be relevant to our understanding of schizophrenia, and in
fact, were conceptualized that way by the researchers who performed them.

With regard to sex differences, there is a slight male sex bias in the overall rate of
schizophrenia (1.4:1) that is far less dramatic than that seen with ASD and ADHD, but
there are also sex differences in age of onset, with males typically showing significantly
earlier age of symptom onset than females (in late teens-early twenties in males versus
late twenties-early thirties in females).240: 241 Symptom-wise, female tend to show higher
rates of affective symptoms, particularly later in the course of the disorder as they
undergo menopause (which may show a modulatory role for female-typical hormones

in this sex difference), whereas males show more severe symptoms overall and more
positive symptoms, such as hallucinations and delusions (reviewed in 241). Regarding the
genetics of schizophrenia, interesting recent work has now implicated the complement
system, in particular the C4 gene locus in the major histocompatibility complex, as
highly associated with sex-specific risk for schizophrenia in males.242 While mutations
in the C4 allele are associated with elevated schizophrenia risk in both sexes, they are
more pronounced in males, and the group found that C4 protein levels are higher in
schizophrenic individuals, and higher in males in CSF during earlier ages (twenties
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versus fifties), which may explain male-biased risk for earlier onset schizophrenia.242
Interestingly this same group demonstrated collaboratively that C4 is necessary for
developmental synaptic pruning by microglia to occur in the brain.243 Thus, overactive
C4 function in schizophrenia, and particularly in males, may in part be developmentally
responsible for the onset of the disorder, and maternal immune activation may in turn
further perturb this developmental function of the neuroimmune system and be relevant
to sex-specific schizophrenia risk or onset.
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Box 2:

Major Knowledge Gaps

Throughout this chapter, we have discussed what research has taught us regarding ASD,
ADHD and animal models. However, whether many well-established research findings
apply to females is still unknown. Given that neurodevelopmental disorders continue to
affect both males and females, we believe the following questions should be priorities for
scientific research moving forward.

1

To what extent does sex affect the developmental trajectory of ASD and
ADHD, and how does this change our understanding of symptomology and
prevalence? (Section 2)

Are males and females differentially susceptible to specific genetic risk
factors or polygenic interactions for ASD and ADHD? (Sections 3.1 and 3.2)

Do the patterns of central and peripheral immune dysregulation in ASD
and ADHD apply to females with these conditions or are they sex-specific?
(Sections 3 and 4)

Does the maternal response to males and females during gestation modulate
the developmental etiology of ASD or other NDDs?

Developing animal models that better reflect sex-specific genetic risk and
protective factors for NDDs to dissect mechanisms at play in NDD etiology,
and studying them across the lifespan and in combination with environmental
risk exposures (Section 4.2).
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Figure 1:
Summary of known sex differences in microglia number and morphology during rodent

neurodevelopment. On E15, males have more total and ameboid microglia in the basal
ganglia compared to females.197 During the first three days of life, males have more

total and ameboid microglia in the medial preoptic area (mPOA),198 while females have
more ameboid and phagocytic microglia in the hippocampus (HPC)8>: 88 and amygdala
(AMY).109 Conversely, males have more total, ameboid and “reactive” microglia in the HPC
and AMY on P4.110 On P8, females display more phagocytic microglia in the HPC 111
Subsequently, during the third week of life (P21), males have more microglia in the

HPC, while females have more microglia in the AMY.105 By week 4 (P28), males have
more phagocytic microglia in the HPC,111 while females have more total and “reactive”
microglia in the HPC and AMY (P30).110 Collectively, these data suggest there are dynamic
fluctuations in sex differences of microglia number and phenotype throughout development,
particularly in the hippocampus and amygdala, though this may be reflective of greater
experimental focus on these limbic regions across time relative to other brain regions.
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Table 1:

Summary of sex differences that have been documented in ASD and ADHD

Sex Differencesin ASD
ENDPOINT

SEX DIFFERENCE

Social Skills

Communication Skills

Restricted/Repetitive Behavior

Externalizing Behavior
(Hyperactivity, Aggression)

Internalizing Behavior
(Anxiety, Depression)

Camouflaging Behavior

Peripheral Immune Markers

Sex Differencesin ADHD
ENDPOINT

Males have more severe symptoms as children, but females have more severe symptoms as adolescents and
adults.3% 33

Males have more severe symptoms as children, but females have more severe symptoms as adolescents and
adults.3% 33

Males more severe,16: 19, 22,26

Males more severe.21-23
Females more severe 22 23,30

Adult autistic females camouflage more.34

IL-1B, IL-8, MIP-1pB, and VEGF negatively correlate with symptom severity in females but not males.
PDGF negatively correlates with symptom severity in both sexes.*8

Males primarily have elevations in cytokines relative to controls while females primarily have elevations in
growth factors relative to controls.4®

SEX DIFFERENCE

Sub-types

Ageat Symptom Onset
Social Skills

Communication Skills

Externalizing Behavior
(Hyperactivity, Aggression)

Internalizing Behavior
(Anxiety, Depression, Suicidality)

Females more likely to have inattentive subtype, while males are more likely to have the combined
subtype.37: 38

Females diagnosed later.50: 51

Males have more severe symptoms as children, but females have more severe symptoms as adolescents and
adults.3®

Males have more severe symptoms as children, but females have more severe symptoms as adolescents and
adults.3®

Males more severe 40 43

Females more severe, 40 42,44, 46,47
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Table 2:

Summary of behavioral findings in studies of prenatal inflammation. Studies cited include rat and mouse

models.

Offspring Behavior

Findings from Studies with Both Sexes

Social Bmavigr

3

Vocalizations - DEP+MS MIA increases vocalization number and decreases call frequency in male but not female neonates.274
- LPS MIA decreases vocalization number in male but not female neonates.?7
é]m - Poly I:C MIA reduces number of vocalizations emitted during juvenile play in both sexes.26”
- LPS and Poly 1:C MIA reduce juvenile play in males and not females.247. 251, 267, 271, 272

- Poly I:C, Acute allergic MIA, and Chronic allergic MIA reduce sociability in both sexes.107: 245, 263, 264

- Acute Allergic MIA masculinizes female sex behavior and reduces male olfactory preference for females.265

Repetitive Behavior

A o

- Chronic Allergic and Poly 1:C MIA increase marble burying in both sexes.245: 263, 264, 267

- In-utero LPS, DEP+MS, and Allergic MIA produce hyperactivity in both sexes.107. 263, 266, 270, 273
- Poly 1:C MIA produces hypoactivity?58 or hyperactivity2%7 in both sexes.

- DEP+MS MIA impairs fear conditioning only in males.273
- Acute Allergic MIA reduces cognitive flexibility in both sexes.07

DEP = diesel exhaust particle exposure; LPS = lipopolysaccharide; MIA = maternal immune activation; MS = maternal stress.
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