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Autism spectrum disorders (ASDs) are a group of neurodevelopmental disorders

associated with deficits in social communication and restrictive, repetitive patterns of

behavior, that affect up to 1 in 54 children. ASDs clearly demonstrate a male bias,

occurring ∼4 times more frequently in males than females, though the basis for this

male predominance is not well-understood. In recent years, ASD risk gene discovery

has accelerated, with many whole-exome sequencing studies identifying genes that

converge on common pathways, such as neuronal communication and regulation of

gene expression. ASD genetics studies have suggested that there may be a “female

protective effect,” such that females may have a higher threshold for ASD risk, yet its

etiology is not well-understood. Here, we review common biological pathways implicated

by ASD genetics studies as well as recent analyses of sex differential processes in ASD

using imaging genomics, transcriptomics, and animal models. Additionally, we discuss

recent investigations of ASD risk genes that have suggested a potential role for estrogens

asmodulators of biological pathways in ASD, and highlight relevant molecular and cellular

pathways downstream of estrogen signaling as potential avenues for further investigation.

Keywords: autism spectrum disorder, female protective effect, estrogens, imaging genomics, animal models,

genetics

INTRODUCTION

Autism spectrum disorders (ASDs) are a group of neurodevelopmental disorders characterized
by persistent deficits in social interaction and communication and by the presence of restricted,
repetitive patterns of behavior, interests, or activities (1). While the clinical presentation of ASDs
may be highly heterogeneous, individuals with ASD often experience difficulties with social-
emotional reciprocity and non-verbal communication, stereotyped movements, rigid adherence
to routines, and hyper- or hypo-sensitivity to sensory stimuli (1). At present, there are no approved
pharmacological treatments that target these core deficits, which is due in part to our limited
understanding of their underlying pathophysiology. ASDs have been increasing in prevalence in
recent years, with estimates indicating that 1 in 54 children in the United States is affected (2),
underscoring the need for improved insights into ASD biology. Recent human gene discovery
efforts have been instrumental in this regard, with large-scale whole-exome sequencing studies
leading to the identification of at least 102 genes that are strongly associated with risk (3–6).
Interestingly, while ASD risk genes encode proteins involved in seemingly divergent functions,
such as ion channels, synaptic cell adhesion molecules, and chromatin modifiers, there is growing
evidence that these genes converge on common neurodevelopmental pathways, such as the
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regulation of gene expression and neuronal communication (6),
which are likely to play a central role in ASD biology.

Despite this progress in gene discovery, gaps in our
understanding of the biology of ASD remain. ASDs show a
clear male bias, occurring at least four times more often in
males than females, yet the basis for this male predominance
is not well-understood (2). While ascertainment bias favoring
the recognition and diagnosis of ASD in males, as well as
“camouflaging” of social deficits by females, might contribute,
ASD is likely more common in males even after accounting for
these factors (7). Interestingly, there is growing evidence from
human genetics analyses supporting a “female protective effect”
in ASD. The female protective effect theory assumes that the risk
for ASD is quantitative and follows a normal distribution in the
general population, but that females are protected against this
risk and thus have a higher liability threshold for ASD diagnosis
(5, 7). While the etiology of the female protective effect in ASD
is unknown, one hypothesis is that differential exposure to sex
steroid hormones may be a contributing factor (7). Interestingly,
recent studies analyzing the function of ASD risk genes in
animal models, including one from our group, independently
identified estrogens as suppressors of ASD gene-associated
cellular and behavioral phenotypes, implicating estrogens as
potential modulators of biological pathways relevant to ASD
(8, 9). However, studies directly assessing the role of estrogens
in ASDs, both in clinical and preclinical models, are limited.

Here, we provide an overview of signaling pathways and
mechanisms implicated by ASD genetics studies, as well as sex
differential biological processes that may contribute to the female
protective effect. In addition, we review clinical and preclinical
studies suggesting a role for estrogens in ASD and discuss
potential mechanisms by which estrogens might interact with
relevant signaling pathways and neural cell types.While the effect
of environmental exposure to estrogens on brain development
has been an area of interest, this is beyond the scope of this review
and has been reviewed elsewhere (10, 11). In this review, we focus
on signaling pathways that have been implicated by studies of
ASD risk genes and consider potential interactions between these
pathways and established mechanisms of endogenous estrogen
signaling in the brain. Taken together, investigations into the
etiology of the increased male to female ratio in ASD—a central
feature of ASD—are likely to inform our understanding of ASD
pathophysiology more broadly and may provide novel avenues
for pharmacological intervention.

ASD RISK GENE DISCOVERY

ASD risk gene discovery has been accelerating at a rapid pace in
recent years, made possible by advances in genomic sequencing
technologies. Large-scale, whole-exome and whole-genome

Abbreviations: ASD, autism spectrum disorder; ER, estrogen receptor; LoF, loss
of function; MAPK/ERK, mitogen activated protein kinase/extracellular signal-
regulated kinase; PI3K/Akt/mTOR, phosphatidylinositol 3-kinase/protein kinase
B/mechanistic target of rapamycin; cAMP, cyclic adenosine monophosphate;
CREB, cAMP response element-binding protein; GABA, gamma aminobutyric
acid; NPC, neural progenitor cell.

sequencing studies have led to the identification of a growing
list of “high confidence” genes that are strongly associated with
ASD and are beginning to reveal common biological pathways.
ASDs are known to be highly heritable, with greater concordance
rates among monozygotic (50–90%) compared to dizygotic
(up to 30%) twins (12–18). Early efforts at gene discovery in
ASD led to the identification of genes associated with rare
monogenic disorders, including Fragile X syndrome (FMR1),
tuberous sclerosis complex (TSC1, TSC2), Rett syndrome
(MECP2), and PTEN hamartoma tumor syndrome (PTEN)
[reviewed in (19)]. Additional early studies using molecular
cytogenetics and sequencing approaches led to the discovery
of some of the first ASD-associated genes, including NLGN4X
and NRXN1, which encode synaptic cell adhesion molecules
(20–24), and SHANK3, encoding a synaptic scaffolding protein
(25, 26).

While common variants likely account for the majority of
the inherited risk of ASD (27–29), most progress in gene
discovery in recent years, and all of the “high confidence”
risk genes, were discovered through the identification of
rare variants of large effect (occurring in <0.1% of the
general population) (3–6). These studies involved whole-
exome sequencing of individuals from multiple consortia,
including the Autism Sequencing Consortium, the iPSYCH-
Broad Consortium, the Simons Simplex Collection (SSC), and
others. In particular, the Simons Simplex Collection is a cohort
of simplex families consisting of an affected child, unaffected
parents, and in most cases, an unaffected sibling, thus increasing
the likelihood of identifying rare, de novo (not inherited)
variants. Importantly, these studies found that rare de novo,
likely gene-disrupting single-nucleotide variants (SNVs) occur
more frequently in individuals with ASD than in unaffected
siblings, and that the genes affected by such variants when
recurrent in unrelated individuals represent bona fide risk
genes (30).

This finding was consistent with the earlier discovery that
de novo copy number variants (CNVs), i.e., microdeletions
and microduplications, also occur significantly more often
in individuals with ASD, particularly from simplex families,
than unaffected individuals (31). The increased rate of rare
and de novo CNVs in ASD was confirmed in subsequent
investigations (5, 32, 33), which led to the discovery of
additional ASD-associated genes and genomic regions, such
as 15q11.2-13, 16p11.2, and 22q11.2 (5, 22, 24, 32–36). It is
estimated that de novo CNVs and SNVs collectively account
for ∼30% of simplex cases (5). Together, these groundbreaking
studies led to the identification of the first “high confidence”
ASD risk genes and shaped our understanding of the genetic
architecture of ASDs, establishing a clear contribution of
rare, de novo variants to ASD risk and a path forward for
gene discovery (3–6, 30, 37, 38). SFARI Gene (https://gene.
sfari.org/), an excellent resource established by the Simons
Foundation for Autism Research Initiative (SFARI), is a
database that ranks ASD risk genes based the strength of
the evidence supporting their association with ASD on a 1–3
scale, where genes with score 1 have the strongest evidence for
association (39).
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BIOLOGICAL PATHWAYS IMPLICATED BY
ASD RISK GENES

With expanding DNA-sequencing efforts, the number of
ASD-associated genes has continued to climb, enabling the
identification of related biological pathways involving these
genes. In the largest exome-sequencing study of ASD to date,
involving almost 12,000 individuals from family-based and
case-control samples, Satterstrom et al. (6) identified 102 ASD
risk genes (false discovery rate < 0.1) and examined biological
pathways involving these genes. Specifically, they found that
the 102 risk genes are expressed early in the developing brain
and fall broadly into the following functional categories: gene
expression regulation, neuronal communication, cytoskeleton,
and other functions (6). “Gene expression regulation” includes
chromatin modifiers and transcription factors, while “neuronal
communication” encompasses a range of functions, including ion
channels, synaptic cell adhesionmolecules, intracellular signaling
molecules, and axon guidance molecules (6). These findings are
consistent with earlier studies implicating synaptic function as
a central mechanism in ASD, based on the identification of risk
genes encoding synaptic cell adhesion molecules and scaffolding
proteins, including neurexins, neuroligins, and SHANK proteins
(20–26). Additionally, the first ASD risk genes associated with
monogenic disorders, e.g., TSC1, TSC2, FMR1, NF1, and PTEN,
are directly or indirectly involved in mechanistic target of
rapamycin (mTOR) signaling, a central pathway controlling
protein translation, cellular proliferation, and survival,
suggesting that mTOR may represent another common pathway
in ASD (19).

Recent studies have also shown that ASD risk genes encode
proteins involved in transcriptional regulation, chromatin
remodeling, and synaptic formation (3, 4). A protein-protein
interaction network of high confidence ASD risk genes and
predicted risk genes also identified cell-cell communication,
synaptic transmission, and transcriptional regulation as relevant
clusters (3). Interestingly, Iossifov et al. (4) observed that the
targets of de novo, likely gene disrupting mutations overlapped
significantly in females and males with a lower intelligence
quotient (IQ), but not males with a higher IQ. They found that
this overlapping group of genes is enriched for embryonically
expressed genes (mainly in females), suggesting an early
developmental effect, as well as chromatin modifiers and targets
of FMRP (encoded by FMR1), the Fragile X syndrome RNA-
binding protein. Likewise, Pinto et al. (32) found that females
with ASD are more likely than males to carry highly penetrant
CNVs and CNVs disrupting FMRP targets. This suggests that
females are more likely to carry mutations of greater impact
and that less deleterious mutations show decreased penetrance
in females, consistent with the female protective effect (discussed
in the next section) (4, 7, 32).

Integrative genomics approaches aimed at analyzing
expression patterns of ASD risk genes have also played a
critical role in identifying relevant neural cell types and
developmental time points. For example, Willsey et al. (40)
utilized human brain transcriptome data from the BrainSpan
project (41) encompassing early embryonic to late adult
stages and multiple brain regions to construct spatio-temporal

co-expression networks around nine high confidence ASD
genes, and identified mid-fetal glutamatergic deep layer
projection neurons as a point of convergence (40). Another
study analyzed the same transcriptome dataset using weighted
gene co-expression network analysis (WGCNA) (42), and
remarkably, also found that ASD risk genes are enriched in
glutamatergic projection neurons, though in superficial, not
deep, layers (43). Further, an imbalance in excitatory-inhibitory
signaling in the brain has previously been proposed as a
central mechanism underlying ASD (44). By highlighting
excitatory glutamatergic neurons as a point of convergence,
these studies provide further support for this theory. The
recent exome-sequencing study by Satterstrom et al. (6) also
provides evidence for excitatory-inhibitory imbalance; using
a single-cell RNA sequencing dataset from prenatal human
forebrain (45), this study found that ASD risk genes are enriched
in maturing and mature excitatory and inhibitory neurons,
with the strongest enrichment in early excitatory neurons
and striatal interneurons (6). Taken together, these studies
highlight neuronal communication, synaptic transmission,
and regulation of gene expression as convergent biological
processes involving ASD risk genes and implicate excitatory
and inhibitory neurons as neural cell types with relevance to
ASD pathophysiology.

THE FEMALE PROTECTIVE EFFECT IN
ASD

As discussed above, large-scale genetic studies have been
productive in identifying genes strongly associated with ASD.
They have also yielded the intriguing observation that females
with ASD carry, on average, more deleterious mutations
compared to males with ASD (46). That is, females with ASD
are more likely to have an increased mutation “burden.” For
example, Sanders et al. (5) found that de novo CNVs occur at
a greater rate in females with ASD. In addition, Satterstrom
et al. (6) observed that de novo, protein-truncating variants
in the most strongly associated ASD risk genes show a two-
fold enrichment in females compared to males, consistent with
findings from earlier exome-sequencing studies (3, 4). The
apparent implication that females require a larger etiological
“hit” to develop ASD supports the “female protective effect”
model, which posits that there are innate factors that cause
females to be relatively resilient to the disorder, leading to the
overrepresentation of males in ASD. Still, the sex differential
in diagnosis could be due to factors that cause males to be
especially vulnerable to developing ASD as well as factors that
cause females to be resilient to developing the condition; they are
not mutually exclusive.

While there is highly suggestive evidence from genetic
analyses supporting a female protective effect in ASD, the
biological mechanisms responsible for female protection and/or
male risk remain unclear. It has been proposed that multiple
“hits,” involving some combination of sex, genetics, and
environmental triggers, lead to the imbalance of males and
females in ASD (47). Interestingly, differences in sex steroid
hormone levels have been proposed as a possible mechanism
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contributing to resilience in females and/or increased risk in
males [reviewed in (7)]. One of the most notable examples is
the “extreme male brain” theory (discussed below). In addition,
studies investigating the function of ASD risk genes in preclinical
systems, including one from our group, identified estrogens
as potential modulators of ASD gene-associated cellular and
behavioral phenotypes (8, 9, 48). However, genes that directly
affect sex steroid hormone signaling, e.g., estrogen or androgen
receptors, have not been identified among the strongest ASD-
associated genes (e.g., ESR1, which encodes Estrogen Receptor
1, is not listed in SFARI Gene; AR, encoding Androgen Receptor,
has a SFARI gene score of 3), suggesting that estrogens and/or
androgens may be acting indirectly to modulate signaling
pathway deficits resulting from ASD risk gene mutations. Below
we review investigations that have provided insights into sex
differential processes and potential female protective factors in
ASDs, including: genetic and transcriptomic analyses examining
the sex chromosomes and sex-differential gene expression;
imaging genomics studies integrating functional imaging with
genetic findings; as well as clinical and preclinical studies
investigating potential contributions of sex steroid hormones,
with a particular focus on estrogens. Further elucidating these
mechanisms will be important for identifying potential targets
for treatment.

SEX DIFFERENTIAL PROCESSES IN ASD

Genetic Studies
One potential explanation for the female protective effect is
that it may be driven by genetic factors, i.e., specific genes that
confer risk and/or protection in males or females. Although
it is reasonable to presume that the male bias could be
due to ASD as an X-linked disorder, chromosome X gene
mutations do not account for a substantial proportion of
cases and most ASD-associated genes identified to date are
autosomal [(6); reviewed in (7)]. Approximately 92% of all
genes in SFARI Gene are autosomal, including ∼90% of those
with the strongest evidence for association with ASD (SFARI
gene score 1) (https://gene.sfari.org) (39). Moreover, large-scale
genetic studies provide evidence that the same genes and
genetic mechanisms likely contribute to ASD risk in males
and females, suggesting that female protection and/or male
risk may be driven by non-genetic factors. Specifically, by
analyzing 10,220 individuals from 2,591 families from the SSC,
Sanders et al. (5) found that de novo, damaging variants in
high confidence ASD risk genes are randomly distributed in
males and females, suggesting that a common set of genes
contribute to risk in both sexes [(5); reviewed in (7)]. In
addition, in the largest exome sequencing study of ASD to date
with 35,584 individuals, including 11,986 with ASD, Satterstrom
et al. (6) found that there is no significant difference in the
types of genetic variants (i.e., protein-truncating, missense) that
contribute to ASD risk in males vs. females, even though
females are more likely to harbor damaging mutations in the
strongest risk genes. However, there is evidence that one gene,
DDX3X, located on the X chromosome, shows locus-specific
enrichment in females (49). Interestingly, another study by

Gockley et al. (50) investigated whether there is a single genetic
locus that might confer resilience in females. By comparing
single nucleotide polymorphisms (SNPs) on the X chromosome
and genome-wide in females with and without ASD, they
did not find evidence supporting a single protective genetic
locus in females, though it is possible that several genetic loci
may be involved (50). Taken together, large genetic studies
provide strong support for the female protective model, though
to date there is no clear evidence that a single gene or
genetic mechanism in females or males accounts for resilience
and/or risk.

Transcriptomic Studies
To investigate how differences in gene expression might
contribute to the female protective effect in ASD, Werling et al.
(51) performed the first integrative genomics analysis of sex-
differential gene expression with relevance to ASD. Specifically,
they compared sex-differential gene expression patterns in post-
mortem adult and prenatal cortex from neurotypical individuals
from the BrainSpan project (adult dataset: 5 subjects of each
sex, 29 samples/subject; prenatal dataset: 4 subjects of each
sex, 43 samples/subject) (41) with gene expression modules
from a post-mortem cortical dataset from individuals with
ASD [4/16 female ASD cases, 1/16 female controls in (52);
8/32 female ASD cases and 9/41 female controls in (53)].
This study led to several key findings. First, there was no
evidence for enrichment of known ASD risk genes among
genes showing sex-differential expression patterns in either
adult or prenatal cortex, suggesting that risk genes themselves
do not show sex-differential expression (51). Second, the
authors found that genes that are upregulated in the post-
mortem cortex of individuals with ASD (ASD-upregulated)
were significantly enriched for male differentially expressed
genes, i.e., genes showing higher expression in neurotypical
males. Intriguingly, the ASD-upregulated gene module is
associated with astrocyte and microglial markers, indicators of
immune system function, and astrocyte and microglial markers
were also found to be enriched among male differentially
expressed genes. In contrast, ASD-downregulated gene modules
were more highly enriched for female differentially expressed
genes and overlapped with synaptic and neuronal markers.
Of note, this association was not likely to be due to the
male predominance of the cases and controls in the post-
mortem studies, given that they were sex balanced, and
the potential confounds of sex were accounted for in the
analyses of ASD-associated gene expression (51–53). Third,
these findings were recapitulated in a prenatal neocortical
dataset, including the lack of enrichment of ASD risk genes
among sex-differentially expressed genes and the overlap
of male differentially expressed genes and ASD-upregulated
genes. This study indicates that genes whose expression is
dysregulated in post-mortem brains of individuals with ASD,
but not ASD risk genes themselves, show sex-differential
expression patterns (51). This implies that it is the pathways
downstream of ASD risk genes that might interact with
sexually dimorphic biological processes to influence the sex
bias in ASD (51). Furthermore, the enrichment of astrocyte

Frontiers in Psychiatry | www.frontiersin.org 4 October 2021 | Volume 12 | Article 716673

https://gene.sfari.org
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Enriquez et al. Sex Differential Processes in ASD

and microglial markers in the male-differentially expressed
and ASD-upregulated gene modules suggests that typical
sex differences in immune system function may be relevant
to ASD biology and will be important to investigate as
a potential contributor to the sex bias in ASD in future
studies (7, 51).

Imaging Genomics
Imaging genomics is a cutting-edge approach to integrate
neuroimaging and genomic data from individuals with ASD
to gain a greater understanding of interactions between neural
circuit and genetic mechanisms in ASD. Our group conducted
an imaging-genomics analysis to characterize the female neural
profile in ASD, which, in turn, could provide insights into
potential female protective factors (54). To accomplish this,
we integrated task-based functional MRI (fMRI) data obtained
in response to point-light displays of whole-body human
motion, a well-established measure of social perception (55),
and genetic data regarding median size of rare, genic CNVs
(i.e., those containing one or more genes) as a measure
of mutation severity, in a sex-balanced cohort of ASD and
typically-developing youth (8–17 years-old; total imaging n
= 184, males = 94, females = 90). Differences in brain
response between our sex-balanced cohorts could be due to
environmental factors, such as the cumulative effects of life
experiences, and/or to biological factors, such as the effects
of genetic mutations. The integration of genetic data would
help determine to what degree genetically-mediated processes
contribute to a possible etiological mechanism. Interestingly,
previous research identified hypoactivation of the posterior
superior temporal sulcus during biological motion perception
as a “neural signature” of ASD (55). However, as with much
of the ASD literature, this study was conducted with a male-
predominant sample. In contrast, we found that ASD females,
compared to typically-developing females, showed significant
hypoactivation to biological motion in primarily sensorimotor,
striatal, and frontal brain regions (Figure 1A). Furthermore,
ASD females compared to ASD males had larger median size
of rare, genic CNVs containing gene(s) expressed in early
development of these brain regions, especially the striatum
(Figure 1B), which was replicated in an independent cohort
(SSC) of ASD females and males. The striatum is a subcortical
structure involved in motor planning as well as cognitive
processes, such as social and language functions, and may link
motivation to voluntary behavior. Not only do these larger
CNVs support the female protective effect model, but they also
suggest that impacts to the striatum may particularly contribute
to female risk for autism. Therefore, caution should be applied
to making inferences about female autism based on male-
predominant studies.

We proposed that the brain regions underlying the female
protective effect may consist of those that not only differentiate
typically-developing females from ASD females but also
differentiate typically-developing females from typically-
developing males, reflecting what is unique about the female
perception of social stimuli. Comparing the brain response
of these cohorts to biological motion, we found the female

protective effect to be potentially represented by frontal and
parietal regions of the salience and central executive brain
networks, involved in processes such as monitoring salient
stimuli, attention, working memory, and cognitive control.
Although a lack of transcriptome data for important brain
regions comprising these networks precluded the integration
of genetic data as had been done for the female autism neural
profile, important insights were still gained into the regions
relating to female resilience in social perception. However,
further studies are needed to elucidate the genetic and/or
environmental factors affecting the differential development of
these networks.

Studies of Prenatal Sex Steroids
One of themost well-known theories for the sex bias in ASD is the
“extreme male brain theory” proposed by Simon Baron-Cohen,
which holds that ASD presents as an extreme version of the
male brain, where individuals with ASD exhibit greater abilities
in male “systemizing” as opposed to female “empathizing”
characteristics (56). Consistent with this idea, Baron-Cohen
proposed that fetal exposure to sex steroids, specifically fetal
androgens, might contribute to the sex bias in ASD (57). A
number of clinical studies, many of which are from Baron-
Cohen’s group, have directly investigated associations between
prenatal exposure to sex steroid hormones, including androgens
and estrogens, and ASD (reviewed in Table 1) (58–64). In
support of this theory, Baron-Cohen’s research group identified
a positive correlation between fetal testosterone levels measured
in amniotic fluid by amniocentesis and the development of ASD
traits in typically developingmale (n= 118) and female (n= 117)
children at ages 6–10 years in a longitudinal cohort study (58).
This significant positive relationship between fetal testosterone
levels and ASD traits was also observed in typically developing
toddlers aged 18–24 months (59). In another study, Baron-
Cohen et al. (60) compared levels of cortisol and the sex steroids
progesterone, 17α-hydroxy-progesterone, androstenedione, and
testosterone, from amniotic fluid samples of males who were later
diagnosed with ASD (n= 128) and typically developing males (n
= 217) from the Danish Historic Birth Cohort, and found that
the levels of all hormones were positively correlated with each
other and that all hormones were elevated in the ASD group on “a
latent generalized steroidogenic factor” ascertained by principal
components analysis (60). This study provided evidence that
increased steroidogenic activity may be associated with ASD.

By analyzing the same cohort from the Danish Historic
Birth Cohort of males with (n = 98) and without ASD (n
= 177), Baron-Cohen et al. (61) found that elevated levels of
prenatal amniotic estradiol, estriol, and estrone were significantly
associated with an ASD diagnosis in univariate logistic regression
analysis (61). Of the steroidogenic hormones analyzed in the
previous study (60), only progesterone levels were found to be
significantly associated with an ASD diagnosis (61). Interestingly,
this study suggests that increased levels of estrogens are
associated with an ASD diagnosis in males, though due to the
limited number of females with ASD in this cohort, additional
studies are needed to investigate whether this association exists
for females with ASD (61). Baron-Cohen et al. (61) viewed the
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FIGURE 1 | Female autism neurogenetic profile. (A) Creation of candidate gene-set involved identifying 11 regions of interest (ROIs) that had both been characterized

in the BrainSpan Developmental Transcriptome (left) and showed a significant typically-developing female > ASD female (TDf > ASDf) response to biological motion

(BIO-SCRAM); genes were then identified that showed positive expression in these overlapping regions (right) between 10 post-conceptual weeks (pcw) through 2

years (y). (B) (Left) bar plot with standard errors demonstrating the sex difference (ASDf - ASDm) in median total CNV size, in base pairs (bp), within the candidate

gene-set. Plots of the CNV size difference are provided for each of the 11 ROIs. (Right) distribution of size of rare CNVs containing gene(s) expressed in right (R) and

left (L) striatum (STR) from 10 pcw to 2 y (right panels, cyan) by group and sex. For comparison, “non-STR (R + L)” includes rare CNVs containing gene(s)

characterized in BrainSpan that were not positively expressed in R/L-STR from 10 pcw to 2 y (left panels, gray). Of note, rare CNVs often contained gene(s) that were

expressed in multiple brain regions (e.g., STR plus additional ROI[s]). Violin plots depict a Gaussian kernel density estimate, and are overlaid with Tukey-style boxplots.

Brain art adapted from illustrations created by Patrick Lynch and C. Carl Jaffe, commons.wikipedia.org/wiki/File:Brain_human_lateral_view.svg and

Brain_human_sagittal_section.svg, licensed under a Creative Commons Attribution 2.5 Generic License, 2006. Figure constructed by Allison Jack PhD and reprinted

with permission from Jack et al. (54).
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TABLE 1 | Clinical and postmortem studies of sex steroid hormones in autism spectrum disorder.

Prenatal studies Results Sample type Age at assessment Samples size/Sex Diagnosis

Auyeung et al. (58) • Positive association of fetal testosterone levels and higher

scores on the Childhood Autism Spectrum Test (CAST) and

the Child Autism Spectrum Quotient (AQ-Child) in typically

developing children

Amniotic fluid 6–10 years 235

M = 118, F = 117

Typically developing

children

Auyeung et al. (59) • Positive association between fetal testosterone levels and

scores on the Quantitative Checklist for Autism in Toddlers

(Q-CHAT) in typically developing children.

• Males had higher Q-CHAT scores indicating more “autistic

traits” compared to females

Amniotic fluid 18–24 months 129

M = 66, F = 63

Typically developing

children

Baron-Cohen et al.

(60)

• Positive association of levels of progesterone,

17α-hydroxy-progesterone, androstenedione, testosterone,

and cortisol with each other in amniotic fluid

• Elevated levels of all hormones in the ASD group on a

generalized latent steroidogenic factor that accounted for

much of the variation in the data by principal

component analysis

Amniotic fluid Individuals born between

the years 1993 and 1999 in

the Danish Historic Birth

Cohort

Control (n = 217); ASD (n =

128)/Males only

ICD-10 diagnosis of any

ASD code

Baron-Cohen et al.

(61)

• Increased levels of prenatal amniotic estradiol, estriol, and

estrone were predictive of an ASD diagnosis

• Elevated prenatal amniotic estradiol was the most

significant predictor of ASD diagnosis in univariate logistic

regression model

Amniotic fluid Individuals born between

the years 1993 and 1999 in

the Danish Historic Birth

Cohort

Control (n = 177); ASD (n =

98)/Males only

ICD-10 diagnosis of any

ASD code

Bilder et al. (62) • Higher estradiol and lower sex hormone binding globulin

levels were associated with ASD risk in a cohort enriched

for prenatal metabolic syndrome

Prenatal maternal

serum

(early second trimester)

Individuals born to mothers

participating in the FASTER

study from 1999 to 2002

Control (n = 19); ASD (n =

53)/Samples were matched by

sex and birth year

ASD diagnostic billing

codes; special

education autism

exceptionality status

Clinical studies Results Sample type Age at assessment Samples size/sex Diagnosis

Sharpe et al. (63) • B-lymphocytes from individuals with ASD showed less

growth depression and mitochondrial upregulation in

response to estradiol and dihydrotestosterone compared

to unaffected siblings and unrelated controls

B-lymphocytes Samples from the AGRE

tissue bank; controls were

age- and sex-matched

Unrelated controls (n = 11), M =

10, F = 1; Unaffected fraternal

twins (n = 10), M = 4, F = 6;

unaffected siblings (n = 22), M =

11, F = 11; ASD (n = 11), M =

10, F = 1

ASD diagnosis from

AGRE

Altun et al. (64) • Decreased serum GPER levels in the ASD group Blood Control = 6.12 ±

2.55 years; ASD = 5.33 ±

2.61 years

Control (n = 40), M = 32, F = 8;

ASD (n = 45), M = 40, F = 5

DSM-V diagnosis of

ASD

Postmortem

studies

Results Brain regions Age at tissue collection Samples size/sex Sample source

Sarachana et al.

(65)

• Decreased aromatase and RORA proteins in frontal cortex

of ASD subjects relative to sex- and age- matched controls

• Aromatase protein strongly correlates with protein levels of

RORA, which transcriptionally regulates aromatase

Frontal cortex Age- and sex-matched

controls

Control (n = 22); ASD (n = 12) Autism Tissue Program

Crider et al. (66) • Decreased ERβ and CYP19A1 (aromatase) mRNA in ASD

subjects; no change in ERα

• Decreased mRNA levels of the ER co-activators: SRC-1,

CBP and P/CAF in ASD subjects

• Decreased ERβ and CYP19A1 protein levels in

ASD subjects

Middle frontal gyrus Control: 11.70 ± 1.584;

ASD: 11.80 ± 1.609

Control (n = 13), M = 12, F = 1;

ASD (n = 13), M = 13, F = 0

NICHD Brain and Tissue

Bank for Developmental

Disorders at the

University of Maryland

AGRE, Autism Genetic Resource Exchange; ASD, Autism spectrum disorder; CBP, CREB-binding protein; ER, Estrogen receptor; ERα, Estrogen receptor Alpha; ERβ, Estrogen receptor Beta; F, female; FASTER, First and Second

Trimester Evaluation of Risk; GPER, G protein-coupled estrogen receptor; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th revision; M, male; NICHD, National Institute of Child Health and

Human Development; P/CAF, p300/CREB-binding protein-associated protein; RORA, Retinoic acid-related orphan receptor-alpha; SRC-1, steroid receptor co-activator-1.
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results of this and their previous study as complementary, in that
both suggest that increased prenatal steroidogenic activity may
be associated with ASD.

In line with this theory, one study found that females with
congenital adrenal hyperplasia (n = 34), a condition caused
by an enzyme deficiency that leads to an increase in fetal
androgen levels, have higher scores on the Autism Spectrum
Quotient compared to unaffected female relatives (n = 24) (67).
In addition, a matched case-control study of children ages 4–17
born in Sweden from 1984 to 2007 (n = 23,748 ASD cases and
n = 208,796 controls) found that there is a 59% increased risk
of ASD in children of women with polycystic ovary syndrome,
which leads to increased androgen levels, and a greater risk if
women had both PCOS and obesity (68). Further, males with
aneuploidies affecting the Y chromosome (e.g., 47, XYY; 48,
XXYY) were found to be 20 times more likely to have an ASD
diagnosis than males in the general population (69). In a study
of 860 individuals with Klinefelter syndrome in Sweden with
86,000 population controls, Klinefelter syndrome was found to
be associated with a six times higher risk of ASD as well as
an increased risk of schizophrenia and ADHD (70). Another
study found that 21% of individuals with Turner syndrome (45,
X) (n = 98) met the criteria for a diagnosis of ASD, which
was higher than the national rates of ASD in females in the
United Kingdom (0.3%) (71). Collectively, these studies suggest
that altered exposure to sex steroids may be associated with
ASD, though additional research will be important to elucidate
potential mechanisms.

Post-mortem Studies of Sex Steroids
A limited number of post-mortem studies have examined
the expression of genes related to sex steroid signaling in
individuals with ASD (Table 1). For example, Crider et al.
(66) found that levels of estrogen receptor-beta (ERβ) mRNA
and protein were significantly reduced in the middle frontal
gyrus of ASD subjects (n = 13) compared to controls (n
= 13) (66). In addition, expression levels of coactivators of
the estrogen receptor, including steroid receptor co-activator
1, CREB-binding protein, and p300/CREB-binding protein-
associated protein, were lower in the middle frontal gyrus of ASD
compared to control subjects (66). Another post-mortem study
found that protein levels of retinoic acid-related orphan receptor-
alpha (RORA), whose expression is differentially regulated by
estradiol and dihydrotestosterone, as well as aromatase, the
enzyme that converts testosterone into estrogen and whose
expression is regulated by RORA, were significantly reduced in
the frontal cortex of individuals with ASD (n = 12) compared to
controls (n= 22) (65). However, additional post-mortem studies
with larger samples sizes are needed.

FUNCTIONAL STUDIES OF ASD RISK
GENES IDENTIFY ESTROGENS AS
POTENTIAL MODULATORS

Interestingly, recent preclinical studies investigating the function
of ASD risk genes in distinct model systems, including

one from our group, found that estrogens might play a
modulatory role in signaling pathways related to ASD and other
neurodevelopmental disorders (Table 2) (8, 9, 48, 72). First, our
group investigated the ASD and epilepsy risk gene, Contactin
Associated Protein-like 2 (CNTNAP2), and identified estrogenic
compounds in an unbiased screen as a suppressor of a behavioral
phenotype in zebrafish lacking the function of this gene (8).
CNTNAP2, which encodes a cell adhesion molecule in the
neurexin family, was first identified as a risk gene by a linkage
study in consanguineous families from the Old Order Amish
population with cortical dysplasia focal epilepsy syndrome (73).
Our group utilized zebrafish to analyze the function of this gene,
because they are highly tractable and amenable to large-scale
small molecule screens (74, 75). We found that zebrafish mutants
of cntnap2 display selective deficits in GABAergic neurons,
particularly in the forebrain, consistent with findings in mouse
Cntnap2 knockouts (76). Using a large-scale assay to quantify
rest-wake activity (77), we found that zebrafish cntnap2 mutants
have a specific behavioral phenotype of nighttime hyperactivity
(Figures 2A,B). To identify pharmacological compounds that
suppress the cntnap2 mutant behavioral “fingerprint,” we
screened small molecules by comparing the mutant behavioral
phenotype to an existing dataset of the behavioral profiles of
wild-type fish exposed to 550 psychoactive compounds across
multiple parameters (77) (Figure 2C). Interestingly, we found
that estrogenic compounds were significantly enriched in the top
ranks of small molecules that anti-correlate with, or generate
the opposite profile of, the cntnap2 behavioral “fingerprint”
(Figure 2D). Further, in a screen of 14 psychoactive compounds,
including those with estrogenic activity, we found that the plant-
derived estrogen, biochanin A, most selectively reversed the
mutant behavioral phenotype by decreasing nighttime activity
with little effect on other measures of rest and activity and
with greater specificity than risperidone, which is FDA-approved
to treat aggression and irritability in ASD (8) (Figures 2E–G).
While the mechanisms mediating the rescue by estrogens are
not clear, it is possible that estrogens might act by modulating
deficits in GABAergic and glutamatergic signaling in mutants.
While early exposure to biochanin A did not reverse the
structural GABAergic deficits (8), additional studies are needed
to determine how estrogensmight affect excitatory and inhibitory
circuits in these mutants.

Remarkably, another recent study also found that estrogens
might act as modulators of cell proliferation phenotypes across
multiple ASD risk genes (9). Willsey et al. (9) performed an
in vivo CRISPR screen in Xenopus tropicalis targeting 10 high
confidence ASD risk genes. By capitalizing on a unique feature
of Xenopus, in which it is possible to generate unilateral mutants
by introducing CRISPRs into one cell at the two-cell stage and
compare phenotypes on either side of the midline at later stages,
the authors found that disruption of high confidence ASD risk
genes resulted in altered telencephalon size as well as an increased
ratio of neural progenitor cells to neurons in this region (9).
Disruption of ASD risk genes in human induced pluripotent
stem cell (iPSC)-derived neural progenitor cells (NPCs) using
CRISPR interference (CRISPRi) also led to an increase in
the proportion of proliferative cells, which together with the
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TABLE 2 | Preclinical studies of estrogens in genetic models of ASD and other neurodevelopmental disorders.

Study Gene(s) Model

system

Developmental

stage

Brain region(s) Results

Olivetti et al. (48) ARX Mouse Early postnatal

and Adult

Cortex • Early postnatal exposure to estradiol prevented spasms

in infancy and seizures in adult mutants

• Estradiol reversed deficits in neuropeptide Y-positive

cortical interneuron and striatal cholinergic

interneuron populations

Hoffman et al. (8) CNTNAP2 Zebrafish Larval (4–6 days

post fertilization)

N/A • Estrogens, including the plant-derived estrogen,

biochanin A, and β-estradiol-17-cypionate, identified in

a drug screen, suppressed a behavioral phenotype of

nighttime hyperactivity in zebrafish cntnap2 mutants

Erli et al. (72) DISC1 Rat Embryonic Cortical neuronal

culture

• Acute 17-β-estradiol rescued dendritic spine

deficits and reduced DISC1 aggregation in neurons

overexpressing wild-type or mutant DISC1

• Acute 17-β-estradiol rescued dendritic spine deficits

due to DISC1 knockdown

• Chronic 17-β-estradiol rescued dendritic spine deficits

and reduced DISC1 aggregation in neurons expressing

mutant DISC1

• Chronic 17-β-estradiol increased the number of spines

positive for pre- and post-synaptic markers in control

and mutant DISC1-expressing neurons

Willsey et al. (9) ADNP; ANK2;

ARID1B;

CHD2;

CHD8;

DYRK1A;

NRXN1;

SCN2A;

SYNGAP1;

POGZ

Frog

(Xenopus

tropicalis)

Tadpole Telencephalon • An estrogenic agonist, estramustine, identified in a

drug screen reversed the phenotype of increased

proliferation in the Xenopus telencephalon induced by

chemical disruption of the ASD risk gene, DYRK1A

• Disruption of estrogenic signaling led to a reduction in

telencephalon size in Xenopus

• 17-β-estradiol reversed increased proliferation in NPCs

derived from human CRISPRi cell lines disrupting the

ASD risk genes DYRK1A, NRXN1, or ADNP

ASD, Autism spectrum disorder; ARX, Aristaless-Related Homeobox; ADNP, Activity-dependent neuroprotective protein; ANK2, Ankyrin 2; ARID1B, AT-Rich Interaction Domain 1B;

CHD2, Chromodomain Helicase DNA Binding Protein 2; CHD8, Chromodomain-helicase-DNA-binding protein 8; CNTNAP2, Contactin-associated protein-like 2; CRISPRi, clustered

regularly interspaced short palindromic repeats interference; DISC1, Disrupted-in-schizophrenia 1; DYRK1A, Dual specificity tyrosine phosphorylation regulated kinase 1A; NPCs, neural

progenitor cells; NRXN1, Neurexin 1; POGZ, Pogo Transposable Element Derived with ZNF Domain; SCN2A, Sodium Voltage-Gated Channel Alpha Subunit 2; SYNGAP1, Synaptic

Ras GTPase-activating protein 1.

findings in Xenopus, suggests that dysregulated neurogenesis
may represent a convergent pathway linking these genes (9).
Intriguingly, in a screen of 133 FDA-approved oncology drugs
to identify compounds that reverse altered proliferation in the
Xenopus telencephalon (induced by chemical disruption of the
ASD risk gene, DYRK1A), 3 of the top 17 compounds identified
as modulating this phenotype affect estrogen signaling. These
include estramustine, an estrogenic agonist, which rescued the
phenotype by decreasing the number of neural progenitor
cells relative to neurons, along with raloxifene and fulvestrant,
which are estrogenic inhibitors that led to an increase in the
neural progenitor cell to neuron ratio. Estradiol also had similar
effects in rescuing an altered proportion of proliferative cells
in human NPCs following disruption of ASD risk genes. This
study found that estrogen signaling is involved in regulating
neurogenesis in the telencephalon, and identified Sonic hedgehog
(SHH) signaling as a potential pathway by which estrogens may
affect neurogenesis. Importantly, this study provides support
for the idea that estrogens may play a modulatory role in the
developing brain by conferring resilience against the negative
effects of ASD risk gene disruption, possibly through its effects
on neurogenesis (9).

In addition, there is evidence that exposure to estradiol during
the early postnatal period reduced seizures in a mouse model of

the X-linked epilepsy gene,ARX (48), and that estradiol exposure
reversed the reduction in dendritic spine density associated with
overexpression or knockdown of the schizophrenia-associated
gene, DISC1, in rat cortical neuronal cultures (72) (Table 2).
While the study in mice was performed at doses comparable to
physiological levels of estradiol in fetal plasma (48), translating
the concentrations of estradiol and other estrogenic compounds
from zebrafish, Xenopus, and in vitro studies to physiological
levels inmammals represents a challenge, and additional research
is needed to establish dose equivalency. Nonetheless, these
studies suggest that estrogens may function as modulators of
signaling pathways downstream of risk genes associated with
ASD and other neurodevelopmental disorders.

ESTROGEN SIGNALING PATHWAYS WITH
RELEVANCE TO ASD

These preclinical studies raise important questions regarding
how estrogens affect basic mechanisms of brain development,
though the precise mechanisms by which they might influence
signaling pathways relevant to ASD have yet to be elucidated.
In the following sections, we consider known cellular and
molecular effects of estrogens in the brain that might overlap with
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FIGURE 2 | The plant-derived estrogen, biochanin A, reverses nighttime hyperactivity in zebrafish mutants of the ASD risk gene, CNTNAP2. (A) Experimental set-up.

Locomotor activity of zebrafish larvae is tracked on a rest-wake cycle from 4 to 6 days post fertilization (dpf) using an automated assay (77, 78). (B) Locomotor activity

of cntnap2a125/125cntnap2b17/17 (cntnap2ab, red) and wild-type (WT; blue) sibling-matched larvae is shown over 72 h. Hyperactivity in mutants worsens on

successive nights (arrows). The magnified activity profile on night 6 is shown. Inset graph shows average locomotor activity of cntnap2ab vs. wild-type. *p = 0.00012

(one-way ANOVA, comparing all genotypes on all nights); p = 0.0193, 0.0236, and 0.0073, nights 4, 5, and 6, respectively. (C) Hierarchical clustering of the

cntnap2ab behavioral fingerprint (red arrow) compared with the fingerprints of wild-type larvae exposed to a panel of 550 psychoactive agents from 4 to 6 days post

fertilization (dpf) (77). Each rectangle in the clustergram represents the Z score, or the average value in standard deviations relative to the behavioral profiles of

wild-type exposed to DMSO alone (magenta, higher than DMSO; cyan, lower than DMSO). The cntnap2ab profile correlates with agents that induce nighttime arousal

(“Correlating Drugs”). (D) Rank-sorting of the anti-correlating dataset with respect to estrogenic compounds shows significant enrichment of estrogenic agents in the

top ranks (p = 0.0003 by random permutation). Black lines indicate drugs defined as having estrogenic activity (25 compounds in total). (E) Hierarchical clustering of

the behavioral fingerprints of cntnap2a1121/1121cntnap2b31i/31i larvae exposed to 14 psychoactive agents at three doses each relative to the wild-type + no drug

fingerprint. Each rectangle in the clustergram represents the Z score of drug-exposed mutants relative to untreated wild-type (magenta, higher than wild-type; cyan,

lower than wild-type). (F) Magnified sections of the clustergram show relative suppression of the mutant fingerprint by biochanin A (0.1µM) compared with risperidone

(0.001µM). The red box highlights parameters that measure nighttime activity. (G) Effect of the blind addition of biochanin A (0.1–1µM) or DMSO on nighttime activity

in the progeny of incrosses of cntnap2a125/+cntnap2b17/+ fish at 5 dpf. *p = 0.045 (two-way ANOVA, gene x dose interaction). Figure adapted and reprinted with

permission from Hoffman et al. (8).

signaling pathways and sexual differential processes implicated
in ASD. These pathways might represent potential avenues for
future investigation.

Sexual Differentiation of the Mammalian
Brain
The gonadal sex steroid hormones, estradiol and testosterone,
affect sexual differentiation of the mammalian brain. To place
the preclinical studies discussed in the previous section in

context, here we briefly review these mechanisms, though for
a more extensive discussion, see excellent reviews by McCarthy
(11) and Ferri et al. (47). During an in utero organizational
period, fetal testosterone is produced by the testes in males,
controlling masculinization of the body and brain, while an
absence of hormones is associated with feminization [reviewed
in (47)]. Specifically, the aromatization hypothesis, based on
studies of perinatal rats, holds that testicularly derived fetal
testosterone is aromatized locally to estradiol in the male brain.
Estradiol then induces masculinization in males, while the lack
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of exposure to androgens, and its aromatized product, estradiol,
leads to female brain development [reviewed in (11)]. Estradiol
produced by the placenta results in high maternal levels of
estradiol, which are sequestered by α-fetoprotein, a binding
globulin that prevents maternal estradiol from masculinizing
the brain (11). α-fetoprotein further protects female fetuses
from masculinization; therefore, the impact of estrogens is
differential in males vs. females (11). However, in addition
to being exposed to maternal and gonadally-derived estradiol,
fetuses and newborns are exposed to estradiol synthesized locally
in the brain, which can exert effects independent of sexual
differentiation (11). Overall, the impact of estrogens is restricted
to a specific developmental window (mid-to-late gestation in
primates), and includes both processes of sexual differentiation
and reproduction-independent processes (11).

Genomic and Non-genomic Effects of
Estrogens
Estrogens exert their effects through genomic and non-
genomic modes of action. In the classical genomic mechanism,
estradiol, the bioactive form of estrogen, binds to estrogen
receptor-alpha (ERα) and estrogen receptor-beta (ERβ) in
the cytoplasm, causing the estrogen receptors to dimerize
and translocate to the nucleus. The nuclear estradiol-estrogen
receptor complex binds directly to estrogen response elements
in the promoters of target genes and acts as a ligand-dependent
transcription factor, regulating the expression of hundreds
of genes (79). Estrogens also exert effects through non-
genomic mechanisms, which involve the binding of estradiol
to membrane-bound estrogen receptors, resulting in the rapid
activation of intracellular signaling cascades, including mitogen
activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK), phosphatidylinositol 3-kinase/protein kinase
B/mTOR (PI3K/Akt/mTOR), and cAMP response element-
binding protein (CREB)/brain derived neurotrophic factor
(BDNF) [reviewed in (80)]. Estrogen binding to G-protein-
coupled estrogen receptor (GPER) has been shown to initiate
the rapid actions of estrogens in in vitro studies (81–83),
though the precise mechanisms by which estrogens induce
rapid non-genomic effects in vivo are not well-understood
and may involve ERα and ERβ acting in a “non-classical”
manner (84, 85). Estrogen signaling via these pathways has
been shown to function in synaptogenesis (86–88) and play
a neuroprotective role (discussed below). For example, acute
administration of 17-β-estradiol was found to activate ERK1/2
in cultured embryonic rat cortical neurons and lead to a
transient increase in dendritic spines (88). 17-β-estradiol
was also found to activate phosphorylation of ERK and
Akt, as well as the N-methyl-D-aspartate receptor subtype
2B (NR2B) subunit of NMDA receptors, in rat cortical
synaptoneurosomes, providing evidence that estradiol acts
directly at cortical synapses and regulates intracellular signaling
pathways (86). There is also evidence for “crosstalk” between
the ERK/MAPK and PI3K/Akt pathways downstream of
estrogen signaling. For example, treatment with PI3K/Akt

inhibitors blocked estradiol-mediated phosphorylation of
both ERK and Akt in rat cortical synaptoneurosomes (86).
In addition, 17-β-estradiol was shown to rapidly induce
both MAPK and PI3K signaling in vitro in embryonic rat
cortical neurons (89). Interestingly, a recent study examined
mice lacking aromatase in forebrain neurons, which have
decreased regional estradiol, and found that they display
decreased MAPK/ERK and PI3K/Akt signaling, as well as
reduced CREB/BDNF in the cerebral cortex and hippocampus
(90). These mice also exhibit reduced synaptic density in the
forebrain, decreased long-term potentiation (LTP) amplitude in
hippocampal slices, as well as significant deficits in hippocampal-
dependent spatial reference memory, recognition memory,
and contextual fear memory. Restoring 17-β-estradiol
acutely rescued the LTP deficit, while treatment with an
ERK inhibitor prevented the rescue, providing evidence that
estrogen signaling via ERK is important for learning and
memory (90).

Interestingly, there are several lines of evidence implicating
these intracellular signaling pathways in ASD, independent of
their role in estrogen signaling. For example, as discussed
above, dysregulation of PI3K/Akt/mTOR signaling has been
described in rare monogenic disorders associated with ASD,
including tuberous sclerosis complex, Fragile X syndrome, and
neurofibromatosis [reviewed in (19)]. In addition, alterations
in CREB and cAMP signaling have been identified in Fragile
X syndrome (91, 92), and an allosteric inhibitor of an enzyme
that degrades cAMP was recently found to significantly improve
cognition in adult males with Fragile X syndrome in a
randomized, placebo-controlled phase 2 trial (93). Moreover, a
recent preclinical study found that male, but not female, mice
with the 16p11.2 hemideletion have deficits in reward learning
and increased ERK1 activation in the striatum, suggesting that
regional alterations in ERK signaling might modulate sex-
differential behaviors in the context of an ASD-associated CNV
(94). Studies aimed at elucidating the connection between these
intracellular signaling pathways and ASD, as well as their
possible modulation by estrogens, represent important avenues
for further investigation.

Estrogen Effects on Excitatory and
Inhibitory Signaling
Estrogens have been shown to play a role in GABAergic
neuron development as well as protect against glutamate-
induced neurotoxicity. Estradiol influences the shift from
excitatory to inhibitory GABAergic signaling in the developing
brain. That is, GABAA receptors, which are ligand-gated
chloride channels, exhibit depolarizing effects during the
neonatal period and classical hyperpolarizing signaling at later
stages. This shift from excitation to inhibition is mediated
by changes in chloride co-transporter expression and activity,
which alter the reversal potential for chloride [see excellent
review by McCarthy (11)]. Estradiol has been shown to
enhance the depolarizing effects of GABA in developing
hypothalamic and hippocampal neurons (11, 95, 96). However,
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estradiol-promoted enhancement of the excitatory GABA
effect may result in a lower threshold for excitotoxicity
(11). Therefore, estradiol seems to have opposite effects on
GABAergic and glutamatergic signaling in the developing
brain, increasing GABA-induced excitotoxicity, while protecting
against glutamate-induced excitotoxicity (11).

The neuroprotective effects of estrogen have been studied
most extensively in the context of hypoxia and ischemia in the
adult brain [see reviews by (97, 98)], yet less is known about its
neuroprotective role in the developing brain (11). Interestingly,
estrogen signaling via the intracellular pathways discussed
above has been shown to mediate its neuroprotective effects.
For example, estrogens were found to induce neuroprotective
effects against glutamate-induced excitotoxicity in embryonic rat
primary cortical neurons by activation of ERK/MAPK signaling
(99). PI3K/Akt signaling has also been shown to mediate
estrogen-induced neuroprotection. For example, pretreatment of
cultured rat fetal cortical neurons with estradiol for 24 h prior
to glutamate exposure significantly reduced glutamate-induced
neurotoxicity, while exposure to a PI3K inhibitor significantly
attenuated the neuroprotective effect of estradiol (100). In a
follow-up study, estradiol was shown to induce phosphorylation
of CREB and upregulate the anti-apoptotic protein, Bcl-2, in
a PI3K/Akt-dependent manner, suggesting that estradiol exerts
neuroprotective and anti-apoptotic effects via activation of the
PI3K/Akt pathway (101).

Estrogens have also been shown to affect signaling and/or
induce neuroprotective effects in other neural cell types that
have been implicated in ASD, including oxytocin neurons (102,
103), dopaminergic neurons (104–106), as well as astrocytes
and microglia (107–109), though a detailed discussion of
these mechanisms is beyond the scope of this review. While
estrogens have broad neurodevelopmental effects on multiple
neural cell types, additional investigations are needed to
determine which of these mechanisms might be most relevant to
ASD pathophysiology.

Estrogen Effects on Synapse Formation
and Function
As discussed above, estrogens have been shown to function in
synaptogenesis (87, 88, 110). In particular, estradiol induces rapid
effects at the synapse, including the activation of metabotropic
glutamate receptors (mGluRs) mediated by ERα and ERβ ,
intracellular signaling cascades, actin polymerization, and local
protein synthesis, which together may function in the “fine-
tuning” of neural circuits (110). Interestingly, estrogens have
been shown to play a critical role in synaptic plasticity and
memory consolidation in the hippocampus [see excellent review
by Frick (84)]. Studies have shown that infusion of 17-β-
estradiol into the dorsal hippocampus or dorsal third ventricle
enhances object recognition memory consolidation in young
ovariectomized female mice, such that mice spend significantly
more time with a novel vs. a familiar object following estradiol
infusion [(111); reviewed in (84)]. Estradiol-induced memory
consolidation requires ERK phosphorylation, which is activated
by interactions between ERα and ERβ and metabotropic

glutamate receptor 1 (mGluR1) (112, 113). Inhibitors of MAPK,
PI3K, and mTOR (rapamycin) have been shown to block ERK
phosphorylation and estradiol-induced hippocampal memory
consolidation, indicating that the rapid activation of these
signaling pathways is involved in this process (114–116).
Estradiol-induced ERK activation also leads to phosphorylation
of CREB, as well as increased histone H3 acetylation (117).
Blocking histone acetylation also prevents estradiol-induced
memory consolidation, demonstrating that epigenetic effects
downstream of estrogen signaling play an important role in
this process as well (118). All together, these studies highlight
a central role for estrogens in shaping synaptic function and
neural circuits.

DISCUSSION

In the past 10 years, there has been remarkable progress in
ASD risk gene discovery, enabling the identification of common
mechanistic pathways involving these genes, including the
regulation of gene expression, synaptogenesis, and excitatory-
inhibitory imbalance, leading to insights into basic biological
processes that may be disrupted in ASD. It has long been
recognized that ASD has a strong male bias, even when taking
into account ascertainment bias, which may contribute to a
decreased tendency to diagnose ASD in females, yet the basis
for the male predominance is not well-understood. At a genetics
level, there is evidence for a “female protective effect,” such that
females are more likely to carry mutations of greater impact,
suggesting that females have a higher liability threshold for ASD
diagnosis and/or that males have a lower liability threshold
(7). While the etiology of the female protective effect is not
well-understood, recent studies using genetics, transcriptomics,
imaging genomics, as well as animalmodels are beginning to shed
light on potential relevant mechanisms.

First, genetics studies to date have not identified a unifying
genetic mechanism that accounts for resilience in females and/or
risk in males (5, 7, 50), suggesting that the sex bias may
not be driven by primarily genetic factors. Consistent with
this finding, the first transcriptomic study of sex-differential
processes in ASD (7) found that genes with dysregulated
expression patterns in post-mortem brains of individuals with
ASD, but not ASD risk genes themselves, show sex-differential
expression patterns. This intriguing finding suggests that factors
downstream of ASD risk genes likely interact with sex-differential
processes to contribute to the sex bias in ASD. Second, a
recent imaging genomics study from our group found that
females with ASD show decreased activation of sensorimotor,
striatal, and frontal brain regions in response to biological
motion and have larger rare, genic CNVs containing genes
expressed in these brain regions, particularly the striatum
(54). In addition to finding a novel convergence in genetics
and imaging data, this study further indicates that brain
regions responsible for differences in the perception of social
stimuli in typically developing females and males may also
contribute to the female protective effect in ASD (54). Third,
consistent with the “extreme male brain” theory, studies of
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FIGURE 3 | Signaling pathways downstream of ASD risk genes and estrogens. (A) ASD genetics and signaling pathways. Whole exome sequencing studies have led

to the identification of high confidence ASD risk genes, which converge on common biological pathways, including gene expression regulation, synaptic function, and

excitatory-inhibitory balance. (B) Estrogens and cellular pathways. Estrogens have been shown to affect several biological pathways, including gene expression

regulation, synaptic function, and excitatory-inhibitory balance. Estrogens exert effects through intracellular signaling pathways, including MAPK/ERK,

PI3K/Akt/mTOR, and CREB. Figure created with BioRender.com. “Gene Expression Regulation” and “PI3K/AKT/mTOR” symbols (Estrogens and Cellular Pathways,

lower panel) adapted from “Estrogen Receptor Signaling” and “KRAS Signaling Pathways,” respectively, by BioRender.com (2021). Retrieved from https://app.

biorender.com/biorender-templates.

prenatal exposure to sex steroid hormones in humans indicate
that increased steroidogenic activity might be associated with
increased ASD risk (60, 61) [reviewed in (7, 47)]. However, the
mechanisms by which differential exposure to androgens and/or

estrogens might contribute to risk or resiliency are not well-
understood. Additional clinical studies with larger sample sizes
of males and females will be important for further clarifying
this association.
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Interestingly, recent preclinical studies from our group and
others identified estrogenic compounds as potential suppressors
of ASD gene-associated cellular or behavioral phenotypes in
unbiased in vivo pharmacological screens in zebrafish and
Xenopus (8, 9), and found that estrogens rescue seizures
in a genetic mouse model of epilepsy (48) and cellular
phenotypes associated with in vitro dysregulation of DISC1
(72). While these investigations raise important questions
regarding how estrogens might affect basic mechanisms of
brain development, translating findings from animal and in
vitro systems to humans presents various challenges. On the
one hand, estrogens were found to suppress abnormal cellular
and behavioral phenotypes associated with risk gene loss of
function in preclinical studies (8, 9, 48, 72). At the same
time, as discussed above, studies of prenatal exposure to sex
steroids in humans found that increased steroidogenic activity
is associated with ASD risk (60, 61). One possible interpretation
is that the preclinical studies reflect the modulatory effects of
estrogens on basic neurodevelopmental processes independent
of their role in sexual differentiation. That is, estrogens may
contribute to resilience during brain development by modulating
signaling pathways, cellular phenotypes, and/or neural circuits
that are dysregulated downstream of ASD risk genes. For
example, our group hypothesized that estrogenic compounds
may act by modulating GABAergic and glutamatergic signaling
deficits in zebrafish cntnap2 mutants (8). In addition, Willsey
et al. (9) found that estrogens may affect neurogenesis by
regulating the expression of genes in the SHH pathway.
Moreover, identifying equivalent developmental time points
across different systems further complicates directly translating
findings from preclinical to clinical studies. Future analyses
aimed at investigating the mechanisms underlying the effects
of estrogens in preclinical studies, as well as the functions
of estrogens and androgens in mammalian brain development
and sexual differentiation will be essential for resolving
these findings.

While additional investigations are needed to determine the
extent to which estrogens might modulate brain development
with relevance to the sex bias in ASD, it is interesting to observe
that there are multiple pathways downstream of estrogen
signaling that intersect with biological processes implicated by
ASD risk genes (Figure 3). First, estrogens have been shown
to affect synaptogenesis and induce neuroprotective effects
via the PI3K/Akt/mTOR, cAMP/CREB, and ERK/MAPK
intracellular signaling pathways (86, 88, 90, 99–101), which have
been independently implicated in ASD. Studies examining
the interactions between estrogens and these pathways
in the context of ASD gene-associated preclinical models
are likely to be highly informative. Second, estrogens
affect GABAergic neuron development and protect against
glutamate-induced toxicity (11), suggesting that they may

contribute to excitatory-inhibitory balance, which has been
proposed as a central mechanistic pathway in ASD and
other neurodevelopmental disorders (44). Third, estrogens
affect synaptogenesis in developing neurons (90, 110) and
play a clear role in learning and memory by promoting
synaptogenesis in the adult hippocampus (84). Given that
synaptic function has been identified as a key pathway in ASD,
investigating the molecular mechanisms by which estrogens
affect synaptogenesis and circuitry in the developing brain
is likely to be important for gaining a greater understanding
of their potential role as modulators. Emerging research into
the roles of sex steroids in the developing brain along with
studies integrating genetics, transcriptomics, and neuroimaging
are likely to inform our understanding of sex differential
biology in ASD. In particular, interactions between pathways
implicated by ASD risk genes and the neurodevelopmental
effects of estrogens may represent important avenues for
future evaluation.
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