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Sex-specific responses to early adversity 2

Abstract. During gestation, development proceeds at a pace that is unmatched by any
other stage of the lifecycle. For these reason the human fetus is particularly susceptible
not only to organizing influences, but also to pathogenic disorganizing influences.
Growing evidence suggests that exposure to prenatal adversity leads to neurological
changes that underlie lifetime risks for mental illness. Beginning early in gestation,
males and females show differential developmental trajectories and responses to
stress. It is likely that sex-dependent organization of neural circuits during the fetal
period influences differential vulnerability to mental health problems. We consider in
this review evidence that sexually dimorphic responses to early life stress are linked to
two developmental disorders: affective problems (greater female prevalence) and
autism spectrum disorder (greater male prevalence). Recent prospective studies
illustrating the neurodevelopmental consequences of fetal exposure to stress and stress
hormones for males and females are considered here. Plausible biological mechanisms
including the role of the sexually differentiated placenta are discussed. We consider in
this review evidence that sexually dimorphic responses to early life stress are linked to
two sets of developmental disorders: affective problems (greater female prevalence)

and autism spectrum disorders (greater male prevalence).

Key Words: sex differences, prenatal, stress, early adversity, autism, anxiety,

depression, fetal programming, placenta, epigenetic
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Sex-specific responses to early adversity 3

There is growing recognition that there are sexually dimorphic responses to
stress and adversity that contribute to sex-specific vulnerability to mental disease (Bale,
2009; Goldstein, 2006; Nugent et al., 2011). Some types of stress at specific times
influence males’ behavior more than females, and other type of stress at other times
influence females’ behavior more than males. Further, the same stressor may have
different consequences for male and female behavior (Schulz et al., 2011). Sex-specific
responses to early life stress likely contribute to sexually dimorphic vulnerability to
mental disease. There is clear evidence that males are more vulnerable to
developmental disorders such as autism whereas females carry an increased
susceptibility to affective problems including anxiety and mood disorders. The likelihood
rarely is considered that these sex differences are determined very early in fetal
development.

We consider here evidence for sexually dimorphic responses to prenatal adversity
as it relates to later pathology. We will then discuss the possibility that differential
responses to early adversity may be a key contributing factor to sex specific risk for
psychopathology focusing on development of risk for affective problems (greater female
prevalence) and autism (greater male prevalence).

It is tempting to think of the two major risk categories covered in this theoretical
review - - autism for males and affective problems for females - - as mirror images of
each other. However, sophisticated views of the sources of sex differences in the brain
(Arnold, 2012; Levine, 2014 in press) make such mirror image, “yin/yang” scenarios

unlikely. Even though one of us has constructed a theory based on testosterone
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Sex-specific responses to early adversity 4

actions on CNS arousal systems (Pfaff et al., 2011), that view carries its own
complexity, and in addition is accompanied by at least three other routes of causation
that result in sexual dimorphisms and are described below. First, the testosterone-
based theory must encompass the possibility that the steroid hormone actually acting
on nerve cells in question may be a testosterone metabolite such as estradiol or
dihydrotestosterone; and, further that the nerve cells thus affected may range widely
outside of CNS arousal systems as presently understood. Second, explanations of sex
differences in brain based on testosterone may be accompanied by explanations (i.)
that females have more than one X-chromosome to be fully or partially inactivated; (ii.)
that the actual mechanisms for X-chromosome inactivation may differ between males
and females resulting in a different pattern of X-linked genes affect; and (iii.) that in
females, an inactivated X-chromosome may act as a ‘sink’ that drains chromatin-
modifying chemicals (such as histone acetylating or methylating enzymes) from other
chromosomes. Even though data have accumulated for testosterone-dependent
mechanisms, this multiplicity of potential mechanisms make it virtually impossible to
argue that male vulnerabilities comprise the flip side of female vulnerabilities to
neurodevelopmental disorders.

The current review considers evidence that sex-specific susceptibility to mental
illness originates in the fetal period. In order to explore this possibility we consider two
developmental disorders that both are sexually dimorphic and have their origin early in
life. We consider the possibility that sex differences in fetal responses to adversity may
contribute to our understanding of sex-specific susceptibility to developmental disorders.

We selected ASD and affective disorders as illustrative examples of the links between
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Sex-specific responses to early adversity 5

sex-specific responses to early adversity and sexually dimorphic disease risk. Our goal
is not to provide a comprehensive review of fetal programing of sex-differences in
mental health outcomes, but rather to highlight the importance of evaluating sex
differences as early as the fetal period in order to understand sex differences in disease
risk.

This review first will briefly review the susceptibility of the fetus to programming
influences related to both fetal development and changes in maternal stress physiology.
Next we will consider the placenta as a key pathway that may contribute to sex
differences in neurodevelopmental disorders. We will then discuss sex differences in
fetal responses to adversity. We briefly review the animal literature and then focus on
prenatal factors contributing to sex differences in affective problems and ASD. An

overview of our approach is illustrated in Figure 1.

I. Background
Fetal programming

The fetal period in the life cycle is unmatched by any other in growth and
development, and it is the period in the human lifespan that is most vulnerable to both
organizing and disorganizing influences. The fetal programming model posits that
during periods of rapid development or change the organism is susceptible to
environmental influences and that these influences exert persisting consequences for
health and disease risk (Barker, 1998). It is becoming increasingly evident that
intrauterine conditions contribute to the development of many of the conditions that

contribute to disease burden worldwide and that understanding the origins of these

Page 5 of 58



Sex-specific responses to early adversity 6

diseases requires a comprehensive approach that considers not only genetic risk but

also the role of the early environment.

Human fetal brain development

The transformation from a zygote to the human newborn is a dramatic process
involving rapid cell division and differentiation to produce all biological systems
including, the brain. Human brain development begins early in gestation and follows an
orchestrated and protracted series of events including processes such as proliferation,
migration, and differentiation. During gestation neurogenesis proceeds at a rate of
250,000 cells per minute (Cowan, 1979). Between 8 and 16 gestational weeks,
neurons migrate to form the sub plate zone and await connections from afferent
neurons originating in the thalamus, basal forebrain and brainstem. Once neurons reach
their final destination, they arborize and branch in an attempt to establish appropriate
connections (Sidman and Rakic, 1973). Cells aggregate in the outer cerebral wall to
form the cortical plate, which eventually will become the cerebral cortex. By gestational
week 20, axons form synapses with the cortical plate, and cortical circuits begin to
organize (Bourgeois et al., 1994; Kostovic et al., 2002). Remarkably, by gestational
week 28, the number of neurons in the human fetal brain is 40% greater than that in the
adult (Bourgeois, 1997; Bourgeois et al., 1994). During the last third of human
pregnancy the fetal brain forms secondary and tertiary gyri, and exhibits neuronal
differentiation, dendritic arborization, axonal elongation, synapse formation and
collateralization, and myelination (Bourgeois, 1997; Volpe, 2008). Synaptogenesis

accelerates during the third trimester to a rate of 40,000 synapse per minute (Bourgeois
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et al., 1994). Transcriptome studies indicate that the majority of genes are expressed in
the human brain during the fetal period and that there is approximately two-fold greater
gene expression in the fetal brain compared with the adult (Johnson et al., 2009). Thus,
prenatal life is a time of enormous neurological change and because of that the
intrauterine environment will shape the development of the fetal nervous system. The
exceptionally rapid pace of the fetal brain renders it susceptible to environmental
influences including exposure to stress. We consider in this paper sexually dimorphic
patterns of fetal development and responses to adversity that may contribute to sex

specific vulnerability to mental illness.

Changes in the maternal HPA and placental axis over the course of pregnancy
The hypothalamic pituitary adrenocortical axis is one of the major stress
responsive systems that may play a critical role in fetal programing. In the non-
pregnant state, stress activates hypothalamic corticotropin releasing hormone (CRH),
which travels down the median eminence and stimulates the synthesis and release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary. The release of ACTH
into the blood stream triggers the release of cortisol from the adrenal cortex. This
hypothalamic—pituitary—adrenocortical (HPA) axis is controlled through negative
feedback regulation and thus presence of high levels of cortisol will decrease HPA axis
activity. This system is altered radically during pregnancy because the placenta
expresses the genes for CRH (hCRH mRNA) and proopiomelanocortin, the precursor
for ACTH and b-endorphin. All of these stress hormones increase across gestation.

The increase in placental CRH is particularly dramatic. Placental CRH production
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Sex-specific responses to early adversity 8

increases forty-fold from the first to the third trimester (Sandman et al., 2006) with levels
in maternal circulation reaching those only observed within the hypothalamic-pituitary
portal system during stress. This is in contrast to the non-pregnant state in which CRH
immunoreactivity in the plasma is very low or undetectable (Lowry, 1993). Placental
CRH is identical to hypothalamic CRH in structure, immunoreactivity, and bioactivity.
There is, however, a crucial difference in its regulation. In contrast to the negative
feedback regulation of hypothalamic CRH, cortisol stimulates the expression of
hCRHmMRNA in the placenta, establishing a positive feedback loop that allows for the
simultaneous increase of placental CRH, ACTH, and cortisol over the course of
gestation. The normative increase in stress responsive hormones such as cortisol and
placental CRH plays an important role in the regulation of pregnancy as well as
facilitating maturation of the fetus (Davis and Sandman, 2010). However, because of
the positive feedback between cortisol and placental CRH, the effects of maternal stress
on the fetus may be amplified with potentially negative consequences for the developing
fetus. The fetus is partially protected from the consequences of maternal cortisol by the
placental enzyme 113 -HSD2 which oxidizes cortisol into its inactive form, cortisone. It
is however, the case that maternal and fetal cortisol levels are correlated and thus
increases in maternal cortisol may have consequences for the fetus (Gitau et al., 1998).
Further, factors such as maternal Glycyrrhizin consumption (as in licorice) (Raikkonen
et al., 2011) and maternal stress and anxiety (O'Donnell et al., 2012) down regulate 113
-HSD2 further exposing the fetus to maternal cortisol.

Few studies have evaluated whether fetal sex is associated with differential

regulation of the HPA and placental axis during gestation. Recent evidence by DiPietro
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and colleagues (2011) illustrates that women carrying male fetuses have higher cortisol
levels during the early third trimester. In contrast, in the later part of the third trimester
women carrying female fetuses had higher cortisol levels. The authors suggest that
these differences in cortisol profiles may be related to maturational differences between
male and female fetuses (Buss et al., 2009; DiPietro et al., 2011). The sex of the fetus
may interact with the maternal HPA axis and contribute to sex specific consequences of

early adversity.

Il. Sex-specific Responses of the Placenta

Sexually dimorphic patterns in response to stress may be developed, or as
suggested above, genetically determined or programmed very early in gestation. The
placenta, a fetal organ, produces sexually dimorphic responses to intrauterine stress
exposure (Clifton, 2010; O'Connell et al., 2013). The placenta is an interface between
the mother and fetus, plays a key role in the regulation of growth and development, and
affects fetal programing of health and disease. Further, both animal and new human
data illustrate the role of the placenta in moderating the consequences of maternal
stress for the fetus (Glover et al., 2009; Jensen Pena et al., 2012). We review here
evidence that the placenta plays a key role in sex-specific programing of the human
fetus and raise the possibility that this may contribute to sexually dimorphic disease risk.
Males are significantly more vulnerable to threats to viability throughout gestation. The
accelerated growth of the male as compared to the female fetus has been proposed as
one of the factors contributing to greater male susceptibility (Clifton and Murphy, 2004).

The placenta is a major determinant of fetal growth and regulates growth in a sex
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Sex-specific responses to early adversity 10

specific fashion. The male and female placenta have different profiles of energy
metabolism including glycogen storage and metabolism throughout gestation (O'Connell
et al., 2013). Sex differences additionally are present in the placental response to stress
or adversity. The role of the placenta in both sex specific growth trajectories and
responses to stress may contribute to sex differences in disease risk across the
lifespan, in addition to the well documented association with morbidity and mortality
during the fetal and infant periods.

The female placenta is more responsive to stress signals and this greater
sensitivity may allow the female fetus to adapt to intrauterine adversity increasing the
likelihood of survival (Clifton, 2010). For example, when the intrauterine condition is not
optimal, as with chronic maternal asthma, the female fetus adapts by slowing its growth
trajectory. In contrast, the male fetus continues to grow normally. The male fetuses
continued investment in growth increases vulnerability to subsequent adversity. When
maternal asthma worsens with acute exacerbation there is an increased incidence of
intrauterine growth restriction (IUGR), preterm birth and stillbirth among male fetuses
(Murphy et al., 2006; Murphy et al., 2003). Clifton and colleagues have proposed that
the adaptive strategy implemented by male fetuses allows them to continue to grow
normally even in an adverse intrauterine environment (Clifton, 2010). This strategy has
an associated cost as the male fetus is more vulnerable to subsequent stressors and
may contribute to higher rates of stillbirth, preterm birth and neonatal morbidly and
mortality among males. Females in contrast, adapt to a hostile intrauterine environment
by slowing their growth and thus have the resources to survive subsequent adversity.

The more nuanced responses of the female fetus to early adversity clearly benefits
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survival, but also may be associated with consequences that emerge later in
development (Davis et al., 2011a).

One of the mechanisms contributing to sex specific programming of the fetus
may be sex-differences in placental gene expression. Sexually dimorphic patterns of
gene expression have been reported for placental genes in both rodents and humans
(Gabory et al., 2013). Evidence indicates that the female placenta may induce non-
random X chromosome inactivation during the early stages of implantation in an
adverse intrauterine environment. This non-random X chromosome inactivation may
confer an adaptive advantage to the female fetus in response to adversity especially
with respect to X-linked diseases (Reik and Lewis, 2005). Sex differences in gene
expression are present beyond X and Y linked genes. Interestingly, consistent with the
greater intrauterine adaptation of the female fetus, evidence exists that the female
placenta produced a greater epigenetic response to stress as compared to the male
placenta (Osei-Kumah et al., 2011). Clifton and colleagues report that in response to
stress the expression of 59 placental genes were altered in the female placenta, but
only 6 in the male placenta.

Sexually dimorphic placental responses to glucocorticoid administration provide
an illustrative example of the role of the placenta in sex specific programing of the fetus.
Glucocorticoids routinely are administered to women in preterm labor in order to
promote fetal lung maturation. Glucocorticoid administration differentially affects both
glycogen storage and gene expression in the male and female mouse placenta.
Glucocorticoid exposure leads to a decrease in glycogen storage in the female

placenta, perhaps suggesting increased mobilization of glycogen for use by the fetus.
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No such alteration is seen in the male placenta (O'Connell et al., 2013). This sex
difference in fetal energy availability may be one of the mechanisms that contribute to
the greater female adaptability to adversity. Because the male fetus does not adapt its
energy storage and metabolism in response to stress signals it may have limited ability
to adjust to adversity, and is at greater risk for subsequent morbidity and mortality. Sex
specific placental responses to glucocorticoid administration additionally are observed in
human populations (Stark et al., 2009). Especially noteworthy is the possibility that the
biochemistry of the placenta may provide early biomarkers of maternal stress, and thus
provide early warning of changes in neurodevelopmental processes. For example
Howerton and colleagues (2013) measured O-linked-N-acetylglucosamine transferase
and found that this enzyme was lower in males and further reduced by prenatal stress
(Howerton et al., 2013). We propose that sex differences in placental responses to
stress play an important role in sex-specific fetal programming. The adaptive responses
to intrauterine adversity displayed by the female fetus may result in both more variability
among females and more subtle and specific risk for developmental impairments.
Consistent with this hypothesis is evidence that placental responses to stress are
associated with neurodevelopment. Methylation patterns of stress-response genes have
been associated with neurodevelopment in the neonate (Meilleur and Fombonne,
2009). New evidence suggests that associations with outcome are sex-specific. For
example placental leptin promoter DNA methylation is associated with neurobehavioral
impairments among male, but not female newborns (Hamdan et al., 2009). These
exciting studies illustrate the importance of evaluating sex-specific fetal and placental

developmental trajectories in order to understand the mechanism by which early
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adversity is associated with sexually dimorphic risk for mental illness.

Recent studies indicate that placental histology correlates with
neurodevelopmental disorders including autism. In a sample of 117 births, Walker and
colleagues discovered that pregnancies distinguished by two or more trophoblast
inclusions were eightfold greater in births of children whose older siblings had been
diagnosed with autism compared to control samples (Walker et al., 2013). The greater
the number of trophoblast inclusions were used to distinguish the at-risk from control
samples, the less the sensitivity for predicting autism, but the greater the specificity. It
is plausible that evaluation of the placenta will provide clues as to which children are at
risk for neurodevelopmental delay. Given compelling sex differences in placental
anatomy and physiology, including in the presence of trophoblasts inclusions (Hong et
al., 2013), this study further supports the necessity of considering sex specific
fetal/placental development to understand which individuals will be at risk for
neurodevelopmental or psychiatric disorders.

Among the mechanisms that render discussion of placental genomics and
biochemistry relevant to behavior is the phenomenon that certain genes are co-
regulated in placenta and hypothalamus. In the words of Broad and Keverne (2011)
“such synchronized expression is regulated, in part, by the maternally imprinted gene,
paternally expressed gene 3 (Peg3), which also is developmentally coexpressed in the
hypothalamus and placenta at days E12-13.” Note that Peg3 is a gene that is
preferentially expressed from the paternal allele in hypothalamic neurons (Keverne,
2007). Overall, Keverne’s results show how gene regulation in the placenta is linked to

regulation in a specific part of the brain, thus reinforcing our argument that sex
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differences in placental expression of a gene related to stress responses could be

relevant to the brain’s later responses to stresses.

lll. Sex Specific Programming of the Human Fetus

Molecular endocrine observations make clear the possibility that sex differences
in human brain development can begin very early. (i.) Arnold (2012) distinguishes four
different sources of sex differences in brain and behavior: testicular hormones and their
metabolites (estrogens) following expression of the SRY gene; (ii.) consequences of X-
inactivation including gene dosage; (iii.) differences in X-inactivation patterns between
females (with 2 X chromosomes compare to the male’s one X ); and (iv.) potential
effects of the inactivated X (in females) on genome structure. Note that estrogen
receptor expression has been reported preimplantation, even in the mouse blastocyst
(Hou et al., 1996).

Not only do sex differences in brain development emerge very early, but also it is
clear that sex specific responses to adversity are present at the earliest stages of
development (Challis et al., 2013). Our research examining the relation between early
life exposures to maternal stress and stress hormones (placental CRH and cortisol) and
offspring development suggests that these exposures are associated with clear sex
differences in patterns of expression observed during development. We discuss here
evidence for sex-specific programming of the human fetus as it might contribute to risk
for affective disorders (Section V) and ASD (Section VII). We focus on these two
disorders as there is sexually dimorphic risk for these outcomes and they have at least

part of their origins early in life.
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In response to early adversity, males are more susceptible to morbidity and
mortality as compared to their female counterparts (Wells, 2000). Throughout the fetal
period males are more susceptible to adversity. Males are at a greater risk for
miscarriage, still birth and preterm delivery (Cooperstock and Campbell, 1996). Further,
studies consistently show that males are more vulnerable to infant mortality and
extreme developmental impairments (Aiken and Ozanne, 2013; Challis et al., 2013).
Findings such as these have led to the tacit consensus that females are largely immune
from exposure to early adversity. It is plausible, however, that under conditions of
adversity the weaker males have been eliminated early in development, and this results
in reduced variability among surviving males. In contrast, females adjust to early
adversity with a variety of more subtle individually determined strategies resulting in a
far greater range of responses later in life, increasing the probability that there will be
associations between exposures and certain types of psychopathology. It is plausible
that these differential responses very early in life contribute to the pervasive sex
differences in child and adult outcomes (Sandman et al., 2013).

We discuss the hypothesis that the adaptive strategy implemented by female
fetuses may render them susceptible to more subtle, but persisting consequences. Our
data consistently show a female vulnerability that is associated with increased risk for
anxiety and affective problems. These outcomes contrast to the more extreme
developmental impairments, such as autism, observed when males are exposed to

early adversity.
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IV. Animal models of sex specific consequences of early psychobiological stress
signals

It is critical to acknowledge that the differences in reproductive and stress
physiology, even in very closely related species such as humans and non-human
primates, limit the validity of generalizing from animal models. Further, the ability to
characterize animal models of anxiety or ASD is limited. For these reasons, this review
will focus primarily on studies of gestational stress in humans. Nonetheless, research
with non-human animals consistently documents sex specific susceptibility to fetal
adversity. We briefly review this literature here.

Review of rodent literature on prenatal stress clearly document sex specific
patterns of responding. Zuena et al. (2008) reported a large increase in anxiety,
measured by avoidance of light, in male mice whose mothers had been subjected to
restraint stress during pregnancy. Surprisingly, the female littermates showed exactly
the opposite result, decreased anxiety. Likewise, with a different kind of stress during
pregnancy, social defeat, male offspring of the socially stressed animals displayed
increased anxiety-like behavior compared to controls, a result that was not seen with
female offspring (Brunton and Russell, 2010). Stress from repeated transports during
pregnancy yielded young males who were less active but showed more signs of distress
in response to novelty, than control males, again a result that did not occur with young
female offspring (Roussel et al., 2005). In contrast other studies suggest that female
offspring are more susceptible to the consequences of gestational stress on anxiety-like
behaviors. For example, Zagron and Weinstock (2006) found that when a 30-minute

restraint stress was applied prenatally, female offspring displayed an increased

Page 16 of 58



Sex-specific responses to early adversity 17

propensity towards anxiety-like behavior on the elevated plus maze and altered HPA
axis regulation, where as males displayed learning deficits. Similarly, Richardson et al.
(2006) found that in response to two different types of stressors (restraint stress and
varied stress) the consequences for anxiety-like behaviors and HPA axis regulation
were stronger among females. Interpretation of this literature is with respect to humans
is challenging because the sex specific consequences of early life stress clearly depend
on a number of parameters including the timing of exposure, the type and severity of the
stressor, the type of task and the animal species (Babri et al., 2014).

It is our hypothesis that it is not that males or females are more susceptible, but
rather that gestational stress has sexually dimorphic consequences. Schulz et al. (2011)
evaluated the effects of prenatal exposure to unpredictable variable stress on the
offspring. They observed that for males prenatal stress was associated with impaired
spatial memory and object recognition and improved object context associations.
Interestingly prenatally stressed males did not display increased anxiety on the elevated
zero, but did display a reduction in social exploration. In contrast, prenatally stressed
females displayed greater anxiety as assed with the elevated zero, but greater social
investigation. This study illustrates sex-specific patterns of responding to fetal stress
exposure, which may contribute to sex specific susceptibility to neurodevelopmental
disorders. Research by Bale and colleagues illustrates increased susceptibility of male
offspring when exposed to stress extremely early in gestation Mueller and Bale (2007,
2008) demonstrating that factors such as timing of exposure may play a critical role in

determining the sex-specific consequences.
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The mechanisms for sex differences in responses to early stress are not fully
understood substantial evidence indicates that stress pathway dysregulation underlies
the development of anxiety-like behaviors. Prenatal stress is associated with
heightened corticotrophin releasing factor (CRF) expression in the central nucleus of the
amygdala, markedly greater corticosterone response to restraint stress, abnormally low
glucocorticoid receptor (GR) expression in Ca3 and the dentate gyrus of the
hippocampus, and abnormal methylation of histones in the promoters of the CRF and
GR genes (Mueller and Bale (2007, 2008). Further, adrenalectomy with corticosterone
replacement eliminated the consequences of prenatal stress on anxiety behaviors

(Zagron et al., 2006).

V. Effects of Early Life Stress Greater in Human Females: Affective Problems
Anxiety and mood disorders are highly prevalent disorders with pervasive sex
differences. The lifetime prevalence of affective problems is alarmingly high. Recent
data indicate that lifetime prevalence is approximately 29% for anxiety disorders and
21% for mood disorders (Kessler et al., 2005b). Further, females are more than twice
as likely as males to experience mood disorders (Bekker and van Mens-Verhulst, 2007;
Kessler et al., 2005a). Increasing evidence suggests that these disorders have part of
their origin in prenatal and early postnatal experiences (Baram et al., 2012; Sandman
and Davis, 2012). It has been recently estimated that early adversity may explain over
30% of mental iliness (De Bellis et al., 1999; Gunnar and Quevedo, 2008; Nemeroff,
2004). Further evidence suggests that sex dependent vulnerability to affective problems

may originate in the prenatal period (Bale, 2009; Buss et al., 2012).
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Sex specific consequences of fetal exposure to psychobiological stress signals:
Affective problems

One consistent theme in our research and others is the association between fetal
exposure to stress signals and increased stress and emotional reactivity in the offspring.
Fetal exposure to maternal anxiety, stress and depression as well as stress hormones
is associated with stress responses (Davis et al., 2011b; O'Connor et al., 2013), fearful
temperament and negative emotionality (Bergman et al., 2007; Davis et al., 2005; Davis
et al., 2007; de Weerth et al., 2003; Van den Bergh, 1990) and affective problems (Buss
et al., 2012; Davis and Sandman, 2012; Davis et al., 2013; O'Connor et al., 2003; Van
den Bergh and Marcoen, 2004; Van den Bergh et al., 2008) during infancy, childhood
and adolescence.

Perhaps surprisingly, many published studies have not evaluated sex-specific
responses to fetal adversity. As illustrated in Table 1, the first author and colleagues,
recently performed a reanalysis of their own published data from several studies, with
sufficient sample size to assess sex differences, and demonstrate that, even as early as
the fetal and infant periods, there are sex-specific responses to gestational stress
(Sandman et al., 2013). Interestingly, one of the most consistent findings is a greater
female vulnerability to gestational stress signals for fearful or anxious behaviors.
Female fetuses exposed to higher levels of maternal psychological distress and to
biological stress signals such as placental CRH and cortisol were more fearful during
infancy and more anxious during childhood. Consistent with our findings, De Bruijn and

colleagues have demonstrated that the relation between prenatal maternal anxiety and
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internalizing problems is stronger among girls’ (de Bruijn et al., 2009a). Consideration
of published human literature evaluating sex-specific consequences of prenatal
exposure to maternal stress suggests that although sex difference were not observed in
all studies (O'Connor et al., 2003), the preponderance of the evidence indicates that
girls may be more susceptible to the effects of fetal adversity on fearful temperament,
emotional reactivity and internalizing problems increasing their risk for the development
of affective problems. Infants who are easily aroused by varied stimulation are more
likely to become behaviorally inhibited as young children (Kagan et al., 1998), exhibit
social anxiety during adolescence (Schwartz et al., 1999) and show greater amygdalar
activation to novelty as adults (Schwartz et al., 2003). We suggest that sexually
dimorphic vulnerability to affective problems may originate during the fetal period.
Sex-specific programming of neurobiological pathways involved in stress
regulation may contribute to greater female risk for affective problems. Girls may be
more sensitive to the effects of gestational stress on child HPA axis functioning (de
Bruijn et al., 2009b) and on the development of brain regions involved in stress and
emotional regulation (Buss et al., 2012; Sandman et al., 2011) as well as self regulatory
processes including executive function (Buss et al., 2011). It is plausible that these may
be contributing mechanisms to the increased female risk for anxiety and depression.
Consistent with this possibility, Van den Bergh and colleagues have reported that
prenatal maternal anxiety is associated with a flattened diurnal profile in the offspring
during adolescence. This cortisol profile is associated with depressive symptoms among

female, but not male adolescence (Van den Bergh et al., 2008). Further, one of us

! Note that when maternal report measures of depression and anxiety were combined to create an
emotional complaint score high emotional complaints early, but not late, in gestation were associated with
internalizing problems among boys.
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recently has shown that elevated maternal cortisol at 15 gestational weeks is associated
with a significantly larger right amygdala volume in girls, but not in boys (Buss et al.,
2012). This effect was significant after adjusting for factors associated with pregnancy,
birth outcome and current child and maternal characteristics. Moreover, we reported
that the association between fetal exposure to high levels of maternal cortisol early in
gestation and subsequent affective problems in children was mediated by an enlarged
right amygdala. These findings support the argument that fetal exposures to maternal
signals of stress and adversity have persisting effects on the female nervous system
(Davis et al., 2011a) and that these effects may contribute to risk for affective problems
among females. Clear evidence exists for greater female susceptibility to the
intergenerational transmission of mood disorders, such as depression and the role of
postnatal stressors in the emergence of disease (Gershon et al., 2011; Waugh et al.,
2012). The findings presented here demonstrate that understanding the
intergenerational transmission of disease requires the additional consideration of the
role of the fetal environment.

Mechanisms underlying greater female vulnerability to the effects of prenatal
stress on affective problems are unknown. There is ample evidence for sexual
dimorphism in limbic regions, such as the amygdala, that are involved in affective
problems (Goldstein, 2006). Further, sex differences in brain activity have been
observed in these regions in response to emotional stimuli (Cahill et al., 2004; Kilpatrick
et al., 2006). We argue that the origin of these differences may lie in the fetal period.
Regions we have observed to be vulnerable to prenatal stress exposures, such as the

amygdala, also are rich in receptors for sex hormones. The finding described above
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illustrating that influences on the development of the amygdala during the fetal period
are associated with affect problems among girls (Buss et al., 2012) is consistent with
the possibility that fetal exposure to stress and sex hormones contributes to sexually

dimorphic susceptibility to affective problems.

VI. Effects of Early Life Stress Greater in the Human Male: Implications for ASD

Autism is now diagnosed in greater than 1 in 100 children. Because it begins so
early in life and lasts into adulthood, it is occasioned by long-lasting emotional suffering
and can entail enormous expenses for medical and psychological treatments. Although
the hallmark of autism comprises an absence of social attention and social
communication, the full range of symptoms in Autism Spectrum Disorders (ASDs)
include repetitive movements and restricted interests, and language disorders. A
convincing series of reports has concluded that, by far, the greater preponderance of
ASD diagnoses is in young males (Auyeung et al., 2009). Social deficits associated
with ASDs may be present as early as 6 months of age. Chawarska et al. (2013)
reported differences in attention to social scenes as early as 6- months of age in
children who were later diagnosed with ASD. We discuss the possibility that early life
exposure to stress contributes to the development of ASD. Further, we propose that
sexually dimorphic responses to early stress may contribute to greater male
susceptibility to ASD.

In both the previous and the new versions of Diagnostic and Statistical Manual
(DSM IV and V), the core diagnostic concept is the avoidance of normal social contact.

Here, we focus on social anxiety of the sort that might lead to social avoidance. Sir
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Michael Rutter, who has participated in autism research for more than 40 years, has
reviewed our current understanding of the genetic contributions to, and psychological
treatments for ASDs (Rutter, 2011). Some decades ago, Folstein and Rutter (1977)
reported 36% concordance of diagnoses of autism among monozygotic twins,
compared with 0% in dizygotic twins, and in that paper anticipated the subsequent
discussions of gene/environment interactions. Recently, in producing rigorous
quantitative estimates of gene/environment contributions, Hallmayer et al. (2011)
estimated ASD diagnostic concordance rates at .77 for monozygotic male twins, with a
large share (58%) of the variance in liability explained by environmental factors. He has
proposed novel tests of the social problems focused on by our theory, including a
theory-of-mind task (Heavey et al., 2000) and has explored the relationships between
the dysphasia (i.e. severe language disorders) of autism and the evident shortcomings
in social communication (Cantwell et al., 1989). For this review, it is important to
illustrate how early stress, especially prenatal stress, may contribute to the multiple

etiologies that lead to ASDs.

Sex specific consequences of prenatal psychobiological stress signals: Risk for
ASD

An authoritative metareview (Gardener et al., 2011) shows that a wide variety of
early stressors clearly predispose to ASD. Particularly significant is the stress imposed
by low birth weight, short gestational period, intrapartum hypoxia (Kolevzon et al., 2007)
and obstetric complications (Burstyn et al., 2010). It is the cumulative exposure to
multiple stressors during the perinatal period that best predicts ASD: the longer and

more multivariate the stress, the greater the likelihood of autistic symptoms developing.
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The Gardener et al conclusions are supported by the recent study of Visser et al. (2013)
in which mothers of children who would have ASD reported “more infections and more
stress during pregnancy”. Interestingly, there is evidence that males have an increased
risk for morbidity and mortality when exposed to these types of stressors (Aiken and
Ozanne, 2013; Challis et al., 2013; Peacock et al., 2012). It is plausible, that sexually
dimorphic responses to early stress contribute to greater male susceptibility to ASD.
Animal models provide overwhelming evidence that early stress contributes to
the neurodevelopmental impairments associated with ASD including anxious behavior
and greater stress reactivity. Our theory suggests that in some contexts this early stress
may lead to increased ASD risk among males. The literature on animal research
devoted to charting the behavioral consequences of early stress is more extensive than
research with humans and may facilitate our understanding of the role of stress in risk
for ASD. Using Rhesus monkeys for animal studies potentially relevant to human
behavioral development, Suomi and his colleagues (Dettmer et al., 2012) separated
certain monkeys from their mothers, stressing them through either a peer-rearing
paradigm (PR) or surrogate-peer-rearing (SPR) from birth through the first eight months
of their lives. Control animals were reared by their mothers and interacted with peers
(MPR). Most important for the present argument about the etiology of the social anxiety
of autism, PR monkeys showed the greatest amount of anxious behavior, and had high
cortisol levels that remained high for month after the experiment. SPR animals also
showed more anxiety than MPR animals. Subsequent work by Suomi and colleagues
suggested abnormal regulation of serotonergic systems as having something to do with

social withdrawal consequent to early psychosocial stress (Erickson et al., 2005). Given
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the centrality of social anxiety to ASD, these data are consistent with the possibility that
early life stress increases risk for ASD.

Consistent with this theme, sex specific consequences to the extreme stress of
orphanage rearing also have been observed. In a sample of Romanian children,
Nelson and his colleagues (Bos et al., 2011) have charted how the social and material
deprivation of institutional care leads to disturbed normal behavioral development,
paralleled by electroencephalographic changes that may reflect a delay in maturation of
the cerebral cortex (McLaughlin et al., 2010). Not only were boys more symptomatic
during psychiatric interviews than girls, but also the interactions of the environmental
background X sex were significant both for internalizing disorders and for “all anxiety
disorders® (Zeanah et al., 2009). This study was not designed to evaluate associations
with ASD and clearly most children who develop ASDs have not experienced this type
of extreme stress. Our theory, below, would suggest that such sex differences in
responses to environmental adversity are linked to sex differences in autism (Pfaff et al.,
2011).

There are relatively few human studies evaluating prenatal factors contributing to
ASD. The maijority of studies in this field indicate that prenatal stress is linked to risk for
ASD. For example, Kinney et al. (2008) review data from studies with humans that
indicate that prenatal stress increases the risk of developing autistic symptoms. Most
existing studies are retrospective, but in some cases the differences in reported stress
between mothers of autistic children and controls were large, approaching two-fold.
Nevertheless, complicating factors such as reporting bias cannot be ruled out. Recent

epidemiological studies address limitations related to reporting bias by using national
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databases to identify individuals who experienced death of a family member during
pregnancy or postpartum. Using Swedish national databases Class and colleagues
found that mothers who experienced bereavement stress during the prenatal or
postpartum period were at an increased likelihood of having a child with ASD (Class et
al., 2013). The strongest effects were observed when the stressor was experienced
during the third trimester. Although these authors did not find evidence that sex
moderated the consequences of prenatal stress exposure, these data provide their
study provides convincing evidence for a link between prenatal and early postnatal
stress exposure and ASD risk. A recent prospective study provides further evidence
that fetal stress exposure is related to ASD. Ronald et al. (2011) enlisted 2900
pregnant women in a prospective study of the effects of stressful events during
pregnancy. Maternal stress during pregnancy was associated with the later detection of
autistic traits in boys but not in girls, whereas they were associated with ADHD in both
boys and girls.

The literature with human subjects reviewed above indicates that exposure to
stress during the perinatal period is linked to ASD risk. Studies that suggest an
association between early life stress and ASD risk primarily reveal such an association
when the stress exposure is fairly severe or when the patient has experienced an
accumulation of the effects of multiple stressors. Existing data have not yet allowed us
to distinguish sharply between effects of prenatal stress compared to effects of perinatal
or neonatal stress.

The causal routes by which these sexually differentiated effects of prenatal stress

come about remain to be discovered. Despite the variety of early stressors considered,
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it is likely that they involve alterations of the hypothalamic/pituitary/adrenal axis and to
activation of ascending monoaminergic pathways. Both direct CNS and indirect effects
must be considered. For example, as discussed, the placenta is sexually differentiated
and that this fact may contribute to the sex differences in fetal growth and may be
related to the vulnerability of fetal males to repeated stresses (Clifton, 2010). Because
of sex differences in placental cytokine expression, it is notable that Patterson and his
colleagues (see below) have reported that maternal infections can be associated with a

higher prevalence of autism.

A theory of how androgenic hormones can increase the occurrence of social
abnormalities of autism

The sex difference in the prevalence of autism has been widely reported
(Auyeung et al., 2009; Knickmeyer et al., 2005). In spite of the difficulties just noted, as
a result of reviewing the large literatures on early stress, autism and androgen action,
we have derived a theory intended to account for the large sex difference. Briefly, the
theory in its initial form (Pfaff et al., 2011) hypothesizes that early stress has an
inordinately disruptive effect in young boys who have had high androgenic hormone
levels circulating or whose brainstem and limbic forebrain tissues are particularly
sensitive to androgenic hormones. The androgen effect is disruptive because it has
amplified effects of arousal pathways whose catecholaminergic transmitters, released
synaptically in the amygdala as well as other limbic regions, have rendered these brain
regions unusually sensitive to stress (Figure 2). Because the infant experiences this

stress in a social context, and it thus constitutes a social stress the heightened limbic
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response leads to a level of fear inconsistent with social approach, thus predicting the
social avoidance characteristic of autism.

Although the theory states that contributions to the symptoms of ASDs stem from
(i.) prenatal and neonatal stress, complicated by (ii.) androgenic hormone effects on
CNS mechanisms for arousal and emotion; (iii.) genetic predispositions, the question
arises as to how such a 3-hit theory would be tested. In this theoretical review, we have
focused on (i.), early stress, partly because of the large literature on the deleterious
effects of such stress on animal and human behavior. Prenatal and neonatal stress is
hypothesized to affect neuronal activity in the amygdala, a brain region implicated in the
recognition of emotions in facial expressions (Leppanen and Nelson, 2009). Published
data indicates that prenatal stress influences amygdalar development (Buss et al.,
2012). The theory postulates that as a result of early stress, the effects of which are
exacerbated by androgenic hormone action and genetic predisposition, a stressed
child’s amygdala has been rendered overly sensitive to subsequent social stimuli.

Recent human data indicates a role for androgenic hormone action in the
development of fearful temperament. This phenomenon may be related to a significant
correlation between prenatal testosterone exposure and fear reactivity (Bergman et al.,
2010), at least as far as potential sex differences are concerned. Infants who later will
be diagnosed with ASDs show a range of behavioral reactions including problems with
eye contact and social engagement that could be interpreted as avoidance responses
consequent to the development of a fearful temperament (Zwaigenbaum et al., 2005).

Whether this potential connection among prenatal testosterone exposure, fear reactivity
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and social behavior symptoms actually can be related to the development of ASDs will
require further work to determine.

Interesting support from this model comes from a twin study by Robinson and
colleagues (2013). In a large sample of dizygotic twins they found that comparatively
fewer familial risk factors are required to reach impairment for autistic symptoms among
males as compared to females. These findings provide strong evidence that being
female is protective against ASD.

Testing this complex theory will provide challenges, but some recent work in the
literature on animal behavior has offered new approaches for experimentation. For
example, the definition of the range of prenatal stress that can predispose to autism has
been extended to immune/inflammatory stress (Patterson, 2009; Schwartzer et al.,
2013). Immune/inflammatory stress leads to a set of phenomena whose causal
pathways are likely to be complex and sex specific (Challis et al., 2013), but whose
neurendocrine consequences are important and long lasting (Kentner and Pittman,
2010). Evidence from human subjects supports this point (Atladottir et al., 2010).
Further, recent data using mice with mutations of the CNTNAP2 gene (mutations that
predispose to autism) show significant effects of prenatal stress with the following three
highlights: (i.) first, that the stress employed is a lipopolysaccharide (LPS) injection
during early pregnancy, following on Mueller and Bale's demonstration of male-
dominant effects of early gestational stress; (ii.) that such a stress should stand in for
an inflammatory stress; and (iii.) that significant effects on infants' vocalizations and on
young adults' social behavior came in the form of interactions with genotype - - the

CNTNAP2 mutation and inflammatory stress combined to produce the behavioral
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effects (Schaafsma et al., unpublished observations). These recent data support the
earlier contentions of Patterson et al suggesting that inflammatory pathways are related

to risk for ASD (Hsiao et al., 2012).

VII. Outlook

Pervasive sex differences exist in risk for mental illness (Bale, 2009; Nugent et
al., 2011; Schulz et al., 2011). In this review, we proposed that sexually dimorphic
responses to early adversity are one of the key factors contributing to sex-specific risk
for mental iliness. We have focused on affective problems and ASDs as disorders that
originate early in life and for which there are dramatic sex differences in prevalence
rates. This review deals with a subject that presents difficulties in at least three ways.
First, at the behavioral level, compared to many sensory stimuli and environmental
conditions, stress is inherently non-specific and varies from study to study. Second, a
wide variety of stressors are considered leading to difficulty comparing findings across
studies. Third, there are important differences between animal and human literatures
reviewed in the nature of the stress applied: In the animal studies it might be
substantial, while in the human studies, natural variations from severe stress to
relatively minor stresses were considered. Fourth, there is wide variability in the timing
of the stress exposure during gestation further contributing to variability in associations
with outcomes. Finally, our understanding of sex differences in vulnerability to mental
disease will be influenced by diagnostic criteria that are not applied in the same way to

boys and girls.
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Both animal and human data illustrate that males are at a greater risk for
morbidity and mortality in response to early life stress. Much less data exists related to
sex-specific responses to early adversity and risk for mental iliness. That said, tentative
conclusions would indicate that (i.) that in males, early life stress is associated with
ASDs. (ii.) In contrast, for females, early life stress is associated with more subtle
developmental consequences including the development of affective problems. Recent
animal work indicates that when the behaviors of male and female offspring are
characterized across a variety of domains, both males and females are affected by early
life stress, but in a sex-specific fashion (Mueller and Bale, 2007, 2008; Schulz et al.,
2011). In order to understand the relation between early adversity and mental health
we need to move beyond the general assumption of greater male susceptibility and
consider instead the differential responses of males and females to early stress and
how these distinct response patterns differentially are associated with later risk.

Speculative thinking that deserves to be followed up would envision that among
females greater responsiveness to early stress signals might both increase the ability to
survive and lead to greater variability among females. That is, Clifton (2010) has
provided evidence that female fetuses adapt their development to more subtle stress
signals. This speculation is consistent with the findings reviewed above suggesting that
moderate prenatal stress is associated with increase risk for moderate developmental
impairments among females. In contrast, as discussed in this review extreme stress

increases neonatal morbidity and mortality and we argue risk for ASD.

Ideas for future research
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Sex specific developmental trajectories and responses to adversity emerge early in
gestation. The implications for mental health later in life are poorly understood. We
propose here several avenues for future research. One clear theme that has emerged
from review of both the animal and the human literature is the need to carefully consider
timing of exposure with respect to sex differences. Rapid changes proceed throughout
gestation in fetal CNS development, maternal physiology and placental physiology.
Thus, it is highly likely that the consequences of stress will be dependent on the timing
of exposure and that this may interact with sex-specific susceptibilities.

A second relatively unexplored direction for research is the role of stress in these

sex-specific adaptations and the role of placental gene expression and subsequent

placental biochemistry and physiology. Exciting new evidence suggests that sex-
specific methylation patterns in the placenta are associated with neurodevelopment.
Prospective studies considering sex differences in fetal and placental responses to early
stress and their associations with developmental outcomes would be beneficial.

A third direction in which effort to understand the effects of early life stress on

neurodevelopmental disorders includes assessment of stress-related epigenetic
changes. For example, stress effects can have permanent alteration in the state of
DNA methylation in the animal forebrain (Mychasiuk et al., 2011).

The literature reviewed here highlights the need to consider sex-specific
responses to adversity, as early as the prenatal period in concert with genetic and
epigenetic susceptibilities, in order to understand the origins of neurodevelopmental
disorders. We propose that careful evaluation of sex-specific responses including

maternal, placental and fetal will provide new understanding into the mechanism by

Page 32 of 58



ACCEPTED MANUSCRIPT

Sex-specific responses to early adversity 33

which early experiences contribute to mental health.
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STUDY | PARTICIPANTS | PRIMARY SEX-SPECIFIC FINDINGS
Fetus
Glynn & Sandman, 2012 190 Mother Relations between maternal cortisol and fetal response
(83 female/107 to vibroacoustic stimulation were stronger for females.

male fetuses)

Among females, maternal cortisol was predictive of fetal
behavior in response to stimulation at an earlier age
than among males.

Neonate
Ellman, Dunkel-Schetter, Hobel, Chicz-Demet, Glynn, & 158 Mothers The association between fetal exposure to elevated
Sandman, 2008. (80 female/78 maternal cortisol and placental CRH and delayed

male neonates)

neuromuscular development was observed only among
male neonates.

Infant
Sandman, Glynn & Davis, 2013 and Davis & Sandman, 165 Mothers The association between exposures to elevated
2010 (60 female/65 maternal cortisol early in gestation and impaired

male infants)

cognitive performance at 1-year of age was stronger
among males.

Sandman, Glynn & Davis, 2013 and Sandman, Davis &
Glynn, 2012

221 Mothers
(103 female/118
male infants)

Congruence between exposure to maternal depression
in the pre and postnatal environments was associated
with advanced maturation of motor and mental abilities
in 1-year-old infants. Effects were observed at an earlier
age among female infants.

Sandman, Glynn & Davis, 2013 and Davis, Glynn, Dunkel-
Schetter, Hobel, Chicz-Demet, & Sandman, 2005

248 Mothers
(116 female/ 132
male infants)

Elevated placental CRH at 25 gestational weeks is
associated with more fearful temperament and higher
levels od distress behavior among female infants, but
not male infants at 2 months of age.

Sandman, Glynn & Davis, 2013 and Davis, Glynn, Dunkel-
Schetter, Hobel, Chicz-Demet, & Sandman, 2007

248 Mothers
(116 female/132
male infants)

Increased maternal depressive symptomatology at 25
gestational weeks predicted more fearful temperament
during infancy among girls, but not boys.

Grey, Davis, Sandman & Glynn, 2012

52 Mothers (27
female/25 male
infants)

The positive association between breast milk cortisol
and fearful infant temperament at 3 months of age was
observed only among female infants.

Child

Sandman, Davis, Buss, & Glynn, 2011

35 Mothers (17
girls/ 18 boys)

Elevated pregnancy specific anxiety early in pregnancy
is associated with reduced gray matter volumes. This
effect is seen primarily in girls.

Buss, Davis, Hobel, & Sandman, 2011

89 Mothers (39
girls/ 50 boys)

Pregnancy-specific anxiety predicted executive function
in girls, but not boys.

Sandman, Glynn & Davis, 2013

178 Mothers (98
girls/80 boys)

The relation between prenatal maternal cortisol and
child anxiety was stronger among girls.

Buss, Davis, Shahbaba, Pruessner, Head & Sandman,
2012

65 Mothers
(35 girls/ 30
boys)

Reduction in brain volumes in 6-9 year-old children
exposed to elevated maternal cortisol early in gestation
primarily was observed in girls.

Sandman, Glynn & Davis, 2013

100 Mothers (49
girls/ 51 boys)

The association between longer gestation and
increased gray matter density is stronger among girls.

TABLE 1
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Note: This table is adapted from Sandman, Glynn and Davis, 2013 and summarizes published data from this group
that has evaluated sex-specific consequences of fetal exposure to maternal stress signals..
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Figure 1 illustrates our hypothesis that there are sex-specific responses to prenatal stress that may
contribute to sex differences in risk for developmental disorders. In humans, fetal sex has been
associated with differences in maternal stress physiology, placental physiology, and fetal growth and
development. These processes may affect the consequences of gestational stress exposure, and
contribute to sex differences in susceptibility to mental disease
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Figure 2. Theoretical depiction of how androgenic hormones acting on ascending arousal systems could

sensitize limbic forebrain systems that regulate emotional aspects of social behaviors. Adapted from
Pfaff et al (2011).
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