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Introduction: Setting the Scene

Even before birth, a mother’s psychological state is shaping her child’s subsequent
development of self-regulation. The premise that fetal development sets pathways
for health and well-being as well as risk and challenge across the life span is
generally referred to as fetal programming (cf. Developmental Origins of Health
and Disease, Barker, 2003). The notion of fetal programming implies that fetal
development is altered in a way that prepares the offspring for the particular
environment in which it will find itself (cf. predictive adaptive response, Gluckman
& Hanson, 2005). Thus, not all outcomes reflect conditions of risk or disease. Some
fetal adaptations that increase vigilance to the environment or alter one’s capacity to
respond to stress could be maladaptive in one context but quite adaptive in another
(Glover, 2011), thus shaping the developmental outcomes for better and worse
(Belsky & Pluess, 2009).

The period of intrauterine life represents one of the most sensitive windows during
which the effects of stressmay be transmitted inter-generationally from amother to her
as-yet-unborn child. The fact that maternal mood disturbances (e.g., negative emo-
tions and perceived stress) during pregnancy are linkedwith later child behavior, even
after controlling for effects of postnatal maternal mood and other relevant prenatal and
postnatal confounders, suggests that, as in animalmodels, some of the risk is conferred
prenatally via changes in women’s mood-based physiology affecting fetal neurobe-
havioral development (M.Weinstock, 2008).While multiple underlyingmechanisms
and systems are involved in fetal programming (Talge, Neal, & Glover, 2007), the
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stress regulatory system in general and the hypothalamic pituitary adrenal (HPA) axis
in particular may play a significant role in mediating the effects of maternal
stress/anxiety and child outcomes (Glover, O’Connor, & O’Donnell, 2010). Despite
the popularity of the fetal programming model, it is also important to acknowledge
that such effects are not necessarily permanent as research has shown that young
animals show remarkable neuronal resilience if the stress is discontinued (McEwen&
Morrison, 2013). Thus, while in this chapter we will focus on prenatal maternal mood
exposure and its associations with child self-regulatory abilities, it is important to bear
in mind that postnatal factors (e.g., parenting, secure attachment, and socioeconomic
status) matter as well andwill be themain focus of the other chapters in this book (e.g.,
Chap. 8 by Finegood & Blair; Chap. 11 by Crnic & Ross in this volume).

A key assumption underlying the fetal programming hypothesis is that biological
systems undergoing rapid developmental changes are especially vulnerable to
organizing and disorganizing influences (Seckl & Meaney, 1993). Stress early in
life, and specifically prenatal maternal stress, may have a particularly large effect on
prefrontal cortex (PFC) structure and function because of its rapid growth during
gestation and its high density of glucocorticoid receptors (Arnsten, 2009; Fuster,
2008; Sanchez, Young, Plotsky, & Insel, 2000). In particular, executive function
(EF)—a set of higher order cognitive processes, such as working memory, inhi-
bition, and attention shifting, associated with PFC and integral to emerging
self-regulatory behavior (Blair, 2002)—is the first to suffer and suffer dispropor-
tionately, if we are stressed (Arnsten, 2009; Diamond & Ling, 2016). Here we will
examine the possiblity that prenatal maternal stress may have a similarly strong
impact on children’s emerging EF.

Several independent prospective longitudinal studies using behavioral ques-
tionnaires and clinical scales administered at varying time points during develop-
ment have established an association between prenatal maternal mood and child
self-regulatory abilities. Specifically, children of mothers who were stressed during
pregnancy (high anxiety/depression) had more difficulties than children not exposed
to prenatal maternal stress with cognitive, behavioral, and emotional self-regulation
as reflected in difficult temperament, attention regulation problems, hyperactivity,
clinical diagnosis of ADHD, ADHD symptoms, conduct disorders, and emotional
problems (after controlling for possible confounding factors such as prenatal
maternal smoking or alcohol consumption, maternal education, birthweight, ges-
tational age, and postnatal maternal mood; Huizink, Robles de Medina, Mulder,
Visser, & Buitelaar, 2003; O’Connor, Heron, Golding, Beveridge, & Glover, 2002;
O’Connor, Heron, Golding, Glover, & Team, 2003; Oberlander et al., 2007; Van
den Bergh & Marcoen, 2004). More recently, human studies have begun to
examine the neurodevelopmental consequences in children exposed to maternal
stress during gestation in more depth and more specifically (e.g., Entringer, Buss, &
Wadhwa, 2015; Van den Bergh, Mulder, Mennes, & Glover, 2005). In this chapter,
we will specifically focus on current studies using laboratory-based measurement of
child EF or neurophysiological measures indexing PFC activity to examine the
long-term consequences of maternal stress during pregnancy on emerging
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regulatory mechanisms in children. These findings provide a unique opportunity to
elucidate which specific aspects of children’s self-regulation (including underlying
structure–function relations) may be altered following exposure to prenatal maternal
stress.

Increasingly, research has focused on how fetal programming models explain
variations in psychiatric outcomes (Glover, 2011). A case in point is illustrated by
the role the neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) plays in
shaping developmental risk and resiliency. Increased use of selective serotonin
reuptake inhibitor (SSRI) antidepressants to manage mood disorders during preg-
nancy highlights the role psychotropic medication exposure during critical prenatal
periods has in shaping children’s development. We will review how exposure to
prenatal antidepressants shape—possibly via altered central 5-HT levels—the
development of systems that regulate attention, cognition, emotion, and stress
responses (Hanley & Oberlander, 2012).

In this chapter, we focus on empirical evidence examining associations between
prenatal maternal stress (i.e., pregnancy-specific anxiety, stress exposure, depres-
sion, and antidepressants) and child self-regulatory capacities reflected in neuro-
biological processes such as EF and stress regulation spanning fetal periods to early
adulthood. We take the view that psychobiological processes comprising EF and
stress regulation are shaped by early exposures related to maternal mood during
gestation that influence the developing central nervous system (CNS) and auto-
nomic nervous system (ANS). Furthermore, we will review current evidence within
a conceptual perspective whereby prenatal maternal mood during sensitive periods
of fetal development may act as a “plasticity factor” rather than “risk factor”
associated with vulnerability that predicts disordered development and behavior.
With this perspective in mind, we will critically review empirical studies examining
the association of maternal mood during gestation on stress regulation and higher
order cognitive abilities (behavioral measures of EF and neurophysiological mea-
sures indexing PFC) during childhood and adolescence, as well as the role of
altered 5-HT signaling (i.e., antidepressant exposure). Understanding the role of
maternal stress during gestation for child development offers critical insights that
may explain why variations in early typical environment are associated with
shaping both developmental risk and resilience.

Developmental Origins of Self-regulation

The development of self-regulation is central to a child’s emerging ability to
adaptively respond to environmental demands and to engage in goal-directed
behavior (Baumeister & Vohs, 2004; Calkins & Howse, 2004). It is marked by the
acquisition of an integrated set of domain specific (biological, attentional, emotional,
behavioral, and cognitive) self-regulatory mechanisms that are hierarchical in nature
and that build upon each other (Calkins & Williford, 2009). Biological components
of self-regulation include serotonin and dopamine neurotransmitter system genes
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and central and peripheral nervous system connectivity (Bell & Deater-Deckard,
2007). Cognitive components are generally referred to as EF representing a complex
and interrelated set of higher order cognitive processes associated with the PFC,
including the maintenance and manipulation of relevant information (working
memory), inhibition of predominant responses (inhibition), and mental set shifting
(shifting, Miyake, Friedman, Emerson, Witzki, & Howerter, 2000). EF serves a
critical higher level or top-down role in behavior regulation, such as directing
attention and organizing cognitive resources (Miller & Cohen, 2001) and/or regu-
lating emotions (Ochsner & Gross, 2005). Over the past two decades, a strong body
of developmental research has established that EFs are crucial for social, emotional,
and academic success during childhood (e.g., Blair & Razza, 2007; Hughes & Ensor,
2011; Neuenschwander, Röthlisberger, Cimeli, & Roebers, 2012) and
self-regulation has been shown to shape physical and mental health risk trajectories
across the life span (Moffitt et al., 2011). Importantly, EFs are malleable based on
context-specific experiences both at home and at school (for reviews see Diamond &
Lee, 2011; Hughes, 2011; see also Chap. 8 by Finegood & Blair).

Various aspects of parenting, including parenting stress, have been shown to be
associated with child EF. For instance, sensitive parents that engage in
age-appropriate scaffolding act as external regulators of child behavior and in these
terms gradually facilitate children’s ability to regulate their own emotions and
behaviors (e.g., Bernier, Carlson, & Whipple, 2010). These parenting aspects also
reflect the parent’s ability to regulate their own emotions and behaviors, and suggest
that parental EF is an important part of sensitive parenting (Barrett & Fleming,
2011) (see also Chap. 10 by Mileva-Seitz & Fleming in this volume). Specifically,
parental EF may moderate the association between parental risk and child out-
comes, such that the negative effects of parental risk are mostly evident when, for
instance, mothers show low EF (Deater-Deckard, Wang, Chen, & Bell, 2012). In
general, parenting stress may be one crucial mechanism through which stressors in
a family’s environment affect parent–child interactions and ultimately children and
their neurocognitive development (see Chap. 8 by Finegood & Blair).

The PFC is the brain region that is most sensitive to the detrimental effects of stress
exposure (Arnsten, 2009; McEwen &Morrison, 2013). Phylogenetically, the PFC is
among the brain regions that evolved most recently or were most recently altered in
the course of human evolution. In line with this, the PFC shows a protracted onto-
genetic development into early adulthood and displays remarkable structural and
functional plasticity over the life course (Fuster, 2008). Chief external landmarks of
the PFC (i.e., its primary sulci) develop during gestational weeks 25–26 (Stiles &
Jernigan, 2010). Importantly, the PFC intelligently regulates our thoughts, actions,
and emotions through extensive connections with other more posterior and subcor-
tical areas of the brain. Therefore, it is likely that a dysfunction of the PFC can be
associated with a dysfunction in one or more of the related systems.

Chronic stress early in life may have a particularly large effect on PFC structure
and function in adulthood because of its rapid growth during fetal life. This rapid
growth rate and the high density of glucocorticoid receptors (Fuster, 2008; Sanchez
et al., 2000) make the fetal PFC especially vulnerable to stress hormones that reach
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it in excess amounts as a result of maternal stress. Such hormones may impede the
formation of correct neural connections and reduce plasticity and neurotransmitter
activity, which in turn can induce subtle changes in subsequent cognitive function
and behavior (Weinstock, 2008). For instance, in animal models, dendritic changes
in fetuses have been documented in utero when the rat mother was exposed to stress
(Murmu et al., 2006). In humans, growing up under social or economic disad-
vantage has been shown to increase young toddlers’ cortisol levels which in turn
mediated the effects of poverty and parenting on EF at the age of three (Blair et al.,
2011). In adults, acute psychosocial stress exposure has been found to impair EF
(e.g., Alexander, Hillier, Smith, Tivarus, & Beversdorf, 2007; Lupien, Gillin, &
Hauger, 1999). To some extent, these effects are believed to reflect the fact that
glucocorticoid levels (i.e., cortisol) modulate synaptic activity in the neural circuitry
of the PFC. Importantly, the functional relation between cortisol levels and PFC
activity or EF performance is curvilinear (Arnsten, 2009; de Kloet, Oitzl, & Joëls,
1999; Lupien, Maheu, Tu, Fiocco, & Schramek, 2007), such that very high or very
low levels of stress impair EF performance, whereas moderate stress/cortisol levels
lead to optimal EF performance. This inverted U-shape relation may have important
implications for beneficial effects of prenatal exposure to mild and moderate levels
of maternal stress on certain child outcomes (cf. DiPietro, Novak, Costigan, Atella,
& Reusing, 2006). Taken together, it can be concluded that prenatal stress may have
a particularly strong effect on EF; however, the relationship between EF and stress
is complex and appears to be context dependent.

Prenatal Maternal Mood and Stress

Pregnancy is a dramatic biological and psychological period in a woman’s life. The
woman’s transition to motherhood not only does transform her physical landscape
including the internal hormonal milieu but also has significant implications for her
relationships and her societal role. Furthermore, for many women, the stereotypical
image of pregnancy as a happy and joyful time in life when a mother and her
partner are expecting a child they planned to have and that they are well prepared to
love and care for does not apply. For many women, pregnancy is an experience
characterized by a lack of adequate resources, both socioeconomic and psychoso-
cial, and the presence of many stressors such as work responsibilities and conflict
with the partner makes pregnancy a distant reflection of the ideal prototype (Dunkel
Schetter, 2011). It is thus not surprising that pregnancy and the postpartum period
tend to heighten risk for development or recurrence of mood disorders (Leight,
Fitelson, Weston, & Wisner, 2010).

Prevalence estimates of antenatal depression vary greatly depending on the cri-
teria used and may usually represent rather conservative estimates, because cases of
maternal depression are underreported and underdiagnosed (Howard et al., 2014).
A systematic review (Bennett, Einarson, Taddio, Koren, & Einarson, 2004) of studies
conducted mostly in Europe and Northern America examining the prevalence of
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depression during pregnancy found the following estimates by trimester: 7.4% in the
first, 12.8% in the second, and 12% in the third. For women of low socioeconomic
status, in contrast, meta-analytic estimates, although based on few studies, were
much higher: for the second and third trimesters 47% and 39%, respectively, when
obtained by self-report, and 28% and 25% when determined by structured clinical
interviews. Estimates for prenatal anxiety, in contrast, are scarce, probably because
the interplay between the perinatal period and anxiety disorders remains poorly
studied (Leight et al., 2010). Some of the stressors that commonly affect women in
pregnancy around the globe are low material resources, unfavorable employment
conditions, heavy family and household responsibilities, strain in intimate relation-
ships, and pregnancy complications (Dunkel Schetter & Tanner, 2012).

Antenatal maternal mood disturbances have been characterized on multiple
dimensions, including measures reflecting stress-related disorders such as anxiety
and/or depression. These outcomes are often used interchangeably, often implying
similar constructs. Indeed, differentiating symptoms reflecting anxiety from
depression remains challenging, and many of these symptoms may lie along a
continuum of a maternal stress regulatory disorder. Stress is typically regarded as a
physiological and psychological condition that is beyond the capacity of an indi-
vidual’s ability to cope, often leading to symptoms such as anxiety or depression. If
severe enough, these symptoms may meet a clinical threshold and constitute a
major affective disorder. Notwithstanding this perspective, while maternal symp-
toms of anxiety and depression often imply a common metric for stress, a dis-
tinction between these two dimensions can be drawn (DiPietro, 2012) and the
differential impact of distinct types of maternal stress on developmental outcomes
has been established in some studies.

Definitions and measurements of prenatal maternal stress have evolved over
time. Whereas older studies often relied solely on a checklist of retrospectively
assessed stressful life events (e.g., death of a family member or catastrophic
community-wide disasters such as earthquakes), more recent studies have shifted
toward considering prenatal maternal stress as a multi-dimensional concept. Given
that an event or situation can be perceived differently by various individuals, it is
really that subjective perception or interpretation of an external stressor rather than
its objective nature that has the power to trigger an emotional response (Lazarus,
1991) and hence possibly influence health outcomes. Thus, more recent studies
combine measures of acute (life events) and chronic (daily hassles) stress stimuli
with more subjective measures including resources (personality and social support),
stress perception, and mood outcomes (anxiety and depression) that reflect emo-
tional responses to stressful stimuli (Dunkel Schetter, 2011). It is still unclear which
types of prenatal emotional disturbances or stress are most harmful for fetal and
child development. Interestingly, there is some evidence that levels of maternal
self-reported pregnancy-specific anxiety are superior to general measures of distress
(such as state anxiety or symptoms of depression) for predicting the developmental
outcomes (e.g., Buss, Davis, Hobel, & Sandman, 2011; DiPietro et al., 2006). We
will emphasize which types of maternal stress were assessed and most predictive for
developmental outcomes in the studies that we review below.
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Prenatal Maternal Stress Shaping Child Self-regulation

Accumulating research indicates that a mother’s stress and related affective states
experienced in pregnancy can have significant negative consequences for her
child’s long-term learning, stress physiology, motor, cognitive, and emotional
development, behavior, and health (reviewed in, Beydoun & Saftlas, 2008; Dunkel
Schetter & Tanner, 2012; Entringer et al., 2015; Glover, 2011; Kinsella & Monk,
2009; Mennes, Stiers, Lagae, & Van den Bergh, 2006; Talge et al., 2007; Van den
Bergh, Mulder, et al., 2005; M. Weinstock, 2008)—even when accounting for
postnatal maternal psychological state. Specifically, with regard to developmental
origins of self-regulation, antenatal maternal stress disrupts fetal neurobehavioral
development (DiPietro et al., 1996; Tronick & Weinberg, 1997), alters behavioral
reactivity in utero (Allister et al., 2001; Monk et al., 2000), and in the newborn
period is reflected in reduced birthweight and increased risk of prematurity (Glover,
2011; Talge et al., 2007). The exact mechanisms by which antenatal anxiety and
stress influence fetal brain development remain unclear, yet the magnitude of their
effects is clinically significant, with approximately 15% of emotional and behav-
ioral problems in childhood attributable to antenatal stress/anxiety (Talge et al.,
2007). Furthermore, emerging evidence suggests that the combination of early life
stress, genetics, and ongoing stress may ultimately determine individual respon-
siveness to stress and the vulnerability to psychiatric disorders, such as depression
(Charney & Manji, 2004). Importantly, not all outcomes following stressful early
life events reflect adversity. Antenatal exposure to mild-to-moderate levels of
psychological distress may actually advance motor and mental development in a
healthy population (DiPietro et al., 2006), suggesting that early stress exposure
shapes developmental outcomes for better and worse.

Laboratory-based measures of child neurocognitive development (behavioral
measures of EF and neurophysiological measures indexing PFC structure and
activity) offer a key insight into the neural correlates (i.e., specific aspects of
children’s EF including underlying structure–function relations) that may be
affected by prenatal maternal stress. The first study that measured cognitive func-
tioning (or cognitive regulation problems) with computerized and standardized
tasks placing a load on PFC functions comes from the prospective study of the Van
den Bergh and Marcoen group in the Netherlands (e.g., Van den Bergh & Marcoen,
2004). Van den Bergh and colleagues (Van den Bergh, Mennes, et al., 2005)
reported that adolescents of mothers who experienced high levels of anxiety (state
subscale of the State-Trait Anxiety Inventory, Spielberger, Gorsuch, & Lushene,
1970) during the second trimester of their pregnancy were reported to be more
impulsive on visual attention control tasks compared to adolescents exposed to low
to average levels of prenatal maternal anxiety. Specifically, adolescents of mothers
who were highly anxious during the 12–22 weeks of pregnancy, but not later,
responded faster and made more errors in the target present condition of the
“endcoding” task compared to the low-average group, reflecting an impulsive
response pattern. Importantly, this impulsive response pattern did not disappear
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when controlling for performance on two subtests of the Wechsler Intelligence
Scale for Children (WISC-R), suggesting a specific cognitive regulation impair-
ment. Furthermore, as anxiety did not interact with memory load, this specific
pattern of cognitive regulation impairment did not appear to be related to a working
memory problem, nor to an impairment in a stop signal task tapping exogenous
response control processes. Therefore, the authors concluded that the cognitive
regulation problem of adolescents of mothers who were highly anxious at 12–
22 weeks of pregnancy was related to altered endogenous response control pro-
cesses. This control deficit, for instance, is expressed when individuals are required
to continue the inhibition of a response for a longer time without external signals
encouraging the inhibition.

Support for this interpretation was provided by a second study with the same
group of adolescents (Van den Bergh et al., 2006). Performance on a computerized
continuous performance task measuring sustained attention declined as the task
progressed in 15-year-old boys of mothers with high levels of state anxiety during
12–22 weeks of their pregnancy, but not at later points in gestation. Specifically,
these adolescent boys’ processing speeds became slower and their reaction times
became more variable as the task progressed compared to a group of adolescents of
mothers with low to moderate levels of prenatal anxiety. These results indicated that
boys, but not girls, of highly anxious mothers were less able than boys of low to
moderate anxious mothers to sustain their attention and stay focused on the task at
hand, thus showing impaired endogenous attention control (e.g., resisting thinking
about other things; resisting looking away). Of note, no significant associations with
antenatal maternal anxiety were found in the number of errors (neither commission
nor omission errors) made. The fact, however, that these results held when con-
trolling for two subtests of the WISC-R indicates that maternal anxiety was
uniquely associated with sustained attention/endogenous response inhibition.

To further delineate the cognitive sequelae associated with antenatal maternal
anxiety, Van den Bergh and colleagues (Mennes et al., 2006) reviewed recent
neuroimaging studies to create a cortical map of regions commonly and selectively
activated by well-known EF tasks. The pragmatic value of this cortical map was
tested in a subsample of the previous reported adolescents who were now
17-years-old. Adolescents of mothers with high levels of anxiety during 12–22
weeks of their pregnancy performed significantly lower in tasks that required
integration and control of different task parameters compared to adolescents of
mothers with normal levels of antenatal anxiety. Specifically, the percentage of
correct answers in a response-shifting task was lower overall—and especially
during the incompatible trials—in the high maternal anxiety group as compared to
the normal maternal anxiety group. Moreover, a decrease in performance when the
cognitive load of dual tasks increased was observed in adolescents in the high
maternal anxiety group. Together these results suggest that the adolescents in the
high anxiety group experienced difficulties organizing their cognitive resources in
order to handle two tasks at the same time. In contrast, working memory (N-back
task), inhibition of a prepotent response (Go/NoGo task), and visual orienting of
attention (visual cued-attention orientation task) were not impaired, suggesting that
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adolescents of mothers experiencing high levels of anxiety during the second tri-
mester performed selectively poorer in tasks that require subjects to perform two
tasks simultaneously and switch between different task rules. This conclusion was
based on the established cortical map found to be linked to a part of, or in cortical
and subcortical regions linked to, the orbitofrontal cortex. Importantly, although
several other areas were activated by dual- and response-shifting tasks, this part of
the orbitofrontal cortex was found to respond exclusively during performance on
these two tasks (and not during performance on the other EF tasks).

Further evidence of neurodevelopmental consequences in the offspring of
maternal stress during pregnancy comes from the prospective study of the
multi-investigator research program at the University of California, Irvine. The first
study examined links between pregnancy-specific anxiety (a self-developed measure
byGlynn, Schetter, Hobel, & Sandman, 2008) and prefrontal cortical volumes in 6- to
9-year-old children (Buss, Davis, Muftuler, Head, & Sandman, 2010).
Pregnancy-specific anxiety at 19 weeks’ gestation, but not at 25 and 31 weeks’
gestation, was associated with diffuse cortical volume reductions (in gray matter) in
the PFC, the premotor and temporal cortices, as well as the postcentral gyrus and the
cerebellum extending to the middle occipital gyrus and the fusiform gyrus.
Interestingly, the prefrontal regions that were found to be associated with high anxiety
during pregnancy have been shown to be involved in the regulation of stress hormone
secretion (Pruessner et al., 2008). These same brain regions appear to be particularly
vulnerable to conditions of chronic stress due to their high density of glucocorticoid
receptors (Sapolsky, Uno, Rebert, & Finch, 1990). Thus, high prenatal anxiety in
mothers may increase the risk of higher stress susceptibility and reactivity in their
developing children, rendering the children more vulnerable to neurodevelopmental
and psychiatric disorders as well as cognitive and intellectual impairment.

In a second study, Buss and colleagues (2011) examined the association of
pregnancy-specific anxiety with EF in a larger subset of the same cohort of 6–
9 year-old children. High levels of maternal pregnancy-specific anxiety over the
course of gestation were associated with lower inhibitory control (Flanker task), in
girls only, and lower visuospatial working memory performance (Corsi
block-tapping test), both in boys and girls. Specifically, girls showed slower
reaction times as a function of maternal anxiety, and this difference was most
pronounced in the incongruent trials. Of note, higher state anxiety and depression
were also associated with lower visuospatial working memory performance.
However, neither state anxiety nor depression explained any additional variance
after accounting for pregnancy-specific anxiety. These results are especially inter-
esting in light of the gray matter reductions in PFC regions in association with
pregnancy-specific anxiety reported above (cf. Buss et al., 2010). A lack of power,
though, prevented the authors from testing if PFC volume reductions mediated the
association between pregnancy-specific anxiety and EF. Nevertheless, the fact that
these associations between pregnancy-specific anxiety and child EF were observed
among a group of low-risk women that did not smoke or consume alcohol during
pregnancy and had a slightly higher than average socioeconomic status strengthens
the results of the study.
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A third study from the same cohort examined the associations of cortical
changes and child externalizing behavior in 7-year-olds exposed to maternal
depressive symptoms during pregnancy (Sandman, Buss, Head, & Davis, 2015).
Using MRI, changes in cortical thickness were analyzed by measuring the width of
the cortical gray matter layer that covers the surface of the brain. Significant cortical
thinning (i.e., selective diminishment of gray matter brain regions which implies
reduced synaptic density) primarily in children’s right frontal lobes (right superior,
medial orbital, and frontal pole regions of the PFC) was associated with exposure to
prenatal maternal depression across gestation, with the strongest associations found
at 25 weeks’ gestation (compared to 19 and 31 weeks). This pattern of cortical
thinning seems to be similar to patterns in depressed patients and individuals with
risk of depression (Lagopoulos, Hermens, Naismith, Scott, & Hickie, 2012).
Interestingly, the significant association between prenatal maternal depression and
child externalizing behavior (assessed with the Child Behavior Checklist) was
mediated by cortical thinning in prefrontal areas of the right hemisphere.

Further evidence of differential prenatal stress-dependent effects on neurode-
velopmental consequences in the offspring comes from a retrospective study in
Germany (Entringer, Buss et al., 2009). These authors hypothesized that if there is
only a subtle vulnerability in subjects exposed to prenatal psychosocial stress, small
differences between groups may not emerge under basal conditions but will emerge
when a substantial challenge is imposed on the system. Indeed, young women
whose mothers experienced a major negative life event during their pregnancy did
not differ from a matched non-exposed comparison group in their working memory
performance (item-recognition task). However, after hydrocortisone (cortisol)
administration, women in the prenatal stress group showed significantly longer
reaction times compared to women in the control group. These findings provide
support for the potential modulatory effect of acute stress exposure (cortisol) on the
association between prenatal stress exposure and subsequent working memory
performance in young adults.

Finally, Pearson and colleagues (Pearson et al., 2016) examined prospective
observational data from a large UK population cohort (Avon Longitudinal Study of
Parents and Children, ALSPAC) looking at associations between prenatal maternal
anxiety (anxiety items from the Crown-Crisp Index, Birtchnell, Evans, & Kennard,
1988), several EF measures at age 8, and academic achievement at the end of
compulsory school at age 16. Prenatal anxiety (not specified at what time point) was
neither associated with attentional control (basic form of a Stroop task), selective
attention (baseline of Sky search task), nor attentional switching (Sky search task)
after controlling for postnatal depression. However, there was evidence that pre-
natal anxiety was associated with impaired working memory (digit span and
non-word memory). Interestingly, impaired working memory mediated the effect of
prenatal anxiety to math grades at age 16, with 17% of the total association between
prenatal anxiety and math being explained by indirect paths through working
memory. A similar pattern was seen for language grades, but associations were
confounded by maternal education. This is the first study to demonstrate that EF
mediates the association between prenatal stress and later academic outcomes.
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Taken together, these studies indicate that prenatal maternal stress (mostly
anxiety in the second trimester) is associated with subtle changes in EF and the PFC
in middle childhood, adolescence, and early adulthood. The specific findings,
however, are not always consistent, and in some cases, they are sex-specific. For
example, Buss and colleagues (2011) only found an association between maternal
pregnancy-specific anxiety and inhibitory control in girls but not in boys, whereas
Van den Bergh and colleagues (2006) detected impaired endogenous response
inhibition in adolescent boys but not in girls. To date, few human studies have
addressed sex-specific differences in child outcomes following prenatal stress
exposure. Future research needs to further explore the possibility that differences in
the effects of timing in boys and girls may be based on the differences in the amount
of sex hormones in the developing fetus (de Bruijn, van Bakel, & van Baar, 2009).

With regard to which specific types of prenatal maternal emotional disturbances
or stress have the strongest impact on child development, the reviewed studies
indicate that maternal anxiety may be especially predictive for developmental
outcomes. Whereas the Van den Bergh and Marcoen group as well as the Pearson
study only included or analyzed anxiety measures during pregnancy, the
multi-investigator research group from California assessed multiple measures of
maternal stress during pregnancy, possibly allowing to draw conclusions about the
most sensitive measure for developmental outcomes. This, however, was only
possible in one of their studies (Buss et al., 2011), since selection of prenatal stress
measures was reduced to only include one of the available measures in the two
other studies reviewed above.

An important question with regard to fetal programming is the time period of
pregnancy during which the fetus is most vulnerable to maternal stress. The finding
of a specific time window makes it unlikely that the associations found can be
explained by shared genetic variance only, as this does not explain why effects only
involve prenatal maternal anxiety at a specific time period (here mostly in the
second trimester) and not earlier in pregnancy or after birth. In most of the reviewed
studies, the relationship seems to be more evident when stress by mothers is
experienced in the second trimester (12–27 weeks)—although some studies did
only find specific associations with some time points in the second trimester and not
others (Buss et al., 2010; Sandman et al., 2015). In humans, key external markers of
the PFC develop during gestational weeks 25–26 (Stiles & Jernigan, 2010) and key
brain developmental processes such as neuron proliferation, migration, and differ-
entiation take place between gestational weeks 8 and 24 in brain areas connected to
the PFC (e.g., amygdala, ACC, brain stem, and basal ganglia) (Levitt, 2003).
Therefore, it is plausible that in the reviewed studies, physiological factors related
to maternal anxiety interfered with some of the complex neurodevelopmental
processes taking place at that gestation period. However, the level of antenatal
maternal anxiety before 12 weeks of gestation and its association with child EF
remains unknown. Moreover, the effect of timing may be due to the fact that
pregnancy anxiety is highest at 19 weeks’ gestation and decreases over the course
of gestation, which is in line with previous observations of reduced physiological
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and psychological stress reactivity as pregnancy advances (de Weerth & Buitelaar,
2005; Glynn et al., 2008). In general, there is currently little agreement about the
gestational age most sensitive to maternal prenatal stress, and the fact that several
gestational ages have been reported to be critical for the long-term effects of
antenatal anxiety/stress may indicate that different mechanisms are operating at
different stages (Van den Bergh, Mulder, et al., 2005).

There is now ample evidence suggesting that prenatal maternal stress is asso-
ciated with long-term neurodevelopmental alterations in the offspring: Across all
studies, prenatal stress was associated with each one of the EF components—
inhibition, shifting, and working memory. These findings, however, lack robustness
as in several studies multiple EF tasks tapping various EF components have been
administered, but associations with prenatal maternal stress were only found for
selected EF tasks (Mennes et al., 2006; Pearson et al., 2016; Van den Bergh,
Mennes, et al., 2005). Therefore, it is too early to draw firm conclusions as to which
specific aspects of children’s EF including underlying PFC structures and functions
may be altered following exposure to prenatal maternal stress. For instance, some
authors report impaired performance on working memory tasks (Buss et al., 2011;
Pearson et al., 2016), others do not (Mennes et al., 2006; Van den Bergh, Mennes,
et al., 2005), and still others only find a difference between prenatally stress exposed
individuals and non-exposed individuals after hydrocortisone administration
(Entringer, Kumsta, et al. 2009). A way to reconcile these seeming inconsistencies
rests in the idea that earlier in development (early-to-middle childhood), prenatal
stress effects on working memory are more pervasive, whereas later in development
(adolescence and early adulthood), the subtle vulnerability in these subjects can
only be detected when a challenge is imposed on the system. This interpretation,
however, is speculative at best and requires further investigation in future studies.
Nevertheless, of particular interest are the studies (Buss et al., 2010; Entringer,
Buss, et al., 2009) that provide indirect evidence that prenatal maternal stress affects
brain development in a way that may also affect the regulation of stress (HPA axis)
in subsequent offspring.

Prenatal Maternal Stress Shaping Child Stress Regulation

The HPA axis may play a significant role in mediating the effects of maternal
stress/anxiety on child EF. Animal models have helped illustrate a central role for
the HPA axis in mediating prenatal stress effects on behavioral or cognitive alter-
ations in the offspring (M. Weinstock, 2008). Emerging evidence shows that pre-
natal maternal stress also affects the HPA axis in humans (Glover et al., 2010).
Thus, evaluating how children’s stress regulation is affected by prenatal stress
exposure should help elucidate our understanding of potential pathways through
which the development of EF may be affected by prenatal maternal stress.
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Two main systems comprise the psychobiology of stress: the HPA axis with its
end product cortisol and the adrenal medullary system (SAM, which is part of the
autonomic nervous system or ANS) with its end products epinephrine and nore-
pinephrine. The acute secretion of glucocorticoids (called corticosterone in animals
and cortisol in humans) and catecholamines (epinephrine and norepinephrine, also
known as adrenaline) constitutes the primary agents in the chain of hormonal events
triggered in response to stress. In response to stress, these neurochemicals act to
give rise to the “fight-or-flight response” reflected in increased heart rate and blood
pressure. In this way, stress responses serve an adaptive survival mechanism
consisting of a carefully orchestrated yet near-instantaneous sequence of hormonal
changes and physiological responses enabling an individual to react quickly to
threat. However, frequent activation can result in a permanent dysregulation of the
HPA axis, particularly when experienced during phases of rapid brain development
such as the prenatal period and infancy (Gunnar & Quevedo, 2007). Moreover,
chronic stress exposure has long-term effects on physical and psychological health
such as high blood pressure, increased risk of infection, arterial disease, and brain
changes that may contribute to anxiety, depression, and addiction (for a general
review, see McEwen, 2000).

A series of developmental studies in animals, both rodent and non-human pri-
mate, established the central role of the HPA axis in mediating prenatal stress
effects in both mother and offspring (M. Weinstock, 2008), although other neuro-
circuits, such as the dopaminergic and serotonergic systems, are also likely to be
involved. In rodents, many studies have found that prenatal stress causes both an
increase in basal levels and an increase in corticosterone response in the offspring
(although variability of the findings is high). In humans, equivalent work is only
just starting, but there is suggestive evidence that there may be similar repro-
gramming effects (Glover et al., 2010). Whereas maternal stress could affect fetal
development by exposure to stress hormones that are transported through the pla-
centa, noradrenaline does not appear to cross from mother to fetus
(Giannakoulopoulos, Teixeira, Fisk, & Glover, 1999) but may have an indirect
effect via changes in the maternal muscular or vascular tone which in turn may
cause stress to the fetus and raise cortisol levels (Van den Bergh, Mulder, et al.,
2005). We will now review recent studies examining long-term effects of prenatal
maternal stress on basal cortisol levels and cortisol responses to stress in the
offspring.

Glover and colleagues’ (2010) review of the literature revealed 11 studies in the
last 10 years that have examined the association between prenatal maternal mood or
stress and the function of the HPA axis in human offspring. The method of mea-
suring the outcome varied from diurnal saliva cortisol to single basal samples, or
saliva or plasma cortisol and ACTH response to a stressor. The age of the subjects
ranged from 1 week up to young adulthood. All studies found that there were
associations between prenatal maternal stress and some aspect of HPA axis function
in the child. However, perhaps unsurprisingly, the nature of this association varied
and solid replications seem to be missing. Nevertheless, the authors concluded that
the reviewed studies mostly suggested that prenatal stress or anxiety is associated
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with raised basal cortisol or raised cortisol reactivity in the offspring. Furthermore,
the effect was particularly apparent in the children of mothers exposed in their third,
rather than earlier trimesters. Note that for the relationship between prenatal
maternal stress and EF/PFC, the second trimester seems to be the most sensitive
period, indicating that a different—yet to be established—mechanism may underlie
the association between prenatal maternal stress and child stress regulation as
opposed to prenatal maternal stress and EF. Most importantly, though, as men-
tioned before, the finding of a specific time window supports the possibility of fetal
programming, rather than a shared genetic vulnerability. Finally, in their review,
there was only one study (Van den Bergh, Van Calster, Smits, Van Huffel, &
Lagae, 2008) that provided evidence that an altered diurnal cortisol profile asso-
ciated with prenatal anxiety was mediating an altered behavioral phenotype (i.e.,
depressive symptoms) in adolescent girls (but not in boys).

Recently published studies that were not part of Glover and colleague’s review
expand on their conclusions and provide some interesting new insights. O’Donnell
and colleagues (2013), for instance, followed 889 mother–child dyads and found
that high levels of mother’s anxiety in the third trimester predicted both a reduced
cortisol awakening response (CAR) and a reduced diurnal cortisol decline
(DCD) among 15-year-old males and females. Interestingly and in contrast, an
earlier study (that was part of Glover’s review) based on a smaller selection
(n = 74) of this sample showed that higher maternal prenatal anxiety in the third
trimester predicted higher morning cortisol levels (single assessment after awak-
ening) among 10-year-olds (O’Connor et al., 2005). The reduced CAR and DCD in
adolescents, however, are in line with Van den Bergh and colleagues’ (2008)
findings, indicating that maternal anxiety during the second trimester predicted a
combination of a low morning cortisol level (single assessment after awakening)
and a reduced DCD among 14- to 15-year-olds. These findings provide preliminary
evidence that early stress exposure may be associated with elevated or hyperacti-
vation of the HPA axis that, over time, leads to adrenocortical counter-regulation
and hypo-activation (Miller, Chen, & Zhou, 2007). More research, however, is
needed to confirm this longitudinal pattern of the HPA axis following prenatal
stress exposure, possibly getting exhausted over time, resulting in long-term
dampened stress responses. To date, very few studies have assessed diurnal cortisol
patterns in middle childhood and adolescence in the offspring of maternal stress
during pregnancy, and findings are not always consistent (see Vänskä et al., 2015
for an intensified CAR but non-affected DCD in 10- to 12-year-olds) or applied
analytical approaches prevent to compare specific findings with regard to CAR and
DCD (Simons, Beijers, Cillessen, & de Weerth, 2015).

Furthermore, dysregulation of the HPA axis following prenatal stress exposure
may not be detectable in diurnal cortisol patterns, but in stress reactivity. For
instance, Entringer and colleagues (2009) did not find differences in the diurnal
patterns of young adults whose mothers experienced severe stress during their
pregnancy compared to an age-matched comparison group, but in stress responses
to the Trier Social Stress Test (TSST). In particular, pre-TSST cortisol levels were
lower (possibly reflecting hypo-activation), whereas the increase in cortisol in
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response to the TSST was higher in exposed subjects compared to subjects from the
comparison group. This pattern of raised cortisol reactivity to a stressor as noted in
Glover’s review has also been confirmed by recent studies in infants (Davis, Glynn,
Waffarn, & Sandman, 2011) although some found that the direction of the effect
depends on infant age and/or the nature of the stressor (Tollenaar, Beijers, Jansen,
Riksen-Walraven, & de Weerth, 2011).

Additionally, not all children or adolescents are equally affected by prenatal
maternal stress. A recent study (Buchmann et al., 2014) shows that in 19 year-old
adolescents exposed to prenatal maternal stress, only carriers of the DRD4
seven-repeat allele were found to have an altered (i.e., attenuated) cortisol secretion
during the TSST. These results suggest that prenatal maternal stress may only affect
the HPA axis of carriers of certain “risk alleles” (the DRD4 7r allele has been
shown to be a “risk allele” for externalizing problems, particularly in the presence
of environmental adversity; Bakermans-Kranenburg & van IJzendoorn, 2006).
Importantly, the notion of a “biological sensitivity to context” (Ellis, Boyce,
Belsky, Bakermans-Kranenburg, & van IJzendoorn, 2011) illustrates how an allelic
variation in the context of both early (i.e., fetal) and ongoing (i.e.,
postnatal/childhood) life experience shapes adaptation and diversity of child
developmental outcomes. In this context, allelic variations may confer advantages
for some children in supportive environments, but disadvantages when facing social
adversity in the context of maternal depression (Boyce & Ellis, 2005). Intriguingly,
the biological sensitivity to context concept offers a critical perspective that allows
us to move our thinking about fetal programming from “invariant” developmental
outcomes associated with early adverse exposure to a perspective that outcomes in
childhood represent interactions between biological (a child’s genotype) and con-
textual (maternal mood) variables enabling both positive and negative outcomes.
Further, DNA methylation—an epigenetic mechanism—may be a crucial compo-
nent of genetic differential susceptibility/biological sensitivity to context (see
Chap. 7 by Mulder, Rijlaarsdam & Van IJzendoorn).

Taken together, emerging evidence suggests that prenatal maternal stress affects
both diurnal profiles and reactivity patterns of the HPA axis in the offspring. Studies
providing evidence that an altered HPA axis mediates the association of prenatal
maternal stress and neurodevelopmental outcomes, however, are still missing and
needed (Glover et al., 2010). Detecting these relationships, though, may be quite
challenging as studies have shown that the relation between HPA axis reactivity and
measures of EF is of a complex nature (e.g., Blair, Granger, & Peters Razza, 2005;
see also Chap. 8 by Finegood & Blair).

Whether or not prenatal maternal stress is initially associated with a hyperacti-
vation of the HPA axis and later in development with a hypo-activation needs to be
determined. Hyperactivation is in general suggested to be indicative of a currently
stressed, hyperactive HPA axis (e.g., McEwen & Wingfield, 2003), whereas
hypo-activation reflects reduced cortisol production, possibly due to more chronic
stress that has caused “exhaustment” of the mechanisms underlying the HPA axis
(e.g., Doom, Cicchetti, & Rogosch, 2014). In line with this, a recent meta-analysis
on chronic stress in adults (G. E. Miller et al., 2007) found that the more months
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that had elapsed since the stress first emerged, the lower a person’s morning cor-
tisol, daily cortisol volume, and ACTH levels. In contrast, when chronic stressors
were still present in a person’s life (e.g., unemployment), morning, afternoon,
evening, and daily cortisol outputs were significantly higher. Importantly though,
exposure to chronic stress in the early years of life, when the nervous system is still
developing, may result in a distinct pattern of dysregulation.

Molecules Matter Too: In Utero Exposure to Antidepressants

With increased understanding that prenatal maternal stress and related mood dis-
turbances have consequences for child behavior and development, antenatal mood
disorders are treated with selective serotonin reuptake inhibitor (SSRI) antide-
pressants. This is raising critical and unanswered questions about the long-term
impact of serotonin exposure in combination with maternal mood disturbances on
the developing brain. Importantly, both exposures (i.e., maternal mood and SSRIs)
are increasingly common and the developmental impact of SSRIs is often indis-
tinguishable from the impact of antenatal maternal mood disturbances (Oberlander,
Gingrich, & Ansorge, 2009). Maternal mood disturbances during gestation occur in
10–20% of pregnancies, and up to a third of all depressed mothers have been
reported to be treated with an SSRI during pregnancy (Oberlander, Warburton,
Misri, Aghajanian, & Hertzman, 2006). SSRIs primarily act by blocking the
serotonin transporter (5-HTT) leading to increased intrasynaptic 5-HT levels,
thereby potentiating 5-HT neural transmission. SSRIs readily cross the placenta and
the blood–brain barrier (Laine, Heikkinen, Ekblad, & Kero, 2003), thereby altering
fetal central 5-HT signaling. Such exposure adds a new dimension to how maternal
mood disturbances including their treatment by antidepressants during pregnancy
potentially shape early human development, possibly via changes in levels of the
central neurotransmitter 5-HT during critical periods of neurodevelopment.
Maternal mood symptoms, however, do not have to reach clinical levels to have an
impact on development (Dunkel Schetter & Tanner, 2012). Our current under-
standing of negative affective states in pregnancy is based largely on studies—such
as reviewed above—of symptomatology (i.e., symptoms of anxiety and depression
during pregnancy, as measured with screening tools such as the Edinburgh
Postpartum Depression Scale (EPDS)) as opposed to confirmed diagnoses of mental
disorders. Further, even in the presence of prenatal SSRI antidepressant treatment,
maternal mood disturbances can still have an impact on infant development
(Weikum, Oberlander, Hensch, & Werker, 2012). Clearly, regardless of SSRI
treatment, maternal mood during pregnancy can affect infant and child development
for better and worse.

Because prenatal SSRI exposure has not been associated with gross structural
teratogenic effects, they are often considered for antenatal therapy (Misri et al.,
2006), with the expectation that they confer benefit to mothers (improved prenatal

142 R. Neuenschwander and T.F. Oberlander



mood) and by extension to her offspring (i.e., via improved prenatal and possibly
postnatal maternal mood). However, a substantial number of pregnant women with
depression and anxiety remain partially or fully symptomatic even after treatment
(Cohen et al., 2006). Failure to achieve remission leaves mothers’ mood distur-
bances (and inherent confounding factors, such as smoking, alcohol, and socioe-
conomic status) and antenatal SSRI exposure to continue incurring consequences
for mothers, and cognitive and emotional child development. Thus, mothers and
clinicians must balance the potential consequences of untreated or poorly treated
mental illness against risks of antenatal psychopharmacotherapy.

Central to our understanding of how in utero SSRI exposure influences early
brain development is the diverse role played by the neurotransmitter 5-HT and its
role as a mediator between early life experience and subsequent development.
Serotonin is a phylogenetically ancient neurotransmitter widely distributed
throughout the entire brain. As early as 5 weeks of gestation, serotonergic neurons
are already evident in the human brain (Sundstrom et al., 1993), and by 15 weeks,
the raphe nuclei already contain 5-HT neurons (Takahashi, Nakashima, Ohama,
Takeda, & Ikuta, 1986). Serotonin plays two critical roles: First, during early
developmental periods, 5-HT acts as a growth factor, regulating the development of
its own and related neural systems (Whitaker-Azmitia, Druse, Walker, & Lauder,
1996). As a trophic factor, 5-HT also regulates cell division, differentiation,
migration, myelination, synaptogenesis, and dendritic pruning (Gaspar, Cases, &
Maroteaux, 2003). Then in the mature brain, 5-HT acts as a modulatory neuro-
transmitter regulating cognition, attention, emotion, learning, sleep, arousal, and
stress responsivity. Given these dual roles (i.e., growth and nurturance), it is con-
ceivable that altering 5-HT levels during early sensitive periods might have
developmentally lasting consequences for stress and self-regulation.

Effects are evident even before SSRI exposure ends during gestation. Changes in
fetal neurobehavioral disturbances include disrupted non-rapid eye movement sleep
(Mulder, Ververs, de Heus, & Visser, 2011), reduced brain flow indices (Rurak
et al., 2011), and reduced fetal heart rate variability (Rurak et al., 2011).
Importantly, such effects are apparent before and following a typical daily maternal
SSRI dose, possibly reflecting an early and sustained effect on brain function
beyond an acute medication-related effect. Soon after the introduction of SSRI
antidepressants in 1988 to manage mood disorders during pregnancy, reports
emerged of newborn neurobehavioral disturbances (irritability, weak or absent cry,
increased motor activity) or “withdrawal” symptoms, shorter mean gestational age,
and lower birthweight (Moses-Kolko et al., 2005). SSRI-exposed neonates have
been reported to be more motorically active and tremulous, and had lower heart rate
variability and state regulation (Zeskind & Stephens, 2004). Some of these
behaviors may be predictors of altered behavior in childhood (Oberlander et al.,
2007), and these effects may be mediated through the pharmacological variables
(Laine et al., 2003; Oberlander et al., 2004).
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Prenatal SSRI Exposure Shaping Child Stress Regulation

Serotonin plays central roles in the early development and function of the two key
stress response systems—the HPA axis and the ANS system. Both systems are
highly interrelated, and possibly via 5-HT, they are exquisitely sensitive to the
effects of early adverse experience (Laplante, Diorio, & Meaney, 2002). Alterations
in HPA function that frequently characterize anxiety and depressive disorders
(Lowry, 2002) may link altered serotonin levels to neuroendocrine stress regulation
and psychopathology (Chrousos, 2000; Homberg & Contet, 2009; McEwen, 2005).
In animal models, changing prenatal serotonergic tone affects neurodevelopmental
processes associated with stress regulation (Ansorge, Hen, & Gingrich, 2007).
Importantly, the relationship between 5-HT and stress reactivity is bidirectional.
That is, stressors may alter 5-HT metabolism as well as bias how an individual
copes with subsequent stressful challenges (L. Weinstock, Cohen, Bailey, Blatman,
& Rosenbaum, 2001; M. Weinstock, 2001). Chronic unpredictable stress during
pregnancy alters 5-HT levels that have lasting effects on monoaminergic system
function and behavior in rodent offspring (Schneider, Roughton, Koehler, &
Lubach, 1999; Weinberg & Tronick, 1998). Prenatal stress lowers plasma and
hippocampal serotonergic activity (Peters, 1990) leading to reduced HPA adapta-
tion to stressors reflecting 5-HT’s role in HPA function (Firk & Markus, 2007).
Serotonin and cardiovascular/autonomic stress regulation are also highly interre-
lated via links between reflex control of parasympathetic outflow to the heart that
involve regulation of central sympathetic and parasympathetic autonomic tone
(Ramage, 2001). Given these relationships, it is conceivable that early manipulation
of 5-HT levels (i.e., in utero or early life in animal models) alters subsequent stress
regulation (Ishiwata, Shiga, & Okado, 2005).

In human newborns, prenatal SSRI exposure is associated with altered stress
regulation. A case in point is the duration of facial action and cardiac responses in
response to an acute painful event—particularly, parasympathetic cardiac activity is
shorter and less intense in SSRI-exposed compared to non-exposed neonates
(Oberlander et al., 2002). Altered pain reactivity persists at 2 months of age, after
controlling for postnatal drug level and maternal mood (Oberlander et al., 2005).
Neurobehavioral changes have been associated with measures of central seroton-
ergic levels in utero and levels of the serotonin metabolite 5-HIAA specifically
(Laine et al., 2003). Further, SSRI-exposed neonates exhibit lower cord blood
levels of a biomarker of early brain maturation and central serotonergic function
(i.e., the astroglial-specific calcium-binding protein, S100B, Hilli et al., 2009;
Pawluski, Galea, Brain, Papsdorf, & Oberlander, 2009) and increased nore-
pinephrine metabolite levels (Davidson et al., 2009).

SSRIs are thought to act via increased central 5-HT activity to “normalize” the
hypercortisolism and stress dysregulation (Barden, Reul, & Holsboer, 1995) that
characterizes depression (Gillespie & Nemeroff, 2005). In an animal model,
Ishiwata and colleagues (2005) observed that early SSRI treatment of prenatally
stressed mice “normalized” corticosterone responses to a subsequent stressor,
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increased 5-HT turnover in the hippocampus, and restored the ability to learn spatial
information compared with the effects of exposure to prenatal stress alone. In
human infants, effects of SSRI exposure on stress regulation may only became
evident in the presence of a specific postnatal environment (Oberlander et al.,
2008). That is, in response to a non-noxious challenge, SSRI-exposed and
non-exposed infants exhibited similar salivary cortisol levels. However, when
infant feeding status was considered, differences associated with SSRI exposure
emerged. Specifically, compared with breastfed SSRI-exposed and breastfed
non-exposed infants, the latter showed a blunted post-stress cortisol response.
These findings suggest an SSRI-related effect on the HPA stress system that only
becomes apparent in a particular postnatal maternal caregiving context.

Importantly, altered HPA function is characteristic of mood disorders such as
anxiety and depression (Fuller, 1996; Lowry, 2002) and links stress regulation with
altered serotonergic tone as a key related risk factor for psychopathology
(Chrousos, 2000; Homberg & Contet, 2009; McEwen, 2005). Moreover, disruption
of 5-HT signaling is considered a key developmental component underlying a
number of neuropsychiatric disorders, such as schizophrenia, affective disorders,
anxiety, and autism (Bonnin & Levitt, 2011; Chugani et al., 1999; Sodhi &
Sanders-Bush, 2004; Whitaker-Azmitia, 2001). With this perspective, the impor-
tance of understanding the implications of changing 5-HT signaling during critical
periods and altered stress regulation in the emergence of neurodevelopment dis-
orders becomes particularly evident. These concerns have been further raised by
recent studies linking in utero SSRI exposure to an increased risk of complex
development disorders such as autism spectrum disorders (Boukhris, Sheehy,
Mottron, & Berard, 2016; Croen, Grether, Yoshida, Odouli, & Hendrick, 2011;
Man et al., 2015; Rai et al., 2013), anxiety (Hanley, Brain, & Oberlander, 2015),
depression (Malm et al., 2016), and ADHD (Clements et al., 2015) during child-
hood. Whether these developmental outcomes reflect a long-term impact of
increased serotonin signaling associated with prenatal SSRI exposure, maternal
mood disturbances, or a genetic predisposition for these developmental disorders
remains a focus for future research.

In summarizing our current knowledge about whether SSRI treatment can
potentially have advantages or disadvantages for development, three key themes
emerge: First, while prenatal SSRIs alter central 5-HT levels, developmental out-
comes do not necessarily reflect a “main effects” story that can be easily attributed
to one causal factor (i.e., maternal mood, genetics, or the drug itself). Rather,
outcomes in this setting represent an interplay between maternal mood, pharma-
cological, genetic, and contextual factors related to both mother and her developing
child. Second, while SSRIs are typically prescribed during pregnancy with the
expectation of optimizing maternal mood and by extension infant developmental
health, children may continue to be at risk as maternal pharmacotherapy might not
“buffer” or protect them from antenatal maternal mood disturbances (i.e., a lack of
drug efficacy). Finally, this is a context of developmental vulnerability and plas-
ticity. Therefore, identifying settings whereby individuals might benefit from pre-
natal maternal pharmacotherapy remains a key and pressing question. Longitudinal
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study designs that integrate a maternal and infant/child developmental perspective
should help us move away from characterizing prenatal SSRI exposure, maternal
mood, or even genetic variations as “bad” or “harmful” and rather look at these as
adversity- or risk-related factors that heighten or lessen vulnerability associated
with early development.

Putting It All Together

The notion that a mother’s mood during pregnancy shapes the developing fetal
brain and influences risks of mental and physical health across the life span has
been a part of popular beliefs for millennia (Murphy, 2010). More than six decades
of empirical research has shed light onto the role a mother’s psychological state in
pregnancy plays for her offspring, although the underlying specific mechanisms
remain unclear. In this chapter, we have provided an overview of more recent
studies examining the role of prenatal maternal stress (stress exposure, anxiety,
depression, and antidepressants) on developmental origins of self-regulation
reflected by neurobiological processes such as EF and HPA axis functioning in
the offspring spanning from early childhood to early adulthood. These findings
highlight the importance of incorporating the prenatal period into our models of
parent–child interactions. Some of the stressors that commonly affect women in
pregnancy (e.g., low material resources, employment conditions, and strain in
intimate relationships) are the same that underlie parenting stress, as discussed in
several other chapters of this book.

Understanding the role of maternal stress during gestation in shaping child
development offers important insights that may explain why variations in early
typical environment are associated with shaping both developmental risk and
resilience. Importantly, not all gestational stress associated with maternal mood
disorders results in negative developmental outcomes; ultimately, understanding the
complex relation between maternal stress during pregnancy and effects on children
after birth requires the systematic unpacking of interrelations between micro-level
factors (e.g., genes), macro-level factors (e.g., medications), and niche (e.g., where
the child lives), all couched within time and timing.

Given the central role of EF for child developmental health and the fact that
stress early in life may have a particularly large impact on PFC structure and
function, this chapter reviewed evidence linking prenatal maternal stress to
long-term neurocognitive alterations in the offspring. Across all studies, evidence
was found that prenatal stress is associated with each one of the EF components:
inhibition (Buss et al., 2011; Van den Bergh, Mennes, et al., 2005), shifting
(Mennes et al., 2006), and working memory (Buss et al., 2011; Entringer, Buss,
et al., 2009; Pearson et al., 2016), as well as with cortical reductions in the PFC
(Buss et al., 2010) and cortical thinning in the right frontal lobes (Sandman et al.,
2015). However, no conclusions can be firmly drawn as to which specific aspects of
children’s EF including underlying PFC structures and functions may be most
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strongly or consistently altered following exposure to prenatal maternal stress.
Future research is needed to examine how prenatal stress shapes EF during
childhood and determine whether the functional relation between early stress
exposure and EF performance is curvilinear (Arnsten, 2009; de Kloet et al., 1999;
Lupien et al., 2007), such that moderate levels of stress exposure may actually
enhance EF performance. Evidence that the relationship between prenatal stress
exposure and child outcomes may not be necessarily linear is supported by DiPietro
and colleagues’ (2006) findings, showing that exposure to moderate levels of
prenatal stress may actually advance motor and mental development. Critical
insight may also be gained by investigating whether child EF mediates the asso-
ciation between prenatal stress exposure and later emotional and behavioral out-
comes. Such findings may allow us to understand how exposure to prenatal stress
affects children’s functioning across different developmental domains.

One of the most studied mechanisms involved in fetal programming is the HPA
axis, which may play a significant role in mediating the effects of prenatal maternal
stress on child EF. We reviewed emerging evidence linking prenatal stress to
diurnal and reactivity patterns of the HPA axis in the offspring. Whereas variability
in the findings is high, many studies have found that prenatal stress is associated
with raised basal and reactivity cortisol levels in infancy (Davis et al., 2011; Glover
et al., 2010; Tollenaar et al., 2011), and early-to-middle childhood (Glover et al.,
2010; O’Connor et al., 2005; Simons et al., 2015). Later in development, some
studies have found either reduced CAR and DCD in adolescents (O’Donnell et al.,
2013; Van den Bergh et al., 2008) or no detectable differences in diurnal patterns
among young adults exposed to early stress vs. an age-matched comparison group
(Entringer, Kumsta, et al., 2009). In this later sample, however, differences between
the two groups were found in stress reactivity with raised cortisol reactivity during
the TSST for the early stress group. Another study (Buchmann et al., 2014),
however, only found attenuated cortisol secretion during the TSST for a subgroup
of adolescents (DRD4 7r allele carriers) following prenatal stress exposure. Future
research may clarify for whom, in which domain/situation, and during which
developmental stage prenatal stress exposure is associated with dysregulation of the
HPA axis.

Whether alterations in HPA axis function mediate the association between early
stress exposure and altered behavioral outcomes (Van den Bergh et al., 2008)
remains a critical question. Alternatively, a child’s stress regulation may moderate
the association between prenatal stress exposure and later child outcomes. As
Entringer and colleagues (2009) have shown, acute stress exposure can have a
modulatory effect on the association between prenatal stress exposure and subse-
quent working memory performance in young adults. Thus, subtle vulnerabilities in
the offspring of prenatal stress may be found in the intricate interplay between stress
regulation and EF.

Importantly, not all children are affected in the same fashion by prenatal
maternal stress and some may even be positively affected, raising questions about
the role of genetic and epigenetic influences that shape interactions between early
experience and developmental outcomes. As brain development is a product of the
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dynamic, bidirectional interplay between the individual’s genotype and the nature
of the early environment, a number of genetic factors (DRD4r, SERT, and COMT)
have been identified that determine how children respond to various exposures.
While this chapter did not specifically review studies examining the idea of “bio-
logical sensitivity to context” (Ellis et al., 2011), there is supporting evidence for it
(Buchmann et al., 2014; Weikum et al., 2013). For instance, Pluess and colleagues
(2011) have shown that the association between maternal anxiety during pregnancy
and negative emotionality in early infancy was only significant in infants carrying
one or more copies of the 5-HTTLPR short allele but not in those homozygous for
the long allele. In this way, the 5-HTTLPR allelic variations might increase vul-
nerability to adverse environmental influences as early as the fetal period for some,
while in other settings, 5-HTTLPR allelic variations may be associated with resi-
liency for other infants (Weikum et al., 2013).

The combination of early life stress, genetics, and ongoing challenge may ulti-
mately shape or calibrate individual responsiveness to subsequent stress and vul-
nerability for behavioral or psychiatric disorders (Charney & Manji, 2004). Recent
work with rodents suggests that long-term behavioral outcomes are determined by
characteristics of both the pre- and postnatal environment (Francis, Szegda,
Campbell, Martin, & Insel, 2003). The interactive effects of pre- and postnatal
environmental influences represent an important area for future investigation. In fact,
the congruence between prenatal and postnatal environments may be crucial. For
instance, Sandman and colleagues (2012) found increased motor and mental
development during the first year of life among infants whose mothers experienced
congruent levels of depressive symptoms during and after pregnancy, even when the
levels of symptoms were relatively high and the prenatal and postnatal environments
were unfavorable. In this sense, prenatal environments prepare the fetus for postnatal
life and confer an adaptive advantage for critical survival functions during early
development. Furthermore, maternal prenatal and postnatal mental health problems
may be differentially associated with later outcomes in the offspring. For instance,
Vänskä et al., (2015) showed that both maternal prenatal and postnatal mental health
problems predicted children’s later stress regulation, but in unique ways.

In conclusion, we presented evidence that perinatal maternal stress shapes key
elements of self-regulatory abilities during childhood. Conceptualization of these
associations has drawn on the concept of fetal programming (Barker, 2003) which
implies that changes in the fetal environment may shape a “predictive adaptive
response” in which fetal development sets a forecast for a place in the world ahead
(Gluckman & Hanson, 2005). Altered PFC function and stress regulation are not
inevitably associated with dysfunctional outcomes. Increasingly, research is
pointing to the possibility that early stress exposure works to “calibrate” develop-
mental systems that only become “vulnerable” or “resilent” in particular childhood
contexts (Glover, 2011). In this way, whether via developmental alterations in
serotonin signaling or altered levels of cortisol, maternal mood during gestation
may shape a sensitivity to negative and positive life experiences that predicts
variations in long-term behavioral and psychiatric health and illness (Homberg,
Schubert, & Gaspar, 2010).
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